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Abstract 

The stability constants of europium complexes 
with methane diphosphonic (MDPA), ethane-1 ,l- 
diphosphonic (EDPA), l-hydroxyethane-l,l-diphos- 
phonic (HEDPA), vinylidene-1 ,l -diphosphonic 
(VDPA) and 1,2-dihydroxyethane-1 ,l -diphosphonic 
(DHEDPA) acids were determined by solvent extrac- 
tion distribution experiments in 2.0 M Na/HNO, 
media at 25 “C. The protonation constants for these 
tetrabasic acids were also determined by potentio- 
metric titration. The latter two diphosphonic acids 
have not been previously reported in the open litera- 
ture. Stability constants for a variety of protonated 
complexes with M: L stoichiometries varying from 1: 1 
to 1:3 are indicated in the least-squares analysis of 
the distribution data. Calculations based on the 
thermodynamic data indicate that diphosphonic acids 
are superior complexing agents for europium com- 
pared to carboxylic acids and aminopolycarboxylic 
acids in solutions of acidity greater than 0.01 M. The 
implication of these complexes for possible applica- 
tions in separation processes is discussed. 

Introduction 

Among the strongest known complexing agents 
for the trivalent lanthanide ions are oxalic acid and 
the aminopolycarboxylic acids. These complexants 
have found a number of applications in processing 
of rare earth metal ions and in nuclear waste pro- 
cessing. The available thermodynamic data [l, 21 
indicate that they are most effective at total acid 
concentrations below 0.01 M. In solutions of higher 
acidity, the ligand protonation equilibria become 
dominant over metal complex formation. An addi- 
tional complicating feature of the aminopolycar- 
boxylates, in this age of ever increasing environmental 
awareness, is their remarkable persistence in the 
environment. Aminopolycarboxylates have been 
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established as significant promoters of radionuclides 
mobility from waste disposal sites [3]. 

In liquid-liquid extraction processes acidities 
greater than 0.1 M are commonly encountered. A 
complexing agent which functions in solutions of 
moderate to high acidity could find applications in 
nuclear waste processing schemes as a solvent clean- 
up reagent to assist in the decontamination of the 
organic solvent when solvent recycle is important. 
Another significant application would be as a ‘hold- 
back’ reagent to preferentially complex the poly- 
valent metal ion in the aqueous phase to permit 
enhanced selectivity for less extractable metal ions. 

In an attempt to achieve the goal of improved 
extraction selectivity through adjustment of the 
aqueous phase without creating new environmental/ 
disposal problems, we have begun our investigation 
of the complexing behavior and metal complex 
solubility of commercially available diphosphonic 
acids, and have synthesized previously unknown 
analogue compounds. Our goal in this investigation 
is to design a new class of compounds with the 
following combination of properties: 

(1) they should form strong complexes with poly- 
valent metal ions in solutions of acidities greater than 
0.01 M. 

(2) both the complexant and its metal complexes 
should have sufficient solubility to function in con- 
tinuous operation in a solvent extraction process 

(3) they should be readily decomposable into 
innocuous (or relatively less hazardous) materials 
upon heating in the presence of mild oxidizing agents 

Substituted methane diphosphonic acids were 
selected for investigation because previous studies of 
their protonation indicated that they are stronger 
acids than analogous carboxylic acids [4-81. Known 
complexes of alkaline earth and divalent transition 
metal ions with substituted methane diphosphonic 
acids are considerably stronger than those of typical 
carboxylic acids with these metal ions [5,7,9-151. 
Because the metal-ligand interaction for hard base 
donors is primarily electrostatic, the binding of 
polyvalent metal ions is expected to exceed that of 
the alkaline earths by a significant amount. The 

0 Elsevier Sequoia/Printed in Switzerland 



246 

limited amount of data available on the stability of 
trivalent lanthanide/actinide complexes with related 
monophosphonic acid compounds is consistent with 
this expectation [ 16, 171. 

