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Lanthanide extraction with

2,5-dimethyl-2~-hydroxyhexanoic acid#
James Henry Miller

Under the supervision of Jack E. Powell
From the Department of Chemistry
Towa State University

This research is concerned with the solvent extraction
into chloroform of the lanthanides, using 2,5-dimethyl-2-
hydroxyhexanoic acid (DMHHA). This acid is the first
'd—hydroxy aliphatic acid to be studied as an extracting
agent for the. lanthanides.

The chloroform-water DMHHA partition constant was
determined to be 1.0 (at 0.1 M ionic strength and 25°C).
The acid dimerizes in chloroform with a constant of 56.

 The light lanthanides can be extracted into chloroform
by forming complexes with the DMHHA anions. The extracted
" metal species 1s highly aggregated. This extraction has a
solubility 1limit whicﬁ increases with the addition of

unionized acid. The resultant extract 1s also highly~

. ¥Report IS-T-789. This work performed under Contract
W-7405-eng-82 with the U. S. Department of Energy.



aggregated. At unionized acid-to-metal ratios greater than
one, extractions first occur followed by the slow precipi-
tation of the lanthanide.

At the tracer level, neodymium 1s extracted primarily

as NdA3(HA)5 and (NdA (HA)q. Very small amounts of

302
(NdA3)2 and other metal aggregates are also present.

The heavy lanthanides do not extract from solutions of
DMHHA and its potassium salt, but form agqueous emulsions
and precipitates. In the presence of the organic soluble
tetrabutylammonium ion-the heavy lanthanides can be |
extracted, presumably as ioh pairs.

The stability constants of the light lanthanides and -
DMHHA were determined. The separation factors obtained from
DMHHA extractions of the light lanthanides were also

investigated and found to be comparable to thése obtained

employing normal allphatic carboxylic acids.



I. INTRODUCTION

Many extractlng agents have been examined as potential
agents for the solvent extraction separétion of the
lanthHanides. Particular interest has been generated in the
area of nuclear waste processing. Carboxylic‘acids are one
~group of ektracting agents which have been the subject of
séveral studlies, but the separation factors obtalned from
such investigations have not been as favorable as those
rcported for nther extractants. . The a-~hydroxy carboxyllc
acids, which might be expected to show improved selectivity,
. ' have yet to be examined.

This dissertation is concerned with the solvent
éxtraction of lanthanides into chloroform using 2,5-
dimethyl-2-hydroxyhexanoic acid. Special attention is
dévoted to 1dentifying the species which extract. Both
macroscopic and tracer;scale extractioné are discussed,
and separation factors for the extraction of the light
lanthanide pairs are reported. The acid anion protonation
constant,. the acid chloroform-water partition constant and
the acid dimerlzatlon constant in chloroform are also

reported.



"II. LANTHANIDE EXTRACTIONS

A variety of extracting agents have been iﬁvestigated
for use in the solvent extraction separation of the rare
earthé. These agents can be roughly placed into the
following'classifications: 1) neutral phosphates, 2) acidic
phosphates, 3) amines, U4) carboxylic acids,.and 5) other.
Extracting agents from all of these groups will be discussed
in this chapter, with the exception of the carboxylic_acids,
Which will be discussed in greater detail in the following
chapter.

A significant portion of the work in ﬁhe aréa of
lanthanide extraction has been fostered by an intérest in
nuclear waste pfocessing. For safety reasons, there 1is a
desire to separate the transplutonium elements, chiefly
americium and curium, from nuclear wastes élready depleted
in uranium and plutonium. Unfortunately, about one-third
by weightAof these waste products are ianthanides, which have
- very similér chemical properties to the heavier actinides.
This difficult actinide/lanthanide sebaration is one of major
active interest. For this reason this chapter, in addition
to reviewing lanthanide extractlions, will discuss some of the
more pertinent applications to nuclear waste processing.

IAs an aid to understandiﬁg the following material, a few

preliminary definitions are presented:



" extracting agent (EA), 1s the compound that
interacts with the substance in solution
to cause 1its extraction.

extractant, is the liquid phase that extracts.
It may be an extracting agent by itself
or in the presence of a diluent.

extract, 1s the phase containing the extracted
substance.

extracted specles, is the particular form in
which the extracted substance is found.
More than one extracted species may be
formed in the extract.

distribution ratio (D), 1is the ratio of the
total equilibrium concentration of all
‘forms ot theé substance i1n the eatract to
total equilibrium concentration of all
forms in the aqueous phase.

atomic number 1s represented by z.

A. Neutral Phosphorus Agents

Tributylphosphate (TBP) has been one of the most
thoroughly studied extracting agents for the lanthanides.

The extraction mechanism can be represented as follows:

a3y, + 3(x7), + n(TBR), 2 (LnXenTBP),

where X = NO3—, Cl-% Clou-, and n is usually 3. Generally,
the extraction 1s best from an aqueous solutlon of high
acidity and high salt concentration. Since the order of

> Cl »
3

0104') (1), nitrate solutions are usually employed.

extractability and selectivity are parallel (NO

The dependence of the distribution ratio on aqueous

acidity is not reguiar (2). D generally increases to a



maximum at concentrations around 3 - 5 M HNO3, then falls
slightly before increasing rapidly at higher acidities.

Both the amount of downward inflection and the acidity of-
the subsequent rise, decrease with an ingrease in z. At low
acidities (<5 M HNO3), D increases with z until Gd, after
which it steadily falls. This fall has been attributed to a
decreased electrostatic interaction between the hydrated
cation and the anion. At higher aéidities the distribution
coefficient generally increaSes with z (3).

The separation factors observed for adjacent rare earths
extracted with TBP are not very good, and certainly inferiqr
to those obtained with other systems. However, the light
lanthanides can be partitioned from the trivalent actinides
and heavy lanthanides using a high concentration of a
salting agent such as Al(N03)3 (4,5). From a nuclear waste
" standpoint this may prove useful for a preliminary separation
of the actinides. Coextractioh of zirconium could be a
problem (5). Also, the selectivity obtained is still less
than desirable, and an additional process would be needed to
achieve the desired separations. Other phosphates have been
studied but offer no advantages over TBP (6). |

Another group of neutral extracting agents which have
been investigated are the phosphonate esters, compounds with
one of thé alkyl or aryl groups diréctly attachéd to thé

phosphorus. Diisopentyl methylphosphonate has been found to



;
extract at lower-salf concentrations than TBP, and to give.
better D's and S.F.'s (7-9). Dibutyl butylphosphonate has
also been suggested.as a.superior extracting agent (10).
Trialkylphosphine oxides have alsb been examined as

'potential EA's for the lanthanides.. Trioctylphosphine
oxlde has been the subject of a number of studies. ‘Due to
its improved selectivity over TBP, it qould find use 1in
nuclear waste partitioniﬁg (5). It apparently has no value
for lanthanide separations (6). Extractions with triiso-
pentylphosphihe oxide show higher D's and S.F.'s than either
TBP or the phosphonates. As with TBP, the distribution 
coefficlents increase with z until the middle of the series
and then fall (11). | |

- Some related nonbhosphorus contalning nitrogen and
sulfur oxides have been found ﬁo extract the lanthanldes
as anhydrous trisolvates (7)7 For EAfs in the same class
of compounds, the.éxtracfing strength and seléctivity were
'found to change in parallel. In another study (12),
extraction with dialkyl.sulfoxidesApfoduced highly hydréted
trisolvates. The distribution;constahts obtalned were

rather low.
B. Acldic Phosphorus Agents

Di(2-ethylhexyl)phosphoric acid (HDEHP) has been the

subject of numerous studies. It 1s readily available, has



a low aqueous solubility, and because of its high viscosity,
is usually used with a diluent. Lanthanide extraction

proceeds via the fbllowing reaction (13),

) . +
273 0rg ¥ 3 aq

Ln3+aq + 3(HDHEP), .. 2 Ln(H(DEHP)
which holds at low concentrations of salt and mineral acid.
At higﬁer acidities partial anion coextraction occurs, which
lowers the separation factors (14,15). The formation of
polymeric extracted species 1s observed at higher lanthanide
salf éoncéntrations (16,17).

Unlike TBP, the HDEHP-lanthanide distribution coeffi-
cients increaée regularly with z, yielding very favorable
separation factors. The diluent used can show a profound
influence on the distributions obtained (18,19). As a rﬁle,
D decreases with an increase in the polarity of the diluent,
apparently due to suppressed formation of the eitractable
complex.

HDEHP is a good extractant for both lanthanides and
actinides and is used in the ''ALSPEAK process for
partitioning the transplutonium actinides from nuclear
waste (20,21). The TALSPEAK process eVolved from the HDEHP
extraction of lanthanides and actinides from an aqueous
phase containing a carboxylic acid (usually lactic) and é
complexing agent such as‘DTPA. The actiﬁides were eXxtracted
about 1/10%h as much as the least extractable lanthanides,

those in the middle of the series.



In a German adaptation (22) of this process, the acidity
of the waste stream is first reducedvby decomposition of |
HNO3 with formic acid, followed by the addition of lactic
acid and extraction with HDEHP. The lactic acid 1s added
to prevent coextraction of zirconium and iron. The actinides
- and lanthanides are both removed and partitioned- by back-
extraction into a sodium DTPA solution. A similar Russian
process (23) uses sodium acetate and citrate to adjust the
pH. Though the TALSPEAK method 1s presently the best
partitioning method available, it suffers from drawbacks
(24) which make further extraction studies desirable.

A number of other dlalkyl phosphoric acilds,
HO(RO)(R'0O)PO, have been examined as potential EA's for
the lanthanides (25). Branching of the alkyl groups has
been found to decrease the D's obtained, but to have little
effect on the separation factors. The tempefature
dependence of lanthanide.extracﬁions'with dialkyl phosphoric
acids, 1s not regular (26). With an increase in tempera-
ture, improved S.F.fs through about Nd are seen, after
.which the separation factors are lowered. Dibutyl phosphoric
acld offers imprqved selectivity over HDEHP for the heavy
lanﬁhanides, but inferior selectivity with the light
lanthanides.

As with the neutral phosphates, the monoacidic phos-
phates can have one or both alkyl groups directly bonded to

the phosphorus. The former are phosphonates, the most
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widely studied one being ethylﬁexylphenylphdsphonic acid.
Like the other phosphonates, it i1s a stronger EA than the
_monoacidic phosphates (6,26). Its lanthanilde separetion

factors are better than those of HDEHP, but problems with
the coextraction of other metals has prevented its use in
waste reproceseing (27).

Monoacidic phosphilnates are also strong extracting
agents. The dependence of D on the phosphinic acild
concentration has been found to vary between 2.2 and 3,
and may suggest a mixture of complex species (28,29). 1In
experiments using diphenylphosphinic acid (HY) in CHClB,
a number of extracted specles were formed: MYn(HY2)3_n
n = 0-3 (30). The nondimerized ligands were visualized
as binding bidently, perhaps with the incorporation of

water molecules 1nto the chelate ring.
C. Amine Extractlng Agents

A variety of amines have been used in the extraction
of lanthanides. The extraction mechanism is one of anion
exchange. Using a tertlary amine and a univalent anion,

it can be represented as

' + e -(n-3)
(n-3) (RyNH™ ... X )01'8 M

“«

T ((RyET) 5 ... MXn-(n-3))org + (n-3) X~

aq



where n is usually 4 or 5. 1In extractions involving
divalent anions, ilon pairs with 3 to 5 cations have been
reported (31,32). When the anion is SCN , the D's steadily
increase with z. With NO,~

3
This decreased extractabllity with z has been attributed

the opposite trend 1s observed.

to the increased hydration sheath of the predominately
outer-sphere nitrate complexes (33).

Lanthanide extractions using either primary or secondary
amines generally need either high salt or acid concentrations
to be efficient. The aqueous solubility of many primary
amines is too large for practical applications. Primene-
JM-T exfractions from sulfate solutions seem to glve the
best results (34).

Tertiary amlne extractions also requlre high acid or
.salt concentrations to produce significant partitioning.

The methyldi-n-octyl and methyldi-n-heptyl amines show
higher selectivities than the symmetrical tertiary

amines (35,36). This has been attfibuted to a difference
in the extracting species, which is apparently controlled
by steric factors. There seems to be no clear correlation
between amine bésicity and extractant strength.

Triisoctylamine hydrochloride has shown good
selectivity between the actinides and the lanthanides in
eitractions from highly salted LiCl sblutions (37). The

similar tricaprylylamine (Alamine 336), forms the basis
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for the TRAMEX process, which separates the actinides from
fhe lanthanides. The amine hydrochloride i1s used with a
diethylbenzene diluent (38). Extraction takes place from
11 N LiCl, which may cause corrosion problems in nuclear
process'applications. This high amount of salt would need
to be recycled for it would otherwise increase nuclear
waste disposal problems (5,24).

The quaternary amine salt, methyltricaprylyl
ammohium thiocyanate (Aliquat 336-Cl) has been found to
éffer advéntages 6ver other amines in An/Ln extractions.
Though the separation factofs are_good, SCN™ decompositidn_
and occasional organic phase aggregation (19) preclude its
use in waste reprocessing. The related cetyl pyridinium
lanthanide salts also.show aggreéation in CHCl3 extractions -
(39). It is possible that similar aggregation of the
extracted species may account for the behavior observed in
other amine extractions where a mixture of nonaggregated

species has been proposed (36).
D. Other Extracting Agents

Of the other extracting agents studied, the B-diketones
have feceived the most attention. Acetylacetoﬁe will |
extract individual lanthanides up to a solubility maximum
(40), though hydrolysis is a pfoblem because of the high pH

needed for extraction (41). Fluorinating one methyl group
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"and substltuting for_thé‘other methyl group on acetyl-
acetone gives B—diketonés which are more acidic and which
form more soluble salts. Of the substituted diketones
2-thenoyltrifluoroacetone (HTTA) has been the most popular.

