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The distribution of Ag, Zn, Cd, Sc, Eu, Hg, and Hf between mineral acids §HNCI) and benzene
solutions of selected sulfur derivatives of organophosphoric reagents containing the P(X)NHP
(RO;)PS group (X = O, S) was examined. The effect of the organic solvent was also investiga
Hg and some of the reagents. The composition of the complexes extracted was identified, «
corresponding extraction constants were calculated.
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Polydentatqi-imido organophosphoric compounds, in particular alkyl and aryl este
imidodiphosphoric acid and their sulfur analogs, ROY)NHP(X)(OR), where X = O, S
(henceforth HA), are employed as efficient reagents for the separation of many r
by solvent extraction’. As a rule, trivalent and multivalent metals, particularly sc:
dium and rare earth elements, are extracted selectively with the oxygen derive
whereas metals such as platinum, silver, and mercury are extracted with the sulfu
vatives. Since the sulfur derivatives have not been mutually compared in detail,
comparison is presented in this paper. Special attention is paid to the distribut
mercury, which finds use as a detector in the determination of some chemical w
agent8.

EXPERIMENTAL

Chemicals and Apparatus

The following compounds were synthesized by procedures published réckntl
(PhOYP(S)NHP(S)(OPh)1a), (PhOY}P(S)NHP(S)¢-Me-PhO) (1b), (p-Me-PhO}P(S)NHP(S)-Me-PhO)
(1c), PhP(S)NHP(S)Ph (1d), (PhO}PS (e), (p-Me-PhO}PS (f), (PhO)}P(S)OP(S)(OPh)(19),
Ph,P(S)NHP(S)(Ph)NHP(S)(Phj1h), PhP(S)NHP(S)(OH)NHP(S)(Phfli), {[((PhO),PSST,[NH(i-Bu),] *}
(1j), (PhOYP(O)NHP(S)(PhQ)(2a), (0-Me-PhO)}P(O)NHP(S)¢-Me-PhO} (2b), (m-Me-PhO}P(O)NHP(S)-
(m-Me-PhQ) (2¢), (p-Me-PhO)}P(O)NHP(S)p-Me-PhO) (2d), (PhO}P(O)NHP(O)(PhO)(34).
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Their purity was checked byH, 13C, and®'P NMR spectroscop§. The stock solutions were pre
pared by dissolving weighed amounts of the reagents in the solvent of chipideenzene, heptane
1,1,2,2-tetrachloroethane, or chloroform. All chemicals were of reagent grade purity (Lachema,
Czech Republic and VEB Apolda, Germany).

Radioactive isotopes (Poland) were added to the aqueous phases in the form of chlorides or
Their concentrations (in nmotY) and specific activities (in kBqg m) in the working solutions were
as follows:*¢Sc: 10-200, 50%°zn: 2 000, 2:5%Co: 9, 1;119"Ag: 500, 1;15™Cd: 200, 1;15%Eu: 0.3, 0.8;
203g: 38, 50.

The gamma activity of the solutions was measured on an NA 3601 Gamaautomat (Tesla, L
Czech Republic) equipped with a well-type Nal(Tl) detector. The pH of the aqueous phas
measured with an OP-208/1 pH-meter in conjunction with an OP-0808P combined glass ele
(Radelkis, Hungary), calibrated by means of phthalate and citrate buffers. The NMR spectre
scanned on a WP 80 SY instrument (Bruker, Germany).

Procedure

The mixtures of the organic and aqueous phases (5 ml + 5 ml), accommodated in test tub
glass stoppers, were agitated on a home-made rotary shaking machine A°@0for 60 min. (Pre-
liminary experiments gave evidence that this period of time was sufficient for the extraction e
brium to establish.) After phase separation, 2 ml aliquots of either phase were collected, an
gamma activity was measured in glass vials. The activity in the well-type detector was chosen
the mean square error of measurement never exceeded 2%.

RESULTS AND DISCUSSION

Silver Complexes

The distribution ratios of silver between 0L HNO; and benzene solutions of th
reagents are plotted in Fig. 1 in dependence on the starting concentrations of tl
gents (logarithmic scale). The plots show that the efficiency of extraction increas
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order3a<1g<2a=2c=2d<2b<1j<1f< li<1c< 1d= 1la(the curves fo2c and
2d are identical with that foPa and are not included in Fig. 1). The slopes of t
ascending segments of the curves aret2002; this is not quite well demonstrable f
the reagentdc, 1d, andla, which are so efficient extractants that the complexes
into the organic phase even if the reagents are present in a very slight excess o
metal. The above series demonstrates that silver ions are not extracted with the
derivatives of HA 8a), are poorly extracted with catena-dithiodiphosphoric acid es
(1g) which contain no acid hydrogen, and are moderately extracted with derive
which involve the =P(S)NHP(O)= grouping. The best results were achieved by
the reagentdc, 1d, andla These findings are in line with the well-known f&that
silver ions are reluctantly coordinated by ligands containing oxygen donor atom:
no conclusion can be made concerning the spatial arrangement of the complex
tracted (X-ray data are unavailable); so, assuming the coordination number 2 a
associated linearity of the complex structures, univalency of the ligands is involve

As to the dependence of the logarithm of the silver distribution ratio on the loga
of hydrogen ion concentration (pH) in the aqueous phase, the slopeti® .Gor the
acid HA reagent. This implies that silver passes into the organic phase followin
scheme

Ag'+ 2 (HA)y == [AgA(HA)] o+ H* A
with the extraction constant

AgA(HA)][H*
EX:M: 109D, [H'] / [HAIZ @

whose values, for ionic strength 0.1, are given in Table I. The correction term ¢
right-hand side of Eq.1j corresponds to the stability constants of silver nitrate cc
plexed?.

Analogously, the scheme

Ag'+ NOy"+ 2 (HA)y <=—  [Ag(NO;)(HA)]o (B)

can be set up for the reageffsandlg, the corresponding extraction constant beinc

_ [AgINO)(HA) ],
" [Ag'lINO3I[HAI3 -

@
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Mercury Complexes

The dependence of the mercury distribution ratio on the starting reagent concent
on the logarithmic scale, is shown in Fig. 2 fom1HCI as the aqueous phase al
benzene as the organic phase. The relatively high aqueous phase acidity was res
in view of the non-negligible solubility of HgGitself in pure organic solveritat low
starting HCI concentrations. The extraction efficiency increases in o
3a< le<2a<1g<1lf<1lb< la< li< 1h < 1d< 1j; hence, mercury(ll