It was decided to investigate the thermodynamics 
of europium complexation because the trivalent 
lanthanides are reliable analogues for the trivalent 
actinides, which are most often the limiting species 
for successful separation of the transuranium 
elements. In this communication the protonation and 
europium complex formation of the subject diphos- 
phonic acids are discussed and the potential applica- 
tion of these complexants in separation processes is 
considered. 

Experimental 

The structural formulae, full names and acronyms 
for the diphosphonic acids investigated are shown in 
Table 1. All materials were of reagent grade and were 
further purified by recrystallization of the acids or 
sodium salts. Methane diphosphonic acid (MDPA) 
was purchased from Aldrich as the acid and used 
without further purification. This material titrated 
at >99% purity. 1 -Hydroxyethane-1 ,l-diphosphonic 
acid (HEDPA) was purchased as a 70% aqueous solu- 
tion from Alfa and purified by recrystallization from 
glacial acetic acid [ 151. The resulting product was a 
white crystalline powder which titrated as a mono- 
hydrate (consistent with the literature). NMR spectra 

TABLE 1. The substituted methane diphosphonic acids 

of this compound confirmed this analysis and the 
absence of acetic acid in the solid product. Ethane- 
1 ,l-diphosphonic acid (EDPA) was also purchased 
from Alfa and was purified by dissolution of the 
white crystalline solid in deionized water, filtration to 
remove insoluble detritus, and recrystallized from 
water. The resulting white crystalline powder titrated 
at >99% purity. 

Vinylidene-l,l-diphosphonic acid (VDPA) was 
synthesized as the tetra-sodium salt from HEDPA. 
The white crystalline solid was purified by multiple 
recrystallization from methanol-water mixtures and 
dried in a vacuum oven. This material titrated as a 
10.5 hydrate, confirmed by Karl Fisher titration. 
Details of the synthesis, NMR spectroscopy and 
thermal degradation of this and the following com- 
pound are the subject of a companion paper [18]. 
1,2-Dihydroxyethane-1 ,I-diphosphonic acid 
(DHEDPA) was synthesized from the VDPA and 
provided as a 2.1 M solution of the trisodium salt in 
deionized water. An attempt to recrystallize this 
diphosphonic acid from acetic acid resulted in decom- 
position of the DHEDPA. The stock solution was 
therefore used without further treatment and was 
stored with refrigeration. 31P NMR analysis indicated 
95% purity for this solution with the remaining 
phosphorus present as phosphoric acid and pyro- 
phosphate. The presence of inorganic phosphorus 
species was accounted for in the least-squares analysis 
of the distribution and titration data. 

Structure 
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and the aqueous complexation reactions is achieved 
rapidly. One hour contact with intermittent mixing 
was sufficient for attainment of equilibrium under 
all conditions. The total concentrations of the com- 
plexant and the extractant were manipulated to 
provide distribution ratios in the range 10 to 0.01. 
These experiments were also performed at varying 
europium concentrations to confirm the absence of 
polynuclear complexes. 

The extractant used for europium complexation 
studies was bis(2ethylhexyl)phosphoric acid 
(HDEHP). The HDEHP was purchased from Kodak 
as a 98% pure reagent and used without further 
purification. The dihtent carbon tetrachloride was 
analytical reagent grade from J. T. Baker and also 
used without purification. 

*52-154E~ tracer was taken from laboratory stocks 
and prepared for use by sequential treatment with 
Ultrex HC104, HNO,, deionized water, and finally 
dissolved in 0.001 M HNOs. This procedure was 
repeated periodically to regenerate this stock and 
destroy unidentified solid material which appeared 
in the stock tracer solution after a time. All radio- 
metric analysis was done by y-counting in a Beckman 
Biogamma II instrument. 

Potentiometric titrations were performed at 
25 “C and 2.0 M total ionic strength, adjusted with 
NaNOa. Carbon dioxide was excluded by conducting 
all titrations under a blanket of Nz. An Orion/Ross 
semi-microelectrode and Beckman (P71 pH meter 
were used for all titrations. Measured pH was con- 
verted to hydrogen ion concentration using pH-pCh 
calibration curves generated from either HNOa- 
NaOH titrations at 2.0 M total ionic strength, or via 
pH measurement of solutions of acid concentration 
known by indicator titration. Titrations of the di- 
phosphonic acids were performed at concentrations 
high enough to adequately define the first pKa, and 
from both forward and reverse directions. At least 
three replicate titrations were done for each system. 