It extracts via the following mechanism (42):

3+ S .
Ln aq + 3(HTTA)Org - (Ln(TTA)3>Org + 3H aq

The extraction is considerably enhanced in the presence of
an acetate buffer. In general, B-diketones have not found
any practical separation application due to their slow
kinetics, weak extraction capacity and lack of stability
(43). The similar extracting agent l-phenyl-3-methyl-4-
benzoyl-5-pyrazolone appears to be definitely superior
(44). In experiments with several alcoholic diluents,
complete europium extractlion was achieved in the pH 1-2
range.,

Of the readily available alc§hols, ethers, estérs and
ketones, only diethyl ether and 2—pentanone extract the
lighter lanthanides to any degree. Neither has particular
valﬁe for separations work. Hydroxamic acids can serve as
extracting agents, but because of their low pK's, extract
only at high pH values. Cupferron and the hydroxyquinolines

also extract at pH > 6.
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III. CARBOXYLIC ACID LANTHANIDE EXTRACTION

This chapter is divided ihto two sections. The first
section concerns 1itself with.the mechanisms'and equilibria
involved 1n extractions using carboxylic aclds. The second
section reviews lanthanlde carboxylate extractiéns in
detail. Some of the equilibria discussed in the first
sectlon have been employed in the evaluation of such -

extractions.
A. Extraction Equilibria

Extraction of metals by carboxylic acilds involves the

formatioh‘of metal carboxylates and can be represented by:
)k x(HA) . 2 (MAL)  + x(EY) (1)
a o * x’0o a

where the subscripts a and o denote the aqﬁeous and organic
bhases, respectively. The pH dependence of thls reaction
is utiliéed in separations work, wherein selectivity is
regulated by aoouratc'pH control.

Unless the g'carboxylate anions compietely'satisfy the
metal‘coordination fequirements by properly chelating,
additional unionized écid specles may react to fill the-
coordination sphere:

Keq

M)+ () (HA) ) == (A (HA) )+ x(HD),  (2)
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The values of x and n are obtalned experimentally by

measuring the distribution coefficient

L metal in organic;phase)

(D = I metal in aqueous phase

under a variety of conditions. If one assumes that MX+ is
the only metal-containing species'in the aqueous phase and

MAX(HA)n is the'only species in the organic phase, then

LGN

D
+
!

(M

By substituting thls into equation 2 and taking the
logarithm of each side, the following expression is

obtained:

log D = log K __ + (nt+x) log [HA] - x log [ut] (3)
eq o v .

The value of X is usually obtained by plotting log D
against pH at constant [HA]O. 'The value of n is then
determined by plotting log D vs log [HA;]O at a constant pH.
Since the individual activities are not known, they
are replaced by concentrations and the equillibrium constant
is appropriately modified (equation 4). Activity effects
(vyx#) (g )P

= K — (4)
X n

Keq'
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can be kept to a minimum by working at constant lonic
strength, though even then, they place obvious limitations
on accuracy and valildity. |
Occasionally, [HA]O is measured directly, but it is'
frequently assumed to equal fhe initial acid concentration
in the Qrganic phase. This assumpﬁion is not valid 1if:
1) the acid is appréciably soluble 1in the aqueous phase;
2) the acld dimerizes in the organic phase; or 3) the
initial metal concentration is of the same order of
magnitude as the organic acld concentration. Conditiqns 1
and 2, 1f extant, can.be accounted for by considering the

following equilibria,
e % 2 _
KD,O = [HzAzlo/[HA]o Pup = [HA] /(HA],

where the values of KD,O and PHA have been determined from
experiments in the absence of metal. .[HA]o can then be
éalculated. Condition 3 1s usually avoided by working at
tracer-level metal concentrations or at very high [HA]o
concenﬁrations.

Frequently, more than one metal specles 1is present in
the aqueous phase, and these must be taken Ilnto consider-

ation:

Total aq. metal th+J TR Gt DAL TP [MA_]
[T+ B [T IATT + L.

+ 8 M A71"

Cn .2



15

(4] - (1 + B TATT + B,0a71°

too B AT (5)

The B's can be determined by separate experiments (45).

Incorporation of the above into the equation 3 yields
_ . +
log D = log Keq' + (n+x) log [HA]O - X log [H ]a

. % s
- log (z B,[A7])) (6)
e}
Further complications arise if the extracted species

is aggregated:

JT) 4 (Texn) (HA) ) 2 ((MA) S (HA) )

+ Jex(H), (7)

When the value of x obtained from a log D vs pH plot is
larger than the chafge on the metal ion, this may indicate

polymer formation. A plot of D vs [MX+] will provide more

a
information. A positive slope 1s indicative of aggregate
formation, while a steadily decreasing D can be attributed
to a variety of factors. Aqueous phase hydrolysis,
overlooked agueous complexation, organic phase solubity
saturation, and aqueous poiymerization all may produce such
behavior.

The extraction of a single aggregated species

(MAX)J(HA)n yields the following expression:
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_ oraXFql-d .1, pgtaxd 2 ~Xy, |
eqr = DML T exe[H] -(g B, [AT1))+ (Jx+n) [HA]

K
from which the appropriate log-log plots can be ‘developed.
The presence of a number of aggfegated species.iﬁvalidates
graphical treétment using log plots and makes analyses
extremely difficult. | |

Two. other ﬁethods have been used to determiﬁe the
nature of‘the extracting species. The first 1s the method
of isomolar series (continuous variations) which has also
found freduent application in work on homogeneous solutions.
As applied to extraction, the method consists of varying
the proportions of two reacting species while keeping the
sum of the two concentrations constant and measuring the
amount of extraction. For the method to be applicable, |
only one complex can be extracted. . This isomolar series
method aléo has limited value in systems where stepwilse
complexes'are formed (46). |

The other method is the method of molar ratlos. In
this method the amount of one component 1s held constant
while the other 1s variéd, and the amount of subsequent
extraction measured. Though useful for simple systems,
the molar‘ratio method suffers from‘similar drawbécks és

those inherent in the isomolar series method.
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"B. Extraction of Lanthanides

In the previous chapter, a variety of extracting
agents for the lanthanides was reviewed. A few types of
agents have been studied in great detail. In contrast,
carboxylic acids have not recelved much attention, thpugh
interest in them has been increasing in recent years.

Because of their low cost and availability as
petroieUm by-products, naphthenic acidé

?H —.CH2

: 'CH—(CH2)n—COOH

e
—CH2

2

CH2

have been'the subject of several studies. In lanthanide
extractions using hexanol and diethyl ether as diluents,
Bauer and Lindstrom (47) found D to increase with either
an increase in acid concentratibn or pH. At a pH of 6,‘an
acid to metal ratio of over 17 was needed to effect
.quantitative extraction. The heavy lanthanides were more
extractable, but the individual separation factors were
boor.

Alekperov and Geibatova (U48) studied lanthanide
extraction 1nto kerosene-diluted naphthenic acids. The
pH of 50% extraction (pH%) was found to decrease through
Gd and then to steadily increase. A nonlinear dependence
of log D on log Cﬁ,a suggested possible aggregation of the

extract. The expected value of 3 was obtained from a plot
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of log D Vérsus pH. The individual separation factors
were very small.

In further work with neodymium, Mikhlin et al. (49)
cénfirmed,the X value of 3, and found the solvate number n
to alsq equal 3. From a plot of pH% Xg Cm,a’ the extracted
specles was determined to be dimeric, (NdA3(HA)3)2, in the
salt concentration range 0.01 - 0.1 M.

In contrast,'Korpusov et al. (50), with a concentration

in heptane of less than 3 x 10_3 M, determined the
.extracting species to be strictly monomeric. Separation
factors were again poor, but 1ncreased with thé introduction
of saltihg-out agents such as LiNO3. .Use of EDTA or DTPA

as an aqueous phase complexing agent retards thé extraction
of the heavier lanthanldes and one or the other may find
some separations application. |

Plaksin et al. (51-52) studied the effect of the
solvent on‘extractions with C7-09 mixtures of carboxylic
acids. TheApH% was found to increase with an increaée in
polarity: kerosene < CClu < m-xylene < 1soamyl acetate
< decanol < hexanol. A mixturelof C7-C9~acids wés also
used in extractions by Korpusov et al. (53), since acids
of lower molecular welght are too water soluble, and
lanthanide salts of higher carboxylic acids shbw reduced
organic phase solubility. The cerium subgroup, and cerium

in particular, formed the most soluble salts. The
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-separation factors observed were rather poor, but improved
with the addition of a salting-out agent. . This improvement
was attributed to aifavorable change in the ratio of the
aqueous lanthanide activity coefficlents. Good separations
of the light lanthanides were obtained by adding NTA to the
aquéous phase. Although the extraction selectivity is poor
in the presence of C7-C9 aclds alone, NTA complexes the
heavlier lanthanides to a greater eitent and the lighter
eiements are selectively extracted.‘

Schweitzer and Sanghvi (54) examined fracer=level
thulium extractions with formic through decanoic acids.
Extraction steadily increased from butyric through hexanoic
acid and then marginally increased through decanolc acid.
In further studiés with hexanoic acid, the speciles
extracting into CHCl3 and 4-methyl-2-pentanone were deter-
mined to be TmA3(HA)5 and TmA3(HA), respectively. In the
'létter, the ketone probably helps to solvate the complex.
'Comparison of log D versus pH plots.at differing metal
concenlratlons, suggested no polymerization at metal salt
concentrations less than 10" M. |

Norina et al. (55) measured lanthanide extractions
from highly salted solutions by a variety of normal
carboxylic acids. In contrast to the preceding work, these
authors found the extraction to decrease with an increase

in the number of carbons in the carboxylic acid.
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In a series of papers Korpusov et al. (56) and Danilov
et al. (57,58) have reported on extractions using a,a-
disubstituted carboxylic aclds, usually containing eight or
nine‘carbons. For two acids, the orgahic phase dimerization
constant and the acild partition constant were obtained in
several solvents. With an increase in solvent polarity,
Kﬁ’o decreased and PHA increased. Applying these constants
in analyzing lanthanide'extractions, the extracting species
were all found to be LnA3(HA)3-yH20. The hydrate number
varied between one and two, but approached one at increasing
1anthanide salt concentrations. At salt concentrétions
greater than i0_3 M, the extracting species may be
aggregated. For lanthanide separations, these o,a-
disubstituted carboxylic acids showed better selectivity
than either the naphthenic or normal carboxylic acids.
| The selectlivity and extraction efficiency of a number
of carboxylic acids have been noted by Mikhailichenko et al.
(59). The degree of lanthanide extraction was found to
decrease in the order n-RCOOH > B-RCOOH > a-RCOOH
> 0,a~RCOOH. The separation factors increased in the
opposite order. Thilis increase 1n selectilvity with branching
Qf the acid was attributed to a greater rearrangement of
the lanthanide solvent sheath, caused by the larger volume

substituent in the o position. This viewpoint was supported

by the reported decrease 1n hydratilon of the extracted
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specles in going from én unbranched to an a,a-branched
extracting agent.

As a rule, however, all of the carboxylic aéids studied
have shown either low selectivity orvselectivity limited to
é'group of lanthanides. The besf separations are obtained
when using aqueous complexingiagénts in conjunction with
carboxylic acid extractants. Hydroxycarboxylle acids, which
might offer better selectivity towards extraction, have
received little attention. Only a few hydroxy acids con-
taining aromatic rings have been briefly examined,

Tishchenko et al. (60) extracted lanthanide salts of
mandellc acid into butanol. D increased with z up to
samarium, after which the lanthanides were initially solu-
bilized into the organic phase bnly to later separate as
flocculant precipitates. Using the method of isomolar serles
with Nd; the extraéting species waé determined to be
NdA3(HA). ‘Benzilic acid was used by Mishchenko et al. (61)
with Rhodamine S to effect lanthanide extraction into
benzence., The extracting specles ls probably ion-paired. 'T'he
dihydroxy acid, 2,3-dihydroxy naphthoic acid was employed
(62) to extract lanthanides into a variety of polar solvents.
In the presénce of 1,10-phenanthroline, a mixed species was
extracted into either benzene or CHCl3. The species was
determined by both the lsomolar series and molar ratio

methods to be LnA3(pheﬁ).
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IV. EXPERIMENTAL

A. 2,5-Dimethylf2-hydroxyhexanoic Acid

The 2,5-dimethyl-2-hydroxyhexanoic acid (DMHHA) was

first prepared by Dr. J. E. Powell and Mr. H. R. Burkholder

via the following reactlon scheme:

0 OH
H -C-CH. -HSN . GH_ _CH-CH.-CH.-C-CN
CH3-CH-CH2—C 2-C—C 3 —-K—CT\I'—> 3—? - H2—C 2— I-
CH, CH, CH,
HC1
OHO : OHO -
H. ~CH—CH. —CH. ~C-t-0n < NaOH oo v on op 4.0 u
CH3~CH-CH,~CH,-C~C- C 3'é —CHy=CH,=C=C-NH,
H H
CH, CH 5. ; C 3

About 300 g of crude product (45% yield) weré kindly

provided by the above and were recrystallized from a 1l:1

mixture of toluene and Skelly C. This recrystéllized acid

- melted between 82-83°C. The formula weight was potentio-

metrically determined to be 161 (theoretical: 160).