Previous investigators have demonstrated com- 
plexation (ion association) of sodium ion by diphos- 
phonic acids [4,9], but such ion pairs are significant 
only in media of pH greater than 5 and so were not 
considered important in the present investigation. It 
should be noted for comparative purposes that the 
existence of such ion pairs primarily effects the 
values for the first protonation constants of the 
diphosphonic acids. Choppin et al. [ 191 have 
reported a significant specific cation effect in the 
complexing of europium by nitrate. To avoid the 
added uncertainty generated by such effects, we 
elected to use NaNO, as the supporting electrolyte 
rather than the non-complexing tetramethylam- 
monium nitrate used in the previous investigations. 

Europium-diphosphonate complex stability was 
determined by the standard method of Schubert 
[20]. The lowering of the distribution ratio in the 
solvent extraction of europium by HDEHP in CC14, 
due to complexation of europium in the aqueous 
phase, was determined as a function of total com- 
plexant concentration and acidity within the limits 
0.1 to 0.01 M. A series of experiments at constant 
acidity and varying concentration of the complexant 
were performed for each system. Complete replicate 
experiments were run for each set of conditions. 
Equilibrium for both the solvent extraction reaction 

Results 

Examples of the titration curves for each of the 
five acids are shown in Fig. 1. The pCh-volume 
data sets (110-180 data pairs/titration) were trans- 
formed into a standard p (average proton number) 
relationship [21] from known concentrations of the 
titrant, the titrated acid (or sodium salt), [NaOH] or 
[HNO,] added initially, and the volumes (initial and 
added). The concentrations of the diphosphonic acids 
were determined using the Gran plots of the multiple 
equivalence points observed in the titrations. Con- 
centrations of the diphosphonic acid and the titrant 
were adjusted so that the volume increase during 
titration was kept below 20%. Additivity of volumes 
was assumed. Ionic strength variations during titra- 
tion were minimal. 

The relationship between p(exp) and the concen- 
trations of the protonated ligand species is shown in 
eqn. (1). 

i h P-W 
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Fig. 1. Representative titration curves for MDPA, EDPA, 

VDPA, HEDPA and DHEDPA at 0.01 M total diphosphonic 

acid. 
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The concentrations of the protonated species are 
defined in terms of the ligand protonation equilibria, 
as illustrated in eqn. (2). 

H+ + H(, +Lth -’ -4) z HhL(h-4), 

Kah = 

[H,Lch -4’] 

[H+] [Hth _ ljL(” -1-4)] 
(2) 

These constants are for consecutive protonation equi- 
libria (the h subscript corresponds to the number of 
protons bound to the L4- species). As the fit equa- 
tion requires overall protonation relationships, the 
combined equation takes the form given in eqn. (3). 

p’ 
h=O( i=i I 

~~o~~.(Ky)[H+l”[L4-l 1 

(3) 

where n(Kai) is the product of the appropriate 
protonation constants. The free ligand concentration 
([L4-1) cancels out of this expression and the equa- 
tion reduces to a relatively simple form with four fit 
parameters, K,,, _4j. 

Least-squares analysis of both the titration data 
and the distribution ratio data was accomplished 
using a program written by one of us (K.L.N.). This 
program is a generic Newton-Raphson iterative 
program described previously [22]. The fit equations 
and calculational details of the BASIC program were 
modified to fit each of the two different types of 
data (potentiometric and distribution) separately. 
The acidity constants of the diphosphonic acids 
were computed as the weighted mean of the param- 
eters fit by the least-squares analysis of the titrations 
for each diphosphonic acid. 

The protonation constants for the diphosphonic 
acids are summarized in Table 2 along with literature 
values for oxalic, phosphoric and pyrophosphoric 

acids [23]. The log(K,,Ka3) values at the far right 
of the Table (representing the equilibrium 2H’ + 
H,L*- f H4L for the diphosphonic and pyrophos- 
phoric acids, 2H+ + HLL- 2 H,L for phosphoric, 
2H+ t L*- 2 H2L for oxalic acids) indicate the 
relative acidity of the dianions of these compounds. 
On the basis of this comparison, the diphosphonic 
acids are clearly stronger than either oxalic or phos- 
phoric acids, comparable to pyrophosphoric acid. 
The comparison of the diphosphonic acids and 
carboxylic acid complexants is discussed in more 
detail below. 

The stoichiometry of the two phase extraction 
reaction is shown in eqn. (4). 

Eu3+ + 3(HD) 2(o) I WDHD)3t,, + 3H+ (4) 

where (HD)* is the well known dimer of HDEHP. 
The species present in the organic phase are indicated 
by the subscript (0). The equilibrium constant 
(standard state is 2.0 M Na/HNO,, 25 “C) for this 
reaction is given by: 

K = [WDHDM(,) W+13 
ex 

IEu”+l KW2 I&, 
(5) 

The ratio of metal ion concentration in the organic 
to that in the aqueous phase is defined as D. 

D[H+13 

Kex = [(HD)2 I&, 

The extraction reaction has been investigated in a 
variety of diluents and the stoichiometry given above 
is well established. The average value for K, deter- 
mined in the present experiments is 0.438(?0.022), 
in reasonable agreement with literature results for 
this system [24]. 

In the europium distribution experiments, we 
assume that only the extraction equilibrium outlined 
above is important, that is, no Eu-DPA complexes 
are extracted into the organic phase. The distribution 
of europium in the absence of diphosphonic acid is 

TABLE 2. F’rotonation constants for diphosphonic acids 

1% Ka4 1% Ka3 log f&2 log K, I log Ka4Ka3 

HEDPA 1.56(0.01) 2.20(0.01) 6.20(0.01) 9.12(0.01) 3.16 
VDPA 1.41(0.01) 2.06(0.01) 6.01(0.02) 8.60(0.01) 3.41 
DHEDPA 1.00(0.01) 1.65(0.01) 5.76(0.02) 7.80(0.01) 2.65 
EDPA 1.43(0.01) 2.48(0.01) 6.56(0.01) 9.93(0.01) 3.91 
MDPA 1.30(0.01) 2.35(0.01) 6.34(0.01) 8.90(0.01) 3.65 
H20x a. b 1.04 3.55 n.a. 
H3P04 b 

n.a. 4.59 

1.7 6.46 10.8 n.a. 9.16 

H4P207 b 0.8 1.4 5.41 7.43 2.2 

aH20x is oxalic acid. bStandard state: 25 “C, I = 1 .O M from ref. 23. Numbers in parentheses represent the 20 uncertainty 
limit. 
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corrected for a 1: 1 europium nitrate complex (using 
stability constants from ref. 19, slightly altered to 
account for the ionic strength difference) and defined 
as D,. As trivalent europium is not appreciably 
hydrolyzed below pH 5 [25], it is not necessary to 
include any modification to the fit equation for this 
effect. In the pH l-2 range investigated the free 
diphosphonic acid ligand is distributed among the 
species H4L, HsL- and HzL2-. The species HL3- and 
L4- are insignificant in this region. Analysis of the 
distribution data also indicates that the final two 
protons are not lost upon complex formation. To 
simplify the equations and to facilitate comparisons 
with carboxylic acids below, we shall define the 
diprotonated diphosphonic acid ligand (H2L2-) as 
X2-. (The thermodynamic parameters in Table 4 are 
defined on this basis.) Equation (7) is the basic 
equation used to fit the distribution data, 

D = K,, t(HD)~13/]H+13(l + PNO, tN03-1) 

(1 + PNO, [NO,-1 + ~.(ih.x Plh[X2-lx>) 
(7) 