Elemental analysis gave 59.9% carbon and 10.2% hydrogen

(theoretical:

60.0% carbon and 10.0% hydrogen). DMHHA

was found to be very soluble in chloroform and hexanol,

and moderately soluble in ether, toluene, water and

Skelly C.
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B. Reagents

1. Lanthanide nitrate solutions '

| Solutions of approximately 0.1 M Ln(NO3)3 wefe made by
dilution of concentrated stock solutions. These coﬁcen-
tratéd solutions had been previously prepared from the
corresponding lanthanide oxlides (greater than 99.9% purity)
by Mr. James Farrell, using the method described by
Adolphson (63). The dilute lanthanide nitrate solutions
were Standardizéd»gravimetrically by precipitating the
metal as thé oxalate and asﬁing to the oxide. Some df the
solutions were standardized by complexometric tiltration

with EDTA, uslng xylenol orange as an indicator.

2. Potassium hydroxide solution

The standard potassidm hydroxlide solution was prepared
'.by diiuting ampoules of cérbdnate—free KOH (Anachemia) with
boiled delonized Water. This was kept in a large'carboy
and pfotected by an Ascarite/Drierite trap. The base was
standardized by numerous titrations of primary standard

grade potassium acid phthalate.

.....

3. Potassium nitrate solution

An approximately 0.1 M solution of potassium nitrate
was prepared by dissolving reagent grade KNO3 1n boiled
deionized water. It was standardized by loading aliquots

of the KNO3 solution onto hydrogen-form Dowex 50W-X8 resin,
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thoroughly rinsing, and titrating the resultant eluant acid

with standard KOH.

4, Nitric acid solution

The nitric acid solutions were made from reagent grade

HNO., and were standardized by titrations with standard KOH.

3

5. DMHHA solutions

Solutions of DMHHA in chloroform, hexanol, and water
were all standardized by titration against standard baée.
Invpreparing solutions of complelely neutralized DMHHA, a
known amount of KOH was added to a weighed amount of acid »
éhd the volume brought to 100 milliliters. Five milliliter
aliquots of this resultant solution were titrated with
base to check the amount of remaining unneutralized acid.

A seventy-five milliliter portion was then removed,

completely neutralized, and diluted to 200 milliliters.

6. lu7Ne0dymium nitrate solution

The lLWNd was made at the Ames Laboratory Research
Reactor by neutron bombardment of either high‘purity Nd203
or an evaporated sample of high purity Nd(NO3)3. The
- speclific activity produced was approximately.SOO millicuries
per gram. After deencapsulation and one day of cooling,
the radiocactive neodymium was dissolved in 5 ml of 0.1 M

HNO

3-and diluted to the desired volume.
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170Thulium nitrate solution

170

7.

Thuiium chloride was purchased from New England
Nuclear and had a specific activity on receipt of about
40 millicuries per milligram. It was isotopically diluted

by a factor of 50 with 169-thulium nitrate.
~C. Acid Anion Protonation Constant

The acid anion protonation cqpstant was obtained from
pHC measurements on a series of indépendently prepared DMHHA
solutions, each containing a different amount of added KOH.
Prior to measurement, the solutions were equilibrated in a
‘'water bath thermostatted to 25.00 * .05°C for 12-24 hours.
The ionic strengthldf each solutlon was adjusted by the
addition of an appropriate amount of KNO3. This KNO3
amount was calculated from an estimated brotonation.
constant using the iterative computer program ALFA (see
Appendix). | | |

A The pHc measurements were made in a clqsed thermo-
statted vessel undér a nitrogen atmosbhere. A Cornihg
Model 101 Digital Electrometer equipped with a Beckman
glass electrode, a Beckﬁan sleeve-type refereﬁce electrode
and a platinum_ground wire, was used in making the measure-
ments. The instrument was calibrated and leped'with a
series of concentration standards. These were nonbuffered

HNO, solutlons adjusted to 0.1 M ilonlc strength. As a

3
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: consequence, the hydrogen lon concentration.rather thah
activity were read from the meter. In making the pHC
readings, the electrodes are first rinsed with the solution
to be measured, and then successive portions of the solution

are read until stability is obtained.
D. Lanthanide-DMHHA Stabillity Constants

Solutions containing fixed amounts of metal and variable
amounts of DMHHA and KOH were adjusted to 0.1 M ionic

strength with KNO The amount of KNO, whlcli was addcd wae .

3° 3

calculated from the estimated stablllty constants

BX = [MAX]/[M][A]x usihg the program BETA (see Appendix).
The pHC measurements were made in the manner previously
mentioned. The stability constants were calculated using a
multiple linear regression scheme incorporated into the

program OMEGA (see Appendix). The equations involved in

these calculations are discussed in a later chapter.
E. Acld Distribution Experiments

The DMHHA chlorbform—water partition conStant and the
DMHHA dimerization constant (1n CHC13) were obtained from
experiments on the distribution of the acid between the two
solvents. Typlcally, a known amount of acid in chloroform
was placed in a centrifuge tube containing 6 ml of an

aqueous phase (0.1 M ionic strength) and a volume of
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chloroform needed to bring the organic phase volume to 6 ml.
The sample was thoroughly shaken for about one minute and
then placed in a temperature bath and allowed to equilibrate
for about 48 hours. After equilibration, the sample was
centrifuged and any volume changes noted. Aliquots- from
each phase were then removed and the acid concentrations
determined by titration with standard baée. Optimum results
for the chloroform phase were obtained by allowing the

chloroform to evaporate before titrating the DMHHA.
F. Osmometric Measurements

Osmometry was used to provide additional information on
the acid distribution behavior. A Mechrolab 301A Osmometer
equipped with two 25°C nonaqueous thermistor probes was
graciously provided by Dr. R. J. Angelici and Dr. J. G.
Verkade for use 1in these studies. The instrument was
calibrated with solutions of benzil in water—saturéted

chloroform.
G. Macroscopic Distribution Experiments

In the distribution experiments of macroscoplic amounts
of Ln3+ between two solvents, various amounts of metal DMHHA
and base were combined in a separatory funnel together with

enough KNO, to bring the aqueous phase ionic strength to

3
0.1 M. The initial volumes of both solvents were the same,
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usuaily 100 milliliters. The separatory funnel was well-
shaken and equilibrated for a perlod of a few days. The pH
of the aqueous phase'was then measured and the two phases
separated. The metai in the aqueous phase was determined
by complexometric titration with EDTA.

The amount of metal in the organic phase was obtained
by one of two different methods. In bné method, the metal
was re—éxtracted into 3 M HCl and then titrated with EDTA.
The other:method involved a two-phase precipitation with
vxalic acid, followed by slow filtration of the metal
oxalate and subséquent ashing to the oxide. Both methods
~gave reasonably good analyses, but neither was well-suited
for small samples.

In some of the distribution experiments, the acid
cohtent df the aqueoﬁs phase was needed. Thils was obtained
difectly by titration with standard base 1n the presence

of a small amount of copper.
. H. Microscopic Distribution Experiments

Fifteeﬁ-miliiliter'glass-stoppered centrifuge tubes
were employed in the distribution experiments of tracer level
lanthanides. The aqueous and chloroform phases ﬁere prepared
prior to adding the tracer metal with elther an Eppéndorf
pipet or Finnpipet. The centrifuge tubes were thoroughly
shaken and equilibrated'in a thermostatted bath (25.00 %

.09°C) for several days, after which they were centrifuged.
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The aqueous pH and the phase volumes were noted and portions
of each phase removed for mefal determination. To avoid
contamination of the lower phase, a positivé pressure must
be maintained through the upper phase when sampling from
the lower phase.

| For neodymium, the aliquots (usually 2-4 ml) were
placed in polyethyleﬁe vials suitable for gamma qounting.
The metal content of each phase was determined with a well-
type thallium doped Nal scintillation counter kindly made
available by Dr. A. F. Voigt and Mr. W. A. Stcnoland. The
entire y-spectrum from 0.091 MeV to 0.688 MeV was usually
used in counting. To achieve good statistical analyses,
_greater than 40,000 counts were usually obtalned. The
background counting rate was noted and subtracted from the
total counting rate.

The thulium tracer was counted using a Beckman liquid
scintillation system graciously prévided by the Health
Physics Group of the Ames Laboratory. High quality poly-
ethylene scintillation vials and a dioxane based scintillation

cocktail were used.
I. Separation Factors

The separation factors were either obtained directly

from lanthanide determinations, or indirectly from the ratio
Ln, _ D0y )
Ln =. _E—(mlj-.' In the direct

of the distribution ratios, a
1
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déterminations, two lanthanides were simultaneously
extracted and the amount ofAeach determined by flame
emission photometry. The flame emission ahalyses were
performed by an analyticallgrOup of the Ames Laboratory and
were, ﬁnfortunately, frequently unsatisfactory. Only on
those Qccasions where the emissidn analyses agreed with the
'titration analyses and with the individual lanthanide mass

balances were the separation factors calculated.
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V. PRELIMINARY EXTRACTIONS AND
ACID STUDIES

A. 'Préliminary‘Extractions

As has been méntionéd in an.éarlier chaptér; no aliphatic
hydroxj carboxylic acids havé yét,béen.studiéd as extracting
agents for the lanthanidés; 2;5;Diméthyl-2—hydroxyhexanoic
acid (DMHHA) was chosen as. the subject for the présént work,
primarily dﬁe fo,its favorable carbon number (8) and the
avallability or the précursor.kétoné;

Prior to an extensive invéstigation of the.acid;
preliminary lanthanide éxtfaction.stﬁdiés wéré performéd to
seé if furthér invéstigations4woﬁld évén bé profitable; No
extraction into.toluéné‘was.obsérvéd;_bﬁt extractions using
chloroform as a.diluént'prodﬁcéd SOmé intéreSting résults

(Tablé 1). . Substantial éktraction of both praseodymium and

,Table.l,..Preliminary.1anthanideuextractions ................

Pr

w3t AT/t mdndt Base .. ... % Extu. .% Preclp.
3 1 KOH 65 0
Pr 3 1 BuNOH 65 0
Nd 4 1 KOH 76 8
Nd 4 1 BuNOH 90 0
Er 4 1 KOH 0 81
Er ] 1 Bu)NOH 26 70

aHAf'represents,total unneutralized acid.
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neodymium were- seen. The heaVy lanthénide érbium, was not
extracted except in the presence of the organic-Solubie
tetrabutyl ammonium}cation. This catlion also enhanced the
extraction of neodymium, but had no apparent effect on the
praseodymium partition. Because of this interesting |
lanthanide extraction behavior, chloroform was chosen as the
solvent to be used in further intestigations. Before
proceeding with additional lanthanide extractlons, more
information was needed on DMHHA's behavior in the two

snlvents.
B. Acid Anion Protonation Constant

The acid anion protonation constant (o = [HA]/[H+][AT])
of DMHHA was obtained'frOm pH measurements on solutions of
partially neutralized acid. The mass balance.eduations
involved are:

: _ . _ cim o
Total Acid = HT_—.[HA]init-[KOH] = [H' J + [HA]
A

Total Anion = = [AT] + [HA]

T
Substituting for [HA] and taking the ratio of the two
equations yields

CH~[HT] Me:An
Am 1+ a[H']

This can be rearranged to give o = ([H+]-HT)/(HT;[H+]-AT)[H+]
from which the protonatlion constant can be directly computed.

The value of o which was thusly obtained is 6.09 x 103,
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C. Acid Distribution Studies

The distribution behavior of DMHHA between chloroform
and water is depicted in Figure 1, where E is defined és the
ratio of the concentrations of total unionized organic acid
to total unionized aqueous acid. Asvcan be séen, E varies
linearly with [HA]a in the concentration rangé shown. This

can be explained by considering the following equilibria:
- | - 2
PHA -.[HA]o/[HAJa KD,O = [H2A2]o/[HA]o .

If the DMHHA is present in the organic phase as a mixture of
monomers and dimers, a linear relationship between E and .

[HA]a would be obtained:

Z(HA) 4[HAJO.+.2[H2A21'
T(HA), ~ ~ [HAJ

= = 2 |
E = = Pyp + 2Kp o(Py,)[HAD .

The values of P and K 0 derived from the graph are 1.0 and
3 .

HA
56, respectively. At higher concentrations of (HA)a
(exceeding those used in the lanthanide extraction experi-
ments), E shows a pronounced upward swing.

The relationship of the acid distribution to the lonic

strength of the aqueous phase was determlned and is shown in

Figure 2. A definite salting-out effect was observed.
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Figuré 1. DMHHA distribution between chloroform and water
.as a function of aqueous acid concentration
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Figure 2. DMHHA distribution between. chloroform and water
as a function of ionic strength
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D. Infrared Spectroscopy

A confirmation of the above monomer—dimér explanation
of thevDMHHA distribution behavior waé desired. Infrared
spectroscopy has been used (64-66) with a variety of
carboxylic acids to study the monomér-dimer equilibrium. The
carboxylic acld monomer generally exhibits a sharp OH band
around 3500 em™t and a C=0 stretch arouna 1770 em™ L. For the
dimeric species a broad irregular band between 3500 and

1 1 are usually observed.