For the distribution experiments, the results of 
experiments at a constant acidity were fit with 
respect to [X2-] individually using either a quadratic 
or cubic equation to determine conditional stability 
quotients (cr) (indicating 1: 1, 1:2 and 1:3 M:L 
stoichiometries are appropriate). The approximate 
acid dependence of the conditional stability quotients 
was determined by plots of log CY versus log [H'] . An 
example of such a plot is given in Fig. 2 for the 
europium-VDPA results. These results were used to 
derive the appropriate relationships for the ultimate 
fitting of the combined data sets. Slopes of the 
log a-log[H’] plots for all the systems investigated 
are given in Table 3. 

The experimental results at the 4-6 acidities 
investigated were combined into a master table for 
each Eu-DPA system. The data in these master files 
(including [HDEHP] , [H’], [X2-], D, weight (l/D)) 

9.00 

3.00 I I I I I 

-2.20 -2.00 -1.80 -1.60 -1.40 -1.20 -1.00 -0.80 

log W+I 
Fig. 2. Conditional stability constants (at constant acidity) 

log p(1 or 2) vs. log[H+] for europium-VDPA experiments. 

TABLE 3. Metal:proton stoichiometry derived from 

conditional stability constants 

System M:H(cYl) M:H(02) M:H(o13) 

Eu-VDPA 

Eu-HEDPA 

Eu-EDPA 

Eu-DHEDPA 

Err-MDPA 

0.97(0.06) 1.91(0.08) n.o. 

0.79(0.09) 1.49(0.09) 2.30(0.21) 

0.68(0.01) 0.92(0.14) n.o. 

0.35(0.05) 1.34(0.22) n.0. 

0.63(0.12) 1.22(0.10) n.0. 

Numbers in parentheses represent lo uncertainty limit. n.o. = 

not observed. 
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Fig. 3. Fit of europium-VDPA distribution data for the 

complete data set. These data are plotted as a function of 

[L4-] for visual clarity. Experimental uncertainty in the 

distribution ratios is less than the size of the data points. 

The numbers in the figure represent total acidity for each 

data set. Solid curves are the least-squares fits using the data 

in Table 4. 

were fit as a combined data set using the general form 
of eqn. (7). Forty to sixty data points were fit for 
each system. The model equation for the least-squares 
fit of the distribution data was modified to include all 
reasonable species, using the guidance provided by 
the log a-log[H’] plots. An example of the agree- 
ment between experimental and calculated results is 
shown (for Eu-VDPA) in Fig. 3. The stability 
constants for the europium-diphosphonate com- 
plexes are given in Table 4. 

Discussion 

Previous discussions of the protonation of 
aliphatic mono- and diphosphonic acids have indi- 
cated that reasonably good linear correlations of 
profonation constants of these species can be 
achieved by application of the Taft equation [26, 
271. The Taft equation relates rate or equilibrium 
constants, in the present case - protonation con- 
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TABLE 4. Stability constants for europium-DPA complexes at T= 25 “C, I = 2.0 M 

P mhx 

0111 

PI01 

P122 

Pll2 

PlU2 

0123 

log &nhw 

Eu-HEDPA 

6.43(0.01) 

4.58(0.04) 

11.47(0.08) 

9.76(0.06) 

n.0. 

14.56(0.14) 

Eu-DHEDPA Eu-VDPA 

5.15(0.01) 5.71(0.01) 

4.11(0.02) 3.70(0.01) 

9.32(0.08) 9.96(0.01) 

no. n.0. 

6.22(0.04) 6.33(0.04) 

n.0. n.0. 

Eu-EDPA 

6.25(0.02) 

4.11(0.02) 

10.85(0.02) 

fl.0. 

7.63(0.06) 
n.0. 

Eu-MDPA 

5.99(0.01) 

4.04(0.02) 

10.41(0.02) 

n.0. 

7.11(0.04) 

n.0. 

Values in parentheses represent 20 uncertainty limit in the respective log &hx values. n.o. = minor species not observed in the 

acid range investigated. 