2300 em” —, and a C=0 band at 1720 cm
The typical infrared spectrum of DMHHA displayed a
sharp band at 2960 c:m_1 on top of a broad but not intense

band ranging from 3200 to 2800 Cm-;. The C=0 band was

observed at 1720 cm-l. At low acid concentrations, a very

weak band may be appearing at 1770 em™1. The monomer band
expected at 3500 em™t was apparently not present. No
significant changes in the spectrum occurred with changes
in the DMHHA concentration.

| ‘This infrared behavior of DMHHA does not lend itself
to easy analysis. The most logical explanatlon for 1ts
divergent behavior lies in the fact that it is an a-hydroxy
carbokylic acid. The presence of the a-hydroxy group
permits intramolecular hydrogen bonding not present 1in the

acids previously studied. Such bonding could significantly

alter the infrared spectrum.
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E. Osmometry

Osmometry has been frequently used to determine the
molecular assoclation of specles present in solution. It was
thought that it could provide some further insight into the
nature of DMHHA in chloroform,

In a thermoelectric osmometer, a sample of solvent and a
sample of solution are introduced onto two thermlstor probes
contained in a thermostatted eystem in equilibrium with
solvent vapor. Since the vapor pressure of the solution 1s
IOWer than that of the solvent, solvent vapor condenses onto
the solutioh sample, causing its temperature to rise. For
an 1ldeal solution, this increase is given by AT = RT2m/
AHV-IOOO, where AH _1s the heat of vaporization of the
solvent and m is the molality of the solufion."In practice,
small heaf,losses can occur, anid the instrument is usually
calibrated using standard solutions of a solute which 1is
strictly monomeric in solution.

In-these experiments, the instrument was calibratedv
with benzil to read molarity instead of molality. The
calibration curve 1s shown in Figure 3.- From five DMHHA
water-chloroform distribution solutions, constants of
K

= 56 and P = 1.0 were obtained. Aliquots of the

D,0 HA
organic phase from each solution were then measured
osmometfically. From these measurements and titration

measurements of the total acid in the organic phase, the
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Figuré' 3. Calibration curve used in osmometrilic measurements
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amounts of acid'monomer and dimer were calculated:

Total Acid = [HA] + 2[H2A2]

Total Molar Species = [HA] + [H2A2]

The acid dimerization constant was then computed and found

to equal 56 * 4, This is in excellent agreement with the

value of KD 0 obtained otherwise, and confirms the monomer-
3

dimer explanation of the distribution behavior.
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VI. RESULTS AND DISCUSSION

A. Neodymium-DMHHA Stability Constants

The main point of interest in most metal extraction
studies 1s the means by which the metal extracts, that is,
the nature of the extracting specles. Once the behavior of
the extractant 1s defined, one more study should be performed
'before proceeding to this topic. The aqueous phase inter-
action between the metal aﬁd.the extracting agent should be
investigated. This uéually involves measuring the stability
constants Bx = [MAx]/[M][A]x. |

Rather than studylng all of the lanthanides, one was
chosen for detailed analysis in this investigation.

Neodymium was selected because of its purplish color (which
makes extractions easy to foliow), and because of the
availability of the neodymium-147 tracer (in case tracer
work would be desired).

The experimental method used for obtaining the stability
constant data was explained earlier; The stabllity constant
calculations will now be discussed.

The pertinent mass balance equations for the total acid

anion concentration and the total metal concentration are:

[Adiot FA] + [HA] + [MA] + 2[MAé] +'3[MA3] + .. 0+ x[MA#]

[Algoy = DA # olHI[A] + 8,[MI[A] + 282[M][A]2 +
| BTN SIS L 8
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[M]tot'= (M3 + [MAD + [MA,] + [MAJTD + ... + [MA]

(Ml = [MD Bl[M][A]'f B,[MI[A] + ... + B _[MI[A]* (9)

where for convenience the charges on the lons are omitted.

Rearranging and dividing equation (8) by equation (9)

yields:
. X X
[Ad,y, - [A] - a[HI[A] ..i.*,BXLAJ
(Mo 1+ ; BX[A]X
1

With cross multiplication and further rearrangement, an

equation amenable to multiple linear regression emerges:

X
(Al + a[HI[A] - [Al,_, = L ([Al ., - [A] - a[HI[A]

o]

- x[M1, )8, [AT"

Y =X 8 + X_B

1By F KBy T X3By b ..t KBy

A1l of the quantities except the B8's are known or directly
measurable. The value of [A] is obtained via a pH measure-

‘ment and the equation [A] = ([H]tot - [H])/a[H]. Measuring

the pH value under i different conditilons gives i equations.

Y, = X

TR B R

2182 + X3183 + ... % Xxin

(At this point for further simplification, the value of x

is made equal to 3)., This system of 1 equations and 3
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unknowns 1s solved by a least-squares multiple linear
regression.
The least-squares analysis proceeds by minimizing the

sum of the squares of the individual residuals ¢ The

1.
residual is defined as the difference between the observed

Y, and the Yi predicted using the calculated B's. The

€1 = ¥y - Xp4B) + Xo4B, + X584

sum of the squares 1is minimized by taking the individual

first derivatives and settling them equal to zero.

5=z e,” = : (Yy - ByXyy ) BoXoy - 33)('31)2
v%%; =2l X14(Yy = ByXpy = BpXpy - B3Xgy) =0
.-%%5‘= 2 I Xy (¥y = ByXyy - BoXpy - B3X5y) = 0
%%g =72 E Xy (Yy - ByXyy - BpXpy - ByXyy) = 0

.Rearranging, this yilelds the followlng equations:

2 _

LByXgy * 2 BX Xoy * T BgX Xy =B XYy
2 _

L ByXyyXpy * 2 BpXpym + I ByXpyXgy = 2 Xou¥y
2 _

L ByXyqXgy + 2 BpXo Xgy + T B3Xg,m = I Xgg¥y

One now has a system of 3 equations and 3 unknowns which

can be represented in matrix form and readily solved.
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—~ > - l— - — -
LXyy B RyaXpy T XXy | By L X4
DX X, L%, 2% XX 8 = |z x,,¥
11724 21 21731 2 S N (10)
Xy Xoo I X, Xo, I Xo,°| |08 % X, Y
11%31 F Yoz P ¥3a ) | B3| 3171

The above multiple linear regression, as described by
Draper and Smith (67), was 1ncorporatea into the computer
program OMEGA, a modified form of a progfam written by
D. A. Johnson (68); The solution to equation 10 is obtained
using DGELG, a doubly pivoted Gaussian elimination routine,
availabie on the IBM 360 computer (69).

Because some points inherently contain greater rélative
errors than others, the regression 1s welghted. The
individual welghting factors Wy

S

standard errors, Ags Wy = 5—5 . These, 1n turn, are derived
i

are obtained from the

By the law of propagation

from the individual residuais, €y

.agi dei a.ei .
= 1 ' —_—
of errors g (aAT)q A + (§YKT>Q [A] + (aMT)q My

o :
where q'C = (7?)-0. I is the standard deviation of c

and the éuotient (%9) is the average relative error in c.
The average relative errors used 1n the present computations
were generally around’}005. Since the values of the B's
need to be known to calculate the weighting factors, an

iterative procedure was used.
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The neodymium-DMHHA stability constants which were

obtained in the above manner are listed below.

B, X 1072 = 4.71 (.08).
) B, x.1o‘“

427 (.33)

B3 X 1076 = 1.64 (.34)

The standard deviations are given in pértheneses and were

obtained from o =+ v 2 , where ¢ is the 1th diagonal
Bn Cyq S i3
element of the inverse cbefficient matrix and 52 1s the

estimate of the variance in the regression (67).
B. Macroscopic Neodymium Extractions

In the majority of lanthanide extraction studles where
the extracting specles has been détermihed, the pertinent
information was obtained using tracer level lanthanides.
Unfortunately, the chemistry of traéer level extractlions and
macroscoplc level extractions occasionally differs. Since.
most praqtical-extraction applications.involve.macroscopic

quantities of lanthanides, the présent work was initlally
lfocused on macro-scale extractlons.

In a serles of neodymium extraction expefiments,

" measurements were made of the total metal concentration in
both phases, and,of the total acid and hydrogen 1lon

concentrations in the aqueous phase. These measurements,
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in conjunction wilth a few assumptions and the previously-
obtained conétants (KD,O’ PHA’ KA’ Bl’ 82, 83), should
reveal the extracted specles. If it is assumed that no A™ -
was present 1n the organic phase and that no cationic
species, e.g., MA2+NO3_, were extracted, then the extracted
‘species may be represented as MAX(HA)n,~where X and n may
be determined from mass balance conslderations.
_ . |

Using [H]tot,a - [H ] = [HA]a to first obtain [HA]a,

the equation for the aqid anion protonation constant was

then used to calculale Lhe [A-]a. The aqueous amannts of

M3+, MA2+, MA2+, and MA3 were determined from the expression
for [thot,a
[M]tot,a = [M] + [MA] + [MA2] +.FMA3]
: 3 ]
=[mM] - (I 8, [A]%) .
x=0 :

From consideration of the acid anioﬁ mass balance, the total
amount of anion 1in the organic phase, [A]t o,.was obtained.
- H)
[A]tot,o = (AT = ([A]a - [HA]a - [MA]a - 2[MA2]a
- 30MAL], )V, )/,
Va and Vo represent the aqueous and organic volumes,
respectively. The total amount of acid in the organic phase,

I:H]’cot,o
balance.

, was similarly determined from the total acid mass
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The amount of anion bound to the extracted metal, [A]b o?
. . 3

was calculated by subtracting [H]tot,o from [A]tot,o‘ The
value of x finally obtained from the expression [A]b o/v

! b}
M] = x, was 3.0 *+ 0.1. This value of x 1s what one

tot,o = &

would expect for the extraction of a trivalent metal.

The determination of n proceeded in a similar fashion.
The concentrations of (HA)O and (HéA2)o were obtained from
and K and subtracted from [H]

[HA]a, P to‘giVe

HA D,0 tot,o
the total amount of bound acid [HA]b'o° Calculation of n
. 3

from [HA]b o/[M] produced numbers ranging from near

tot,o
zero to almost four. Apparently, the extraction of the
metal had an effect on the aéid partition and/or dimeri-

| zation. This would change the value of Pua aﬁd/or KD,O
which would invalidate the above approach for finding n.

In an attempﬁ to eliminate the effect of the metal
partition on the acld behavior, somé experiments were
performed at very high [HA]b té metal ratios. Unfortunately,
under such conditions the metal extraction was limited as
extensilve précipitation occurred.. Thus, 1n order to-
achieve metal extraction at the high aclid to metal ratios
needed to determine n, tracer scale work was needed.

.Prior to ‘the tracer experiments, further macroscopic
neodymium extractions produced some Iinteresting results

(Table 2). As can be seen, an increase in the metal

concentration produced-a substantial increase in the
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Table 2. Macroscopic neodymium extractions

Sample 'Nd§+a a~/na3* mag/nadt D % Extn.
A .00531 y 4.6 11 91
B .0106 - 4 5.3 35 97
C .0213 y 5.4 136 99
D .00531 y 4.6 11 91
E .00531 I 14.5 13 93
F .00531 4 33.2 21 95
G .00531 y 0.33 7.1 65

H .00531 y 0.15 7.0 68

I .0021 3.5 1.0 - 0.83 ul

hj .0064 3.5 0.33 1.35 14°
K .0106 3.5 0.2 2.83 14
L .0213 3.5 0.05 5.1 9P

aInitial concentration of neodymium in agueous phase.

bAccompanied by significant precipitation.
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]

distribution coefficient. An increase in the-free acid
concentration produced a similar, though lesser,.effect. In
experiments G and H, significant extraction was observed,
despite a free acid-to-metal ratio ofbless than one. In
contrast, J-L éroduced 1itt1e-éktraction, but extenéive
precipitation. When enough additional_free aclid was added
to these samples to bring the ratio to around one, the
precipitate rediséélved and significant extraction was

observed.
C. Tracer-Level Neodymium Extractions

* In a series of tracer extractionsuholding'LHA]O
constant; the values of both D and [H'] were measured.
. Using the‘equgtIOn, (Mx*)é + (x +_n)(HA)o.Z (MAX(HA)h)o +
X(H*)a; to represent‘the metal extraction, the equation,
log D - log K + (n + x) log [HAD - x ng‘fH+] - log
(z BXEAjz); was obtained as éescribed.earlier. The value

of x was then secured from the slopes of log D + log

Figure 4}); As expected, the individual slopes obtained
were around three, the number calculated'from.the macro-
scopic expefiments; Unfoftunately; and rather surprisingly,
the slopes varied from a low of about 3 to a high of

approximately 3.7..
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Figure 4, pH dependency of log D + log (I BxEA];)
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The value of n was acqﬁired in a similar fashion. In
a series of experiﬁents holding the pH constant, the distri-
bution ratios Were measured. In each sample, in order to
obtain the desired pH prior to its actual measurement, thé
hydrogen lon concentration was estimatéd from equilibria
considerations. To‘accomplish this, the system'of,f1Ve
unknowns ((HA)a, (H*)a,‘(A7)é, (HA)O, (H2Aé)b) and five
equations (total acld, total acid anion,.KD’O, Puas o) was
solved iteratively in the computer program EXTN (see
Appéndix). Later, to decrease Lhe total computation timé,
the iteration was‘prpgrammedAonto a magnetic card for use in
a Texas Instruments SR-52 calculator (see Appendix). The
concentrations.of (A~-)a and,(HA)o were ‘also obtained from
. this program. 'Using these concentrations, plots of
n. |

A slightly-altered abproach was also used for obtalning
..thé value of n. Representing the extraction equilibrium

(perhaps more realistically) as (MX*)é + x(A7)é + n(HA)O <

(MAX(HA)h)o’ the accompanying log equation becomes log D
' ra”1 - o —-aX
log K' + n log [HA]o-+ x log [A ]a log (Z Bx[A ]a).
Using thils approach, experlments were-doneAholding'[A_]*
constant, varying'[HA]o and measuring the resultant distri-
bution ratios. As in thé.previous.experiments n was obtained

from the slopes of the log-log plots. (A typical plot is
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shown in Figure 5,)' This approach as well as the other
approach both ylelded a value of n of 5.0 + 0.3.