&ants, to the inductive effect of the substituents 
attached to the acid group. The effect as applied to 
phosphonic acids has been discussed in some detail 
in several previous publications, to which the reader 
is referred for details [4,6, lo]. 

Taking the ‘gem-diphosphonate’ group as a base, 
the following Taft constants are derived (using the 
substituent constants from Crabenstetter and Cilley 
[6]) for the diphosphonic acids in this report. For 
MDPA, two protons [o*(-H) = 0.491 gives 
Zo*(MDPA) = 0.98; for EDPA, one proton, one 
methyl group (a*(-CH,) = 0.0) gives Co*(EDPA) = 
0.49; for HEDPA, one methyl group, one alpha 
hydroxy group (u*(-OH) = 1.55) gives Cu*(HEDPA) 
= 1.55; for DHEDPA, one beta hydroxy group 
(a*(-CH20H) = 0.56), one alpha hydroxy gives 
Zu*(DHEDPA) = 2.11. No directly relevant Taft 
constant could be found for the vinylidene group 
of VDPA, and in any case direct involvement of the 
71 electron system of VDPA in the diphosphonate 
anion would probably negate the predictive aspect 
of the Taft relationship. 

A plot of the log Kazd values versus Zu* for the 
diphosphonic acids in this study are shown in Fig. 4. 
Log K, was not included in this plot because of the 
previous reports of Na+-L ion pairs, which we are 
unable to reliably factor out. The linear correlations 
for the DHEDPA, EDPA and MDPA constants are: 
for log Ka4 - 0.999; for log Ka3 - 0.988; for log Ka2 
= 0.999. The protonation constants for HEDPA are 
consistently above these linear correlation lines. A 
similar slight elevation is seen in the results of 
Grabenstetter and Cilley. 

The log Ka4 value for VDPA appears to place the 
relative inductive effect of the H2C= group near that 
for EDPA (i.e. Y&J* = 050.6). Barlin and Perrin 
[27] report Zu*(H2C=CH-) = 0.56, within the range 
observed for VDPA, though the groups are not 
strictly equivalent. Upon release of this first proton, 
the observed position of VDPA shifts to the Zu* = 
(1.4-l .6) region for the release of the second and 
third protons. A possible explanation for the ob- 
served shift is that the charge of the monoanion (and 

0.0 ’ 1 1 I 1 I 
0.0 0.5 1.0 15 2.0 2.5 

ZO’ 

Fig. 4. DPA protonation constants as a function of Co* 

(Taft constants): n , EDPA; 0, MDPA; *, VDPA; 0, HEDPA; 

0, DHEDPA. 

the higher charged anions) is delocalized over the 
entire molecule in VDPA. The resonance effect 
would result in decreased affinity of the anion for 
protons (increasing its acidity) relative to predictions 
of the Taft relationship. 

Stable carboxylic acid analogues for these com- 
pounds are unknown except for maionic acid-MDPA 
and methyl malonic acid-EDPA. Isomalic acid is a 
known analogue for HEDPA, but this compound 
suffers from low stability and as a result no literature 
values for protonation constants are available. For 
these analogue carboxylic acids, the trend of relative 
acidities is the same as that observed in the present 
work for the diphosphonic acids, that is, MDPA is a 
stronger acid than EDPA as malonic acid is stronger 
than methyl malonic. 

Being stronger acids than corresponding carboxylic 
acids implies that the competition between free 
metal ion and proton for the free ligand species 
should be generally more favorable for complexation 
of the metal ions in the diphosphonic acids, at least 
in acidic solutions. Considering X2- as the free 
ligand species for the DPAs in acidic solutions, it is 
instructive to compare log /3ror--log Ka3 (MDPA) with 



log or--log Ka (malonic acid). The delta log value 
corresponds to the relative affinity of the dianion 
for proton versus Eu3+ at unit activity of each. For 
the present results at I = 2.0 M the value for MDPA 
is 1.69 while the corresponding value for malonic 
acid (logflrar = 3.72, log K,i = 5.07 at I= 1.0 M, 
T = 25 “C [27]) is -1.35. The difference in the delta 
log values indicates that the europium-MDPA 
complex is three orders of magnitude stronger than 
the analogous dicarboxylate complex. 

Extending this treatment to the other europium- 
diphosphonate complexes gives the relative order of 
stability (all data for complexes MX+) DHEDPA 
(2.46) = HEDPA (2.38) > MDPA (1.69) = VDPA 
(1.68) = EDPA (1.63). The order is suggestive 
evidence for the stabilization of the metal complex 
by the alpha hydroxy group of HEDPA and 
DHEDPA, in accord with earlier reports of complex- 
ation of alkaline earth metal ions by HEDPA [9, lo]. 
The altered P-C-P bond angle of VDPA also appears 
to not adversely effect the stability of the europium 
complex compared to that with EDPA. 

The data presented in this manuscript do not 
permit definitive statements regarding the nature of 
the metal-ligand binding in these complexes. It is 
conceivable that the complexes could involve species 
with six, five or four membered rings or possibly no 
chelate rings at all. With at least two protons present 
in each complex, they almost certainly involve a 
number of hydrogen bonding possibilities, intra- and 
intermolecular. The apparent increased stability of 
europium complexes with HEDPA and DHEDPA is 
presumably related to the presence of the alpha 
hydroxy group, though the present results do not 
otherwise support metal-ligand binding through 
the alcohol group. 

Our practical interest in these compounds is in 
their application as water soluble complexants for 
use in liquid-liquid extraction processes. Oxalic acid 
is commonly used in that capacity but its use suffers 
from the low solubility of many of its complexes and 
lower effectiveness at [H+] < 0.01 M. Using the 
thermodynamic data of this study and literature 
values for the protonation and europium complexa- 
tion by oxalate, we can calculate the degree of 
lowering of an extraction coefficient. A minor 
modification of eqn. (7) permits calculation of a 
‘stripping factor’ (0,/O), a multiplicative factor by 
which distribution ratios are lowered when the metal 
ion is complexed in the aqueous phase. If the dis- 
tribution ratio in the absence of the complexant is 
defined as D,, the appropriate equation is (charges 
omitted for simplicity) 

D,/D = 1 + Z.Pmhx [HI h [XIX (8) 

The degree of lowering of the distribution ratio is 
thus proportional to the stability constant, the total 
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Do/D,03 

lo2 

10' 

VI0 
I” 0.00 1.00 

PH 

2.00 

Fig. 5. Stripping factor for DPAs, oxalic acid and EDTA at 
0.2 M total complexant concentration and pH O-2. 

ligand concentration, the acidity and the metal 
complex stoichiometry. 

At 0.2 M total ligand concentration, the diphos- 
phonic acids are clearly superior complexants for 
europium, as the calculated results in Fig. 5 indicate. 
In the most acidic solutions, oxalic acid has minimal 
effect on the distribution ratio of europium while 
the diphosphonic acids lower D, by a factor of at 
least 100. At pH 2 the complexation advantage of 
the most of the diphosphonic acids has been lost 
except for HEDPA. The stripping factor for europium 
by HEDPA remains nearly three orders of magnitude 
greater than that by oxalic acid even at pH 2, largely 
because europium speciation in 0.2 M HEDPA under 
these conditions is dominated by the 1:3 metal to 
ligand complex EuH2X;. The relative ineffectiveness 
of EDTA as complexant in acidic solution is also 
shown in this figure. 

Preliminary observations indicate that these com- 
plexants perform admirably in the function for which 
they were designed, that is, as stripping/holdback 
reagents for polyvalent metal ions (as represented 
by europium) in solvent extraction separation 
schemes. The thermodynamic parameters presented 
here predict europium stripping factors reasonably 
well even in solutions of acidities greater than those 
used in this study. The solubility of europium-DPA 
complexes also appears to exceed that of the corre- 
sponding oxalates. These aspects of metal complex- 
ation by substituted methane diphosphonic acids are 
under investigation and a manuscript outlining 
applications of these ligands is forthcoming. 
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