Though the results for the detefmination of n were
satisfactory, the variable answers obtalned for x were the
caﬁse of some concern. It was thought that perhaps more
than one specles was extracting, specifically, that the
extracting monomer might be dimerizing.

If a monomer and dimer were both extracting, the
distribution ratio would be represented as:
'[MAX(HA)hJS'*'L(MAk)Q(HA)hJo

X+ . -1X
M1, - (8 [ATT)

tj'
1}

K[A™I*[HATD/ (2 8,[A71%) + (K'[A1°%[HATY/
- X .

NN +
(T By la )T,

At constant [A_]a and [HA]O, the above equation would
simplify to a linear equation in [Mx+]a...To.evaluate this
possibility, a seriés of extractioﬁs was performed in which
[A-]a and [HA]O weré‘both held constant and D was measured
aé a function of [M%+]a. - The data which resulted are
_graphed in Figure 6. A definite linear trend was observed,
suggesting the exthactionAof.both a monomeric and a dimeric
species.

The extraction of more than one species placed in

doubt the previously obtained value of n, since the
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simplification to a log-log plot was not a valid step.
However, by performing additional experiments at'low metal
concentrations (where the amount of dimer present was very
low), the log-log plots were agéin applicable and a value
of 5 was still obtained for n.

In experiments pérformed in the absence of unionized
acid; tracer-level neodymium»extracted only to a slight
exteht. This small extraction severely limited the accurate
detefmination of the distribution ratios. . However, by
worklng al hlgher metal concentrationos, a'trcnd in the
dependence of D on [M3+]a seemed to emerge. As [M3+]a was
increased, the extracting species.changed'fromzpredominately
a metal dimer to a more highly aggregated‘form.A

The above data werg.dompared td‘earlier extraction data
taken at the same metal cdncentrations;‘bﬁt in the presence
of unionized acid. The”unionized4acid.containing species
were found to constitute only a'small‘fraétion of the total
metal extracted. ,Tﬁis méant.that the increased distribution
at increased [M3+]a‘could be‘chiefly,attributed.to a dimer
containiné some amount of unionized acid.

Thus, the extracting species at thé trécer.level'are

probably MA3(HA)5 and (MA (HA)q'plus small amounts of

3) 5

(MA and very small amounts of further aggregates (MAB)J'

3)2
Any or all of these species may be hydrated to some extent.
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One point of comparison should be made. As mentioned
in an earlier chapter, Schweitzer and Sanghvi (5#) studied
the extraction of tracer-level thulium into chloroform using
hexanoic acid. They determined the extracting species to be
TmA3(HA)5. The identical stoichiometry of the tracer-level
,neodymium-DMHHA extracting species suggests that the two
acids are behaving in a similar manner. This would imply
that the DMHHA is binding in a nonchelating fashion and,
hence, would not be expected to show any,gréatly increased
selentivity, |

The effecﬁ of ionic,strength on tracer-level extraction
was briefly eXaﬁined and 1s shown in Figure 7.  Unfortunately,
the.initial'amount of HA, not the '(.HA)d concentration, was
heid.constant, and,so.the'effectfobséryed was.at.least

partially due to an incréase in {HA]d.
D.  Additional Neodymium Extractions

Since the thacér-level.experiméhts seemed to indicate
an absence of unionized acid 1n.thé extracted dimer, an
extﬁaction'bf a maCroscopic4quantity‘of neodymium in the‘
absence of unionized acid was attempted. Some.extractioh
was observed, but the majority ofﬁthe‘metal WaS'precipitated
at the phase intérfacéf The withdrawai of most of the
ofganic phééé;;followed by:the introduction of fresh

chloroform,. causéd an observableAdecréasé in the amount. of
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precipitate present. With another repetition of this
process, the remaining preclpitate dissolved.

Analyses of the two organic phése portions which were
removed, revealed a metal cohcentration in each of about
5 x 10-3 M. The final organic and aqueous phase metal
concentrations were 2.9 x 10;3 M and'3;5 X 10_4 M,
‘respectively.i Both of fhe tw0‘orgénic aliquots were examined
osmometrically and showed virtually no detectable species
" molarity, indicating aggrégation of'the-extract. Also, the
precipitate was assayed and.fouﬁd4ﬁo‘oontain.about 22.7%
neodymium,'Which would correspond to NdA3AH20 (22.6%).

Thus, the neodymium was extracted by the DMHHA anion
into chloroform, but had a solubility 1limit of about
5 X 1073 M. The extract appéared.to.be.éxtensiﬁely
‘aggregated.

Addition of free acid to a neodymium-DMHHA anion .solu-
tion,éaused the metal solubllity in chloroform to lincrease.
In a solutlon containing only metal and acid anion, the
addition of unionizedlaoid.éffected fhe dissolution of all
the precipitate présent. .Thé‘final'unionized.acid to metal
ratio was 0.5.

In another ekpérimént; neodymium which was precipitated
from an organicrfréé watérusolution.containing only a 0.2/1
free acid to metal ratio; was.subsequéntly dissolved in

chloroform, and metal concentrations as high as 0.0211 M
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were obtained. Aﬁalysis of the precipitate revealed 20.65%
neodymium. The NdA3-MH20 speéies would contain 20.8%
neodymium, but a substance containing unionizéd.acid would
be more likely, since the previously mentioned precipitate
formed only a monohydrate, and since the solubility of this
precipitate was so high. A mono—hYdrate species containing
20;65%‘neodymium would have the stoichiometry of NdA3-O}37
HA*H,0. Osmometry of the 0.0211 M (in metal) chloroform
solution showed a species molarity of about 0.001, which
indicated an average aggregation number > 20.

In experimeﬁts involving unionized acid to metal ratios
of greater than one, the metal was generally observed to
. extract rather immediately.4.HOWever,.upon.standing.over a
period of several days to weeks, a largé.percentage‘of the
"metal precipitated,fromAﬁhe;organic phase. . The rate of
appearénce of precipitate was directly'related.to.fhe amount
of unionized acid present.

Precipitate‘formed'frOm a solution containing an acid-
. to-metal ratio of greater than sixtéén was assayed and
-found to contain 15;05% néodymiﬁm.. The best stoichiometric

fit to thils percentage would be NdA ﬁ2HA3H20-(15}0ﬂ%). This

3
would help to explaln the appearance of some precipltate at
unionizéd.acid.td métal ratlos much OVér one. However,

since metal carbokylateAsoaps,fréqﬁéntly precipitate as non-

stolchiometric substances (70),.the,above‘should‘be.regarded
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more as an average composition than a definite molecular
formula.

From the above;extraction‘experiments and the earlier
tracer work, some conclusions can bé‘made regarding the
extraction of neodymium. The extracting species can be

represented as

J K M
MA3(.HA_.)5 + g (MA3)J + g § (MA3)K(HA)M

whére M < 2K. This scheme is consistent with metal
dependence, unionized acld enhancement of extraction and the
nonnecessity of unionized acid to effect extraction. On a
macroscopic scale, the metal becomes extensively aggregated
to form micelles. The presence of too large an aﬁount of
unionized acid apparently alters the structure of the

"micelle, and causes the neodymium to precipitate.
‘E. Heavy Lanthanide Extractions

In the absence of an organic soluble.cation, no sig-
ﬁificant extraction of the~lanthanides past samarium was
observed. The agueous phase usﬁally.formed a cloudy but
stable emulsibn; accompanied by some precipitation at the
phase interface.

- It was thought that a possible reason for the divergent
behavior of the heavy lanthanides might lie in an inability

to form the aggregatés apparently neédéd for éxtraction.
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A similar example of distinction in aggregate formation,
though distantly‘related, has been seen in the solid state
stfuctures of the lanthanide HEDTA complexes (71). The
lanthanum through praseodymium complexes'have all been
deﬁermined to crystallize as dimers, with shared carboxylate
oxygens. In contrast, the heavier lanthanides thus far
examined have been found to crystallize as monomers,
appafently due to spatial considerations.

To evaluate the heavy lanthanide-DMHHA aggregation in
~chlorotorm, some tracer-scale thulium extractions were
perfermed. As with the neodymium tracer experiments, the
dependence of.the distribution ratio on the metal concen-
tration was examined and the results are shown 1n Figﬁre 8.
A definite metal dependence 1s seen, indicating the formation
of metal dimers. Presumably, further aggregation could occur
‘at‘higher metal concentrations.

As a consequence of the'above, the nonextractability of
the heavy lanthanides remalns to be attributed to one or
both of two factors. The heavy lanthanide aggregates may be
less soluble than their lighter lanthanide analogues;‘
possibly due to a difference in structure. A second possi-
bility is that the heavy lanthanide carboxylates are
aggregating to a greater extent, causing a change in
chloroform solubility. This latter explanation is con-

sistent with the observation (72,73) that the aggregation
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number of ionic surfactants 1increases with a decrease in the
counter-ion radius.

When erbium extraqtions were performed using tetrabutyl
ammonium hydroxide as the base for neutralizing the DMHHA,
significant extraction was obtained. Apparently, the organic
soluble tétrabutyl ammonium lon permitted the formation and
extraction of ion pairs (e.g., Bu4N+MA47). However, as
" with the neodymium extractions, an excess of free acid caused

preclpitation to occur.

'F. Additional Lanthanide—-DMHHA

Stability Constants

.Certain'a—hydroxy~carbpxylicAacids (74,75),have.been'
found to exhipit intereStiné‘trends in their stability
cénstants with the lanthanides. Instead of increasing
monotonically with a.decreasé in the cationic radius;4the
stability constants rise to a maximum anoﬁnd samarium ‘and
then fall slightly before again rising for the heavier
lanthanides. The lanthanide-DMHHA stability constants were
.obtained.fbr the lanthanides below promethium. (The low
solubilityblimits of,thé.other lanthanide.complexes
prevented thé'measurément of.théir.stgbility“constantsu)
The results are shown in Table 3 and follow a normal

trend.
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Table 3. . Lanthanide-DMHHA stability constants ..

St N e ce  1a

B, x 10° 4,71(.08) 3.39(.14)  2.91(.19)  2.06(.05)
5 X 10" 4.27(.33) . 2.03(.28) 1.04(.27)  0.37(.08)
B, x 10%  1.64(.3%)  1.38(.24)  0.52(.16)  0.30(.04)

G. Adjacent Lanthanide Separation Factors

The separation factors obtalned from the lanthanide-
" DMHHA extractions are listed in Table 4. These are, in

~general, not too different from those reported for the normal

Table 4.  Lanthanide-DMHHA separation factors.

Lanthanide '
Pair S -Ce/La. . - Pr/Ce . - Na/Pr Sm/Nd
SF 1.2 1,42 1.2,1.5% 1.8

8Estimated from distribution ratios.

aliphatie carboxylic acids (53,59). Little, if any, improve-
ment can be seen. . A possible explanation for the poor DMHHA
separation factors has been discussed~éarliér. If the

hydroxyl group .is not participating in the bonding, then the
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DMHHA would be expected fo behave much like a normal
carboxylic acid, and would not produce any significant

Improvement in extraction selectivity.



65
VII. SUMMARY
A. Conclusions

DMHHA distributes'between water and chloroform with a
partition coefficient of about one (at 0.1 M ionic strength
and 25°C). The acid dimerizes in chloroform, and, at higher
acld concentrations aggregates even further.

}The light lanthanides can be extractéd,into chloroform
by forming complexes with the DMHHA anions. The extracted
metal species is highly aggregatcd. Thio cxtraétion hae a
solubility 1limit which increases with the addition of
unionized acid. The resultant extract is also highly
aggregated. As the unionized acid to metal ratio begins
to exceed one, extraction at first occurs, followed by the
slow precipitation of MA3°2HA'H20.

At the tracer level, neodymium is extracted primarily
as NdA3-(HA)5 and NdA3-(HA)q. Very small amounts of

(Naa and other metal aggregates are also present.

302
The heavy lanthanldes do not extract from solutions of
DMHHA and its potassium salt. Precipitates and aqueous .
emulsions are formed instead. This is presumably due to

the formation of larger, but less soluble aggregates. The
heavy lanthanides can be extracted from solutions containing

DMHHA and the organic-soluble tetrabutyl ammonium ion. The

metals are probably extracted as ion pairs.
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The separation factors obtained from DMHHA extractions
of the light lanthanides are comparable to those obtained in
extractions employing nofmal aliphatic carboxylic acids.

The lack of improvement can be attributed to an inability of

the hydroxy group to participate in the bonding.
B. Future Work

. In retrospect, the choice of chloroform as the solvent
for extraction was an unfortunate one.: The aggregation of
" the extracted metal and the nuwmber vl different species
fofmed make analyses very difficultf- The solubility
restrictions on the acid to metal ratlo, coupled with .
medlocre separation factors, virtually eliminate any
separations application.

Extractions into hexanol look promising. Both the
light and heavy lanthanides have been found to extract
almost quantitatively. Unlonlzed aclid to metal ratios of
_greater than 10/1 are needed before precipitation begins.
Another significant factor 1s the hilgher dielectric constant
of hexanol (13.3 compared to a value of 4,81 for chloroform),
This means that'the extracted metal would not need to be
as highly shielded from the more polar hexanol molecules.
This, in turn, would redﬁce the tendency of the extract td
aggregate or to bind additional unionized acid molecules.

In fact, the alcoholic ends of the hexanol molecules could
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themselves.help to solvate the metal ion. Filnally, the
DMHHA could presumably coordinate in a chelating fashion
and yleld improved separation factors.

The examination of the lanthanide extraction behavior
with other a-hydroxy aéids'might prove interesting.
Knowing the effect of carbon number and chaln branching
could be useful in designing the optimum extracting agent.
Dihydroxy acids, which have the potential to show greater
selectivitiés, could also be the focus of extraction

experiments.
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X. APPENDIX A: COMPUTER PROGRAM ALFA



AAOONANAANAALAABANANANNAANAD

PROGRAM AL PHA

THIS PRCGRAM IS CESIGNED TO CALCULATE SAMPLE KMND3 VOLUMES FOR RUNS
DETERMINING LIGAND PROTONATION CONSTANTS USING TRIAL ALPHAS FOR ANY
POLYBASIC LIGAND
APPROXIMATION IS USED IN VARIABLE OTHER .
KR EAERFRAKFERKERRRXIRKRDATA SET MAKEUP HkkBfkkkkkd Rk kkkkiokkrk ok kik kkkkE

CARD  VARIABLE COL FCRMAT EXPLANATION
1 TITE 1-80 A80 ANY TITLE
2 N 1-5 15 NUMBER OF DATA POINTS
NN 10 1 NUMBER OF ALPHAS INPUT .
HTIT 15 1§ NUMBER OF TITRATABLE H PER LIGAND
CACID 21-30 F10e4 MOLARITY OF LIGAND ACID SOLN
CBASE 31-40 F10.4 MOLARITY OF BASE SOLN
CHNO3 41-50 F10e4 MOLARITY OF STRONG ACID SOLN
FINV 51-60 F10e4 FINAL VDOLUME
CKNDO3 61-70 F10e4 MOLARITY OF KNO3 SOLN
US ' 71-80 F10e4 IONIC STRENGTH DESIRED
3 . ALPHA(I) 1-10 E10e4 1 TO NN ASSUMED ALPHAS USEC, ONE
o ~ PER CARD o
4 VACID(I) .1-10 F10e5 VOLUME OF LIGAND. ACID SOLN USED
VEASE(1) ~11-20 F10e5 VOLUME OF BASE SOLN USED -
VHNO3(I) 21-30 F10e5 VOLUME OF STRONG ACID SOLN USED

(REPEAT UNTIL 1=

N)

DIMENSION ALPHA(6) +VACID(100),VBASE(100)+VHNO3I[100),TITE(20) +CNBAR
1(100)+APH{100),VKNO3(100)

INTEGER HTIT

DOUBLE PRECISION BOT.TOP.OTHER-UA'

READ(S1 M(TITE(1)s1=1,20) ,
READ (S +2 )N sNNsHTIT,CACID,CBASE+CHNO3+FINV, CKNO3,US
READ(S+3)(ALPHA(I)s[=1NN)
READ (554 )(VACID(I)sVBASE(I) s VHNO3(I)sI=1sN)

ERR?0.00‘

Gl



DC 100 M=1,N
AT=(CACID/FINV)®RVACID( M)
HT=(CACID/FINV )*VACID(M)*HTIT+(CHNO3/FINV ) #VHNO3(M)—(CBASE /F INV ) *
1VEASE (M)
H=0e0
FFAC=1040
" 10 HINC=HI/HFAC
20 H=H4+HINC
HPH=—ALGG10(H) :
ANBAR=(HT=H+10%%(=1348069+HPH) ) /AT
B80T=140
TCP=040
DO 40 K=1,NN : : . -
BOT=BAT+ALPHA (K) *HE %K
TCP=TOP+K*®AL PHA( K ) *H¥%K
40 CCNTINUE
BNEAR=TOP/BOT
TEST=ANE AR=-BNEAR
IF(ABS(TEST) eLEeERR) GO TO 70
IF(TESTeGTe0e0) GO TO 20
H=H=-HINC
HF AC=HFAC*10 '
GO TO 10
70 CONTINUE
A=AT/BCT
CNBAR{M)=BNBAR
APH(M)==ALOG10(H)
OTHER=(HTIT) $%2%A%e 5
DO 80 K=1,NN
OTHER=CTHER+ (K~HTIT) ¥k 2%ALPHA (K ) *H*%K%A%e 5
80 CONTINUE
UA=eS*(CEASE/FINV)I*VBASE(M)+¢eS*{CHNO3/FINV)XVHNO3[M)+0OTHER
1405/106 0%k APH(M) 465210 0%% (-1 348069+APH(M) )
VKNC3 (M) =( (US=UA)/CKNO3 ) *F INV
100 CONTINUE

9.



®RITE(6,200)
WRITE(6,201)(TITE(I) »1=1,20)
WRITE (6+,202) CACIDsCBASE
WRITE(6,203)CHNO3,CKNO3
WRITE(6+204)FINV,US
WRITE(6,205) ) :
WRITE(69206) (LeVACID(L )eVBASE(L ) + VHNO3 (L) s APH(L) +CNBAR(L )} s VKNO3 (L)
1+L=1,4N) '
WRITE(E,207)NN
WRITE(6+208) (IWs ALPHA( IW) s IW=1NN)
FORMAT(20A4)
FCRMAT (ISs4X+11e4Xs11+5Xs6F10e4)
FORMAT(E1044)
FORMAT(3F10e5)
FCRMAT(* 1 %% 3k ke dkxx k43 3%k TRIAL CALCULATION OF VKNO3 FROM ASSUMED
1 ALPHASHEREEXKEERKRR KRk RRkKKKEKKKEK S /)
201 FCRMAT(* *',20A4/)
202 FCRMAT(T2,'CRIGINAL ACID CONCENTRATION =°,TA40,FB8eS5S+TSS»"ORIGINAL B
1ASE CONCENTRATION =* +T90,FB8e5) ’
203 FGRMAT(T2,*ORIGINAL STRONG ACID CONCENTRATION =°3T40,FB8eS+» TS5y
L1 *POTASSIUM NITRATE CONCENTRATION =°,T90,F8e5)
204 FCRMAT(T2+°FINAL VOLUME =°3T39:F7e3+T55,*IONIC STRENGTH =*,TS0,
‘ 1FB8e57)
205 FORMAT(* (I1)*+sT9s*VACID®+T19,*VBASE"sT29+*VHNO3"sT41»
1*PH® sTA8»*NBAR®*, T56, *VCL KNO3?)
206 FORMAT(? * 31 34sT84F7¢3+sT18:F7e3:T28,FT7e3+T38,F7e¢4:T48,F6e3+,T58,
1F763) .
207 FORMAT(*OASSUMED PROTONATION CONSTANTS ALPHA(1)=ALPHA(®*+I2+")°%/)
208 FORMAT(6X+s12+6XsE12e5) :
RETURN '
END

OPUNM

20

LL
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XI. APPENDIX B: COMPUTER PROGRAM BETA



PROGRAM BETA

THIS PROGRAM IS DESIGNED TO CALCULATE SAMPLE KNC3 VOLUMES FOR RUNS
DETERMINING STABILITY CENSTANTS,USING KNOWN ALPHAS AND ASSUMED BETAS

‘t:**tttttt#t:tttt#ti*t_DATA SET MAKEUP SR X&tffffhikhkkhkhhkdsn fhkks k%

CARD VARIABLE COL FCRMAT EXPLANATION
1 T OTITE 1-80 AB80 ANY TITLE
‘2 . - VACID 1-10 F10e5 VOLUME OFf LIGAND ACID SOLN USED
'  CACID 11=-20 . F10.5 MOLARITY OF LIGAND ACID SOLN USED
VMET 21-30 F10e5 VOLUME OF METAL SOLN USED
CMET 31-40 F10e5 MOLARITY OF MSTAL SOLN
CKNDO 41-50 F10e5 MAOLARITY OF KNO3 SOLN
CBASE S1-60 F10e5 MOLARITY OF BASE SOLN
FINV 61=70 F10e5 FINAL VOLUME -
US 71=80  F10eS IONIC STRENGTH DESIRED
3 N i-5 15 NUMBER OF DATA POINTS
NN 10 15 NUMBER OF BETAS INPUT
_ NNN 15 15 NUMBER OF ALFHAS INPUT
HTIT 20 15 NUMBER OF TITRATABLE H PER LIGAND
zC 25 15 " CHARGE ON METAL CATION
ZA 30 15 - CHARGE ON LIGAND ANION
4 ALPHA(I) 1-10 E10e 4 1 TO NNN ALPHAS USED.ONE PER CARD
5. BETA(I) 1-10 E10e4 1 TO NN ASSUMED BETAS USED, ONE
PER CARD
6 VEASE(I) 1-80 . F10e4 1 TO N BASE VOLUMES USEDs EIGHT
: ‘ : PER CARD :

N OANAABANNNANAANAOONANAAALANNANDN

DIMENSION TITE(20) sALPHKA(H)+BETA(S5)+sVBASE(S0) s CNBAR(50)4+APH(50),
1 VKNOI(50)
REAL MT
INTEGER HTIT,2ZCsZA
9 READ(Se1+END=30C)(TITE(IR)+IR=1,20)

6.



10
20

40

€0

70

REAC (S5+2)VACID+CACID s VMET , CMET sCKNO+CBASE s FINV,US
READ(S ¢ 3)IN+NNsNNNsHTT1T2C,y ZA
READ(S+4)(ALPHA(I)+1=1,NNN)
READ(S+4)(BETA(I)sI=1sNN)
READ(S5+S)(VBASE(1)s1=1,N)
ERR=0,001
MT=(CMET/FINV)XVMET
AT=(CACIC/FINV)*VACID

D0 100 M=1,N .
HT=(CACID/FINV)RVACID*HTIT=(CBASE/FINV)*VBASE(M)
H=0e90

FLFAC=1060

HINC=HTI/HFAC

H=H+HINC

ALPT(O=0.0

D0 30 TI=1sNNN
ALPTC=ALPTO+ALPHA(I ) %k] *H%xx%x]
A= (MT=H)/ALPTO

BCT=160

TOP=0.0

DO 40 K=1,NN .
ECT=BOCT+BETA(K)*AXXK
TOP=TCP+K%BETA(K )kA®x*K
BNBAR=TCF/BOT

ALFTO=140

CQ 50 J=1,sNNN
ALFTO=ALFTO+ALPHA(J) %XH*$)
ANBAR=(AT=ARXALFTO)I/MT
TEST=ANBAR-BNBAR
IF(AEBS(TEST) ¢LE«ERR)GO TO 70
IF(TESTeLTe0e0) GO TQ 20
H=H=HINC

HFAC=FFAC%10.

GO TO 10

CCNTINUE

08 -



80

100

300

CNEAR(M)=BNBAR
APH({M)==ALOG10(H)
CTHER=(HTIT)*%2%A
CC 80 K=1.NNN . X
CTHER=CTHER+ (K=HTIT) *#& 2% ALPHA (K ) *HX %K%k A
CONT INUE '
UA—OosiGTHER

OQS*CBASE#VBASE(MIIFINV

UC-O.S*I0.0**(-APH(M})

UD=0eSE#1060%%(-1348069+4APH(M))
UE=0eS*ZCeMT
UF=0eS*MTA(ZC~BNBARX ZA ) $%2
UA=UA+UB+UC+UDH+UE+UF

VKNC (M) = ({(US=UA) /CKNDI) *FINV

CCNTINUE

WRITE(E+199)
WRITE(6,200)
wRITE(e.aox)(TxTE(I).x-m.ZO)
WRITE(6,202)CACID
WRITE(6,203)CMET
WRITE (6,204)CBASE
WRITE(64+205) CKNC
WRITE(6,212) VACID
WRITE (6,213) VMET "
WRITE(6,214)US
WRITE(6,215)FINV
WRITE(6,206)

NRITE(é.ZO?)(LoVBASE(L)oAPH(L)oCNBAR(LI'VKNO(L)’L—loN)

ﬂRITE(é:ZOB)(IUQALPHA(IU)Q!U-‘:NNN)
WRITE(6:209)(IXsBETA(IX)sIX=143NN)
GG TG 9

sSToP

FORMAT (20A4)

FOFRMAT (8F10e5)

FCRMAT(615)

18



189
200
201
1202
203
204

205

212
213
214
215
206
207
2¢C8
. 2C9

FORMAT(T2,'ORIGINAL MEASE CONCENTRATION

FCRMAT(E1004)

FORMAT(8F10e4)

FORMAT(*1%%x TRIAL CALCULATION OF VKNO3 FROM xx%x?)
FORMAT(T2, *%*% KNOWN ALPHAS AND ASSUMED BETAS %%°/)
FCRMAT(®* * ,20A4/)

FORMAT (T2, *ORIGINAL ACID CONCENTRATION =® 4T35,F8e5)
FORMAT(T2,'ORIGINAL METAL CONCENTRATION =¢,T35:F8e5)
=9 ,T35,F8e5)
FCRMAT (T2, *ORIGINAL MKNO3 CONCENTRATION =°* ,T35+F8e5)
FCRMAT(T2,*VOLUME OF ACID SULN USED =*3yT35+F8e5)
FORMAT(T12,*VOLUME OF METAL SOLN USED =?*4T354F8e5)
FORMAT(T2,*I0ONIC STRENGTH =°*,T35,F8e5)
FORMAT(T2,FINAL VOLUME =¢ ,T35,F7e¢3/)

FCRMAT(® (1I)°*+sTO+*VBASE"sT21:'PH*¢T30, 'NBAR*,T36+*V0OL KNO3*)
FORMAT(® *,13:T8eF 703+ T184F7e4:T28:F6e3:T38,F663)
FORMAT(®0* 3 ALPHA( '+ 1I1+°) =%44X4E12e5)

FORMAT(*0* +*BETA(" 911+ %) =*45XsE1265)

RETURN

END

(4
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XII. APPENDIX C: COMPUTER PROGRAM OMEGA



N alaRaNa e NaNa XaRa NaNa NaNalaNaNaNaNa e Ra Nl oW a W o Wa Mo ol o W a W a N o B o B o W o)

-PROGRAM OMEGA

SEESEIR AKX SRR Rk AR RDATA SET MAKEUPRRRRRREREE KRR ERKERRKEKREREE KK KKK EKR R
COL FCRMAT

CARD VARIABLE

1 ’ N
NN
IFUN

BETA1l
BETA2
BETA3
BETA S
BETAS
HTIT
ZC
ZA
-2 TITLE
3 CACID
CBASE
CHCL
FINV
CKNO
us
VMET
CMET
4 VACID(I)
VEASE(1)
VHCL(1)

1-3
S
6

8-17
18=-27
28-37
38-47
48-57

60
65
70

1-80

1-10
11-20
21-30
31-40
41-50
51-60
61-70
71-80

1~10
11-20
21-30

EXPLAKATION

I3
11
11

El10e 4

E10e4

E10e4

E10e4.
E10e4

11
I1

Il
A80
F10e5
F10e5
F10e5
F10e5
F10e5
Fl10e5

-Fl10e5

F10e5
F10e5
F10e5
F10e¢5

NUMBER OF DATA POINTS

NUMBER OF COSTANTS YO BE DETERMINED

OPTION TO BE- USED

=1 CALCULATE KNO3 VvOL FOR STABILITY
CONSTANTS BASED ON TRIAL PH

=2 CALCULATION OF PROTONATION
CONSTANTS(ALPHAS)

=3 CALCULATION OF STABILITY CONSTANTS
(BETAS)

IF IFUN=2,BZTAS ARE ALL SET TC ZERQ

NUMBER OF TITRATABLE #H PER LIGAND
CHARGE ON METAL CATION.=0 IF IFUN=2
CHARGE ON LIGAND ANIONs=0 IF IFUN=2
ANY TITLE

MOLARITY OF LIGAND ACID SOLN
MOLARITY OF BASE SOLN

MOLARITY OF STRONG ACID

FINAL VOLUME

MOLARITY OF KNO3

IONIC STRENGTH DESIRED

VOLUME OF METAL SOLN USED

MOLARITY OF METAL SOLN

VOLUME OF LIGAND ACID SOLN USED
VOLUME OF BASE SOLN USED

VOLUME OF STRONG ACID SOLN USED

h8



nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnonnn

HPH(I)

{REPEAT UNTIL
N+4 - RELAT
RELHT

RELPH

IWELT

N+5S ALFA1L
- ALFA2

ALFA3

ALFAA4

ALFAS

ALFAG

31-40
=N)
{-10
11-20
21-30
39=40

1-10
11-20
21-30
31-40
41-50
51-60

Fl10e5

Fl10e5S
F10e S
F10e5

12

E10e¢ 4
E10e4
El10e 4
El10e4
El10e4
E10e4

MEASURED PH

RELATIVE ERROR IN ATOT
RELATIVE ERROR IN HTOT
RELATIVE ERROR IN PH
WEIGHTING O2TION T0O BE USED FOR DATA
==1 WEIGHTING DONE USING ATOT.,
HTOTs AND PH
=0 WEIGHTING ON PH ONLY
=1 NO WEIGHTING OF DATA
USED ONLY IF IFUN=3

SUBROUTINE OGELG

PRCGRAM SUPPLIED EY COMPUTER

PURFCSE

SCLVE GENERAL SYSTEM

USACE

CALL DGELG(RsAsMsN+EPSHIER)

CESCRIPTION OF PARAMETERS
R - DOUBLE PRECISION M .BY N RIGHT HAND SIDE MATRIX(DESTROYED)
ON RETURN CONTAINS SOLUTIONS OF THE EQUATIONS

mzzx>»
'

- DOUBLE PRECISICON M BY
-NUMBER OF EQUATIONS IN SYSTEM
- NUMBER OF RIGHT HAND SIDE VECTORS

OF SIMULTAEOUS L INEAR EQUATIONS

N COEFFICIENT MATRIX (DESTROYED)

PS = SINGLE PRECISIGON INPUT CONSTANT USED AS RELATIVE
TOLERANCE FQR TEST ON LOSS OF SIGNIFICANCE

S8



OO NMNAHHDOOOHANNANDHOHNHNOO

IER=0 = NO ERROR .
IER==1 = NO RESULT DUE TO M LESS THAN 1, OR PIVOT ELEMENT AT
ANY ELIMINATION STEP EQUAL TO O
. IER=S = WARNING DUE TO POSSIBLE LOSS OF SIGNIFICANCE
INDICATED AT ELIMINATION STEP K+1 WHERE PIVOT ELEMENT
WAS LESS THAN OR EQUAL TO INTERNAL TOLERANCE EPS
TIMES ABSCLUTELY GREATEST ELEMENT OF MATRIX A

REMARKS
SEE IBM BULLETIN

SUBFROUTINES AND FUNCTION SUBPROGRAMS REQUIRED
) NCNE

METHCD . '
SCLUTION IS DONE BY GAUSS=ELIMINATION WITH COMPLETE PIVOTING

V00 C0 00000000 0800090000 000060000000000600 006000000 0CRLICEOIBSBOGIIOGOINTOSOSIOSDIPIIDOCGPOIOTDISIODS

OIMENSIGN TITLE(20)sVACID(100),VBASE(100),VHCL(100)»
1HPH(100) iETA(lOO’opERCE(IOO) OAK(4) 'pK(4)'VKNG3(IOO) +BETAN(6) »
EXTX(36) s SXTX(36)

INTEGER HTITeZA.2ZC

CCMMON /TRID/ X(100)sY{(100)92Z(100).,BETA(6) +NaNNsIER,

1PHI(100)+,E(100) s VBETA(6) »RELATSRELHT +RELPH, INEIT, IFUNSALFA(6),
&£€CH(100)

DOUBLE PRECISION Q(100+6)XTX

ITEST=0

250 REAC(S+1,END=300) NnNN:IFUN.BETA(l) BETA(Z)vBETA(B).BETA(Q).

EBETA(S)»HTIT 4ZC>»2A

READ(S+2)(TITLE(I)es1=1,20)

READ(ES +3 JCACID +CEBASE +CHCL s FINV,CKNOsUSVMET +CMET

READ (S+4)(VACID I)sVBASE(I)s VHCL (1)} sHPH(I) ,I=1,N)
READ(S+E)RELATIRELHT yRELPHLIWEIT

IF (IFUNeEQe3) FREAD(S+S5)(ALFA(I)sI=1,.6)

0440

98



18

19

30
20

DG 30 I=1.N

IF (IFUNeEQe3) GO TO 18

Z(1)=(VACID(I1)/FINV)2CACID

X(1)=1e0/10e0%%kHPH(I])
Y(I)=HTITR(VACID(I)/FINV)I®CACID+ (VHCL(I)/FINV)®CHCL

1~(VBASE(I)/F INV)®CBASE+100%%(—=138069+HPH(I))

‘GO TO 16

CONTINUE

CH(I)=1¢/10e**HPH(I)

BH=CK(I) '

Z(1)=VMET/FINVXCMET

Y(I)=VACID(I )*CACID/FINV ,

X(I)=(HTITaY (1)=VBASE(1)/F INVECBASE=-BH)/(ALFA(1)*BH+2e%ALFA(2)%

88H**2*3.*ALFA(3)*8H**3*4.*ALFA(4)*BH**4*5¢*ALFA(5)*BH**S#
E6e*ALFA(6)#BHE%6)

Y(I)= VACID(X)/FINV*CACID—X(I)*(ALFA([)*BH+ALFA(2)*BH**2*ALFA(3)*

EBH**3+ALFA(A ) XBH*X4+ALFA(S)*BHXRS5+ALFA(6)*BH%X%bH)

CCNTINLE

ETACI)=(Y(I)=X(1))/7Z(1)

CONTINUE

CONTINUE

IF (IFUNeNEel) CALL CFIT(QsXTX3SXTX)
DO 40 I=1,N

DON*T GET EXCITED, JUST USING PERCE HERE TO SAVE CTORE

45

40

PERCE(I)=140

PHI(I)=060

CO 45 K=1sNN
PHI(I)=PHI(I)+K*BETA(K)*X(I)**K
PERCE(I1)=PERCE(I)*BETA(K)®X(])*%K
CONTINUE

"PHIC(I)=PHI(I)/PERCE(I)

PERCE(])= (ETA(l)-PHI(I))/PHI(I)*lOOoO
CONTINUE

“IF (NNeEQel) GO TO 61

AMN=NN-1

L8



€0
€1

41
a3

42
47

"DO. 60 I=1,NM

AK(I)=BETA(NN=1) /BETA(NN=1+1)

IF (AK(I)eLEeOe0O) PK(1)=0e0

IF (AK(1)eGTe0e0) PK(I)==ALOGI1O(AK(I))

CONTINUE .

CONT INUE

AK(NN)=140/BETA(1)

IF (AK(NN)eGTe0e0) PK(NN)=—ALOGLIO(AK(NN))

IF (AK(NN)oeLEe0e0) PK(NN)=060

IF (IFUNeLEe2) GC TO 83

DO 41 I=1,N

oS*(VBASE(I)tCBASE/FINV+VHCL(I)tCHCL/FINV+

&ZC#VMET#CMET/FINV+CH(I)+X(I)*ZAt*2+X(I)*(ALFA(I)*(ZA—!)**Z*CH(X)+
TALFA(2)%CH( I )2 %( ZA—2 ) $22+ALFA(3)%*CH( 1 )% %x3%(ZA~3) Xk 2+ALFA (4 ) %
ZCH(I)**4*(2A—4)**2+ALFA(5}*CH(I)**5#(2A-5)##2+ALFA(6)*CH(I)*#6*
3(ZA=6)%%2) 42 (1 )% (ZC~PHI(1) *ZA)*%x2)

VKNO3(I)=(US-UA) *FINV/CKNO

CONT INUE

CONT INUE

IF (IFUNeGTe2) GO TO 47

DO 42 1IS=1,N

UA=¢ S*(VBASE(IS) /FINV)*CBASE+eS*(VHCL( IS)/FINV )*CHCL
14e5/1060%%HPH(IS )+eS*(VACID(IS)/FINV)*CACID*
2(HTIT=PHI(IS))*%240¢5%10%%k(—-138069+HPH(IS))
VKNO3(IS)=((US=UA)/CKNG)*F INV

CONTINUE

CCNTINUE

IF (IFUNeEQe1 )WRITE(6,58)

WRITE(6,101) (TITLEC(I ) I=1,20)
WRITE(6,102)CACID,CBASE

WRITE (64+103)CHCL +CKNO

WRITE(64,110)FINV,US

WRITE(6,108) CMET ,VMET

WRITE(6,104)

WRITE(6+105) (1,VACID(IL)sVBASE(1) s VHCL(I)sHPH(I),
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lETA(l).PERCE(I).VKN03(I).E(I).l l’N’
IF(NNeEGel) GO TO 48
GC TO 49
48 WRITE(G6.111)
WRITE(5+109) (1 BETA(I) sAK(I)+PK(I)eI=1,NN)
GO TO S50
49 WRITE(EL106)
URITE(E.!O7)(I-BETA(I)’AK(X)QPK(I)oVBETA(I’QX loNN)
WRITE(6+112) IWEILT
112 FORMAT(*0? ;SX,*WEIGHTING OPTION USED ='¢3X+12)
S0 CCNTINUE
GO TO 250
300 STCP
102 FCRMAT (T2,'0ORIGINAL ACID CONCENTRATION =°,T404+FBeS5+TS50,
1°ORIGINAL BASE CONCENTRATION = ?4T90,F8e5)
101 FORMAT (20A4)
103 FCRMAT (T2,°0RIGINAL STRONG ACID CONCENTRATION = *,T40,
1FEeS5+sTS0,'"POTASSIUM MNITRATE CONCENTRATION =? 3T90:F865)
110 FORMAT (T2,°FINAL VOLUME ='3TA0+sF7e3+T50+°IONIC STRENGTH =°4T90»
1F743)
" 104 FORMAT (¢ (I1)2,T9,*'VACID®" s T19+*VBASE"+T299*VHCL"®*.T40
1e°P(HI*",T48: "NBAR' , TSB8:'ERROR? yT66,'VOL KNO3?)
105 FCRMAT (' 5 13+T8sF733sT18eF703:sT28:F7e3+T38:,F7e4+T748,
1F6039sTSBFT7e2+T683sF683+T784F6e3)
106 FORMAT (T7,:°(1)° +T154+°*BETA(L) *eT30,°K(I)*eT40+*'PKI[I)* TS5,
1°VEETA(I)?*)
107 FORMAT (T8:12+T123E12e4+T26+E1268:T40+F663:TS3+E125)
108 FORMAT(T2,*"METAL CONCENTRATION= *3sT40:;F8e5)T50+*MZITAL VOLUME =°,
ET90sFGe3) ’
105 FORMAT(TBQ12171205!204v726’E1204QT40.F603)
111 FORMAT (T7:%°(1)° sT1S+*BETA(LI)*+T30:*°KI(I)*sT40,*PK(I)"*)

S8 FORMAT(® 1 Rk kkkkrkkkkkkdhkkrrkrkhkhehhkkxkkkpkkkkkkkk KNO3 CALCULA

ETICON XX RERERRKRERREEEREREREEE KRR KKK )
1 FORMAT(I3,1Xs211s1X:5E10048+2X+11+,4X,1154X,11)
2 FCRMAT(20CA4)

03090
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onew

70

470

570

FORMAT(8BF10e5)

FOFRMAT(AF10s5)

FORMAT (6E1064)

FCAMAT(3F10e5+8X+12)

END

SUEROUTINE CFIT. (QeXTXeSEXTX)

CCMMON /TRIDVZ X(IOO,oY(lO°)0Z(10°)oBETA(6).NoNNoIERo
IPHI(IOO)QE(XOO)’VBETA(6)oRELAToRELHToRELPHoIWEXT.[FUN.ALFA(6)o
ECH(100)

DIMENSION XT(GOO);EA([OO)oEH(lOO)’EP(lOO)QET(IOOl-YT(lOO)o
EXTX(NNISNN) oBETAN(6) s SXTX(NNsNN)»LI(10),MI(10)

DOUBLE PRECISION V{100) +sQ(NsNN)sW(100),¥Ts XTsSST,
EXTXeSSRes BETAN XBETA(100)

WRITE (6+1)NN

DO 45 1II=1,10

DO 29 I=1,N

SIGAT=060

SIGHT==1,40

SIGPH=160

DO 70 M=1,NN

SIGPH=SIGPH=M¥(Y (1 )=X(I)=M*Z(I))EX(I)%*%(M-1)%BETAIM)+
I1XC(I)**MEBETA (M) '

SIGHT—SIGHT—X(I)**M*BETA(M)

SIGAT=SIGAT+MRX( I )X MEBETA(M) -

CONT INUE

IF(IFUNeNEe3)GO TO 370

SIGA=060

DO 470 MM=1,5

SlGA—SlGA*CH(I’**MM*X(I’*ALFA(MM,

CGATINUE

SIGAR=14+SIGA
‘DO 570 JJ-loNN

SIGAP= SIGAP-JJ‘(Y(l)-X(!) JJ*Z(I))*X(I)**(JJ-I)*BETA(JJ)*
E(1e*SIGA)XX(I)®RJIIRBETA(II)

CONTINUE

06



370

71

72

73
75

302
303
27
29

39

40
50
45

SIGPH=SIGAP

CONTINUE
EA(L)=SIGAT*®RELAT®Z(1I)
EH(I)=SIGHT®RELHT%Y(I)
EP(I)=SIGPHRRELPH®X(1)
IF(IWNEIT)T71,72,73
ET(I)=EA(IL)+EF(I )+EHC(I)
GO TO 75

ET(I)=EP(I)

60 TO 75

ET(I)=1.0

CONTINUE

DO 27 J=1.NN
W(I)=1e/ET (I )%%2
VI)=Xx(1)-Y(1) :
QUIsIISIY(I)=X(I)=UxZ(T1))RX(I)k%y
CONTINUE

CCNTINUE

IF (NNeNEel) GO TO 40
SUMQ=060

SUMV=0.0

DO 39 I1=1,N '
SUMQ=SUMQ+Q( 11,3 )%wW([1)
SUNV=SUMV+V(I1)%W(I1) .
CONTINUE
EETA(1)=SUMV/SUMQ

GG T0O SO

CALL wLSa (QesVsBETAWsNiNN,sXT)
CCNT INUE

CCNTINUE

IF (NNeNEel) GO TO 60
DO S9 I=1,N
TEM=V(I)/ZQ(I,1)

IF (TEMeLEWOe) TEM=1,
E(I)=ALCG10( TEM)

T6



-89 CONTINLE
GO TG 8¢
60 DO 90 J=1,NN
90 BETAN(J)I=BETA(J)
CALL OGNTRA(VsYT4N»1)
DC 99 I=1sN
S99 YT(IN=YT(1)%w(])
CALL OGMPRD(YToeV4SSTs1sNe1)
CALL DGMPRD(G+BETANs XBETAsNsNN»1)
CALL DGMPRD(YT+XBETA +SSRs1sNsl)
CALL DGMPRD(XTsQsXTX s NNoNsNN)
SS=SNGL((SST=SSR)/(N-NN))
WRITE (64381 }SSeSSRD +SETHSSR
DO 91 J=1sNN
DO S2 L=1+NN
EXTX(JeL)=SNGLIXTX(JsL))
92 CCNTINUE
S1 CONTINUE
CALL MINV(SXTXsNNsDsLIsMI)
DO 61 ¥=1,NN
VBETA(M)=SORT(SXTX{(M,M)I*SS)
61 CCNTINUE
DO 94 I=1,N
S4 E(1)=10%%9
80 RETURN
381 FCRMAT(' * 45Xs"MSE="®,3E10e48+5s5Xs*MSR=? 3E10e4,5Xs°SST="?,E10e4,+5X+*SSR
=9,E1Ce4)
1 FORMAT (1 %xkxkkkihkkkkbhkhkkkkkkkkphkkhkkbgkrhkkkhkkRbkkkkkeks ]2, PAR
1AMETER PROGRAM USED*XRAIRKBRRXAKERAKEERAERKEXRREEKE XK )
END : .
SUEROUTINE WLSQ (XsY+BETAsWeNsNNsXT)
DIMENSION XT(600):+XTX{36)sDETA(6)sX(1)sY(1)sW(1)BETA(L),
&EXV(600)
DOUBLE PRECISION XT+XTXDETAsXVeXs Yo W
CALL DGMTRA ({X+XT,NsNN)

'

26



AOOAAOANNANANNOAOAAMNOD

32

31

- 15

1J=0

CO 31 I=1,N

DC 32 J=1.NN

1J=1J+1

XT(IJ)=XT{IJ)*w(])

CCNTINUE

CONTINUE . , _

CALL DGMPRD(XTsY+sDETAsNNsNs1)
CALL DGMPRD (XTsXeXTXsANsNsNN)
CALL CGELG(DETA+XTXsNNsl1selE=15S, IER)
IF (1EReNEeO) WRITE(6,15) IER
0O 4 IS=1.NN
BETA(IS)=SNGL(DETA(IS))
CONT.INUE e

RETURN

FORMAT(* J0OB BOMBED IER=',12)
END

GMTR

[ EX TR R A NN EN YN NN AEEEEREY R EENE AE RN ENE A ENENENRRERESN XX N .O‘Q........ L X N R N J ...GMTR

SUBROUTINE DGMTRA

PURPQSE .
TRANSPOSE A GENERAL MATRIX

USAGE _
CALL DGMTRA(ARsNsM)

DESCRIPTICN OF PARAMETERS
A - NAME OF MATRIX TO BE TRANSPOSED
= NAME OF RESULTANT MATRIX
- NUMBER OF ROWS OF A AND COLUMNS OF R
- NUMBER OF COLUMNS OF A AND ROWS OF R

x2 2

REMARKS

GMTR

10
20
30

GMTRAO

GMTR
GMTR
GMTR
GMTR
GMTR

‘GMTR

GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR

50.

60
70
80
90
100
110
120
130
140
150
160
170
180

€6



OO ONOAOOOO

s NaNaNaNaNaNaNaNaNaKaNe!

10

MATRIX R CANNOT BE IN THE SAME LOCATION AS MATRIX A
MATRICES A AND R MUST BE STORED AS.GENERAL MATRICES

SUBRCUTINES AND FUNCTION SUBPROGRAMS REQUIRED
NCNE

METH+CD ' )
TRANSPOSE N BY M MATRIX A TO FORM M BY N MATRIX R

SUERCGUTINE DGMTRA(AsRsN M)
REAL*8 A(1).R(1)

IR=0

DO 10 I=1,N
1J=1I-N

00 10 J=1,M
1J=1J4N
IR=IR+}
R(IR)=A(1J)
RETURN

END

00 0000000000 0000080000 0008000000006 0DPCIICROISISIIBDNOEBNOOOOCOPRCCRCRCGEQROIOBOSOSNTITITITDS
SUBRCUT INE DGMPRD
PURPC SE "
MULTIPLY TWO GENERAL MATRICES TO FORM A RESULTANT GENERAL
MATRIX | ‘

USACE

DESCRIPTIGN OF PARAMETERS

GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMTR
GMFPR
GMPR
GMPR

GMPR
GMPR

- GMPR

GMPR
GMFR
GMPR
GMFR
GMPR

190
200

210

220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410

10

20

30

50
60
70
80
9cC
100
120
130
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2NN Ns NN XaNaNaNaNaNaNaNeNaNaNaNaNaRaNaNaNal

" A = NAME OF FIRST INPUT MATRIX GMFR

B = NAME OF SECGND INPUT MATRIX GMFR

R - NAME OF OUTPLT MATRIX GMPR

N - NUMBER OF ROWS IN A ‘ GMPR

M - NUMBER OF COLUMNS IN A AND ROWS IN 8 GMPR

L = NUMBER OF COLUMNS IN. B , GMPR

: c : _ GMPR

REMARKS GMPR
ALL MATRICES MUST BE STORED AS GENERAL MATRICES GMFR
MATRIX R CANNOT EE IN THE SAME LOCATION AS MATRIX A GMPR
MATRIX R CANNOT EE IN THE SAME LOCATION AS MATRIX B GMFR
NUMBER CF COLUMNS OF MATRIX A MUST BE EQUAL TO NUMBER GF ROWGMPR

GF MATRIX B : GMPR

: GMFR
SUBRGUTINES AND FUNCTION SUBPROGRAMS REQUIRED GMPR
NGNE GMFR

GMPR

METHGD , GMPR
THE M BY L MATRIX B IS PREMULTIPLIED BY THE N BY M MATRIX A GMFR

AND THE RESULT IS STORED IN THE N BY L MATRIX R. GMPR

, GMFR

000000000000 90000000000000000000000000000000D000000FC0ROCRGOOOGIOOSTOOIOIOSTOOSITSE GMPR
' ' _ : : GMFR
SUBROUTINE DGMPRC(AsBeFsNeM,L) GMPR
REAL*8 A(1):8(1)R(1) : GMPR
GMFR

IR=0 GMFR
IK==M : GMFR
DO 10 Kk=1,L ' GMPR
IK=IK+M : ' GMPR
DO 10 J=1,N - GMFR
IR=IR+1 : : GMPR
JI=J=N : GMFR
18=1K GMPR

R(IR)=0 GMPR

140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320
330
340
350
360
370
380
390
400
410

420"

430
440
450
460
470
480

G6



10

DO 10 I=1,M
JI=JI+N
IE=1B+1

RUIR)=R(IR)+A(JII)VRB(IB) .

RETURN
END

GMPR
GMPR
GMFR
GMPR
GMPR

- GMPR

490
500
510
520

530

540

96
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XIII. APPENDIX D: COMPUTER PROGRAM EXTN



'C PROGRAM EXTN = SIMULATED EXTRACTION DATA
REAL INHA,INA :
DOUBLE PRECISION A
REAC (S+1)D.P
WRITE(6,100)
100 FCRMAT(® xo.ré.-A'.rao.-HA'.Tax.'HAo-.743.'HDA00'.759.
ET70, " INHA® 4, T83,°INA®/)
250 REAC(S,2,END=200)VOL s INHA,INA
1 FCFMAT(2F1065)
2 FCRMAT(3E10e4)
BETA=6¢09E03
ERR=140E~5S
A= INA
AFAC=100C,
10 AINC=INHA/ZAFAC
20 AsA+AINC
H=A=INA
HA=BETA®A%H/ VOL
HAC=P*FA
RDACC=(0/VOL ) *(P%*HA) »%2 ~
TEST=FAC+2%HCADO+HA+ A= INA= INHA
" IF(ABS(TEST) eLEeERR) GC YO 7C
IF(TESTeLTe0e0) GO TO 20
A=A~-AINC
AFAC=AFAC*10e
GO TO 10
70 CCNTINUE
" A=A/VCL
HA=HA/VCL
rAG=FAC/VOL
+CADG=+CADO/ VOL
H=H/VOL -
WRITE(6+101)A+HAHAOSHLCADO ,Hs INHA, INA
101 FCRMAT(E12e6+6(3X:E10e4))
GO TQ 250

300 sTOP
END
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XIV. APPENDIX E: EXTN PROGRAM FOR SR-52
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102

Loc CODE KEY Loc CODE KEY
94 +/- 65 x
42 STO 43 RCL
01 . 1 00 0
185 ' 05 5 01 1
53 ( 205 54 )
43 RCL 42 STO
01 1 01 1
A 02 2 04 4
190 65 x - 43 RCL
43 RCL 210 01 1
00 0 : 05 5
02 2 81 HLT
54 ) 46 LBL
195 42 STO 19 D'
: 01 1 215 43 RCL
03 3 ' -00 0
53 ( ’ 05 5
42 ST8 218 56 rtn
200 40 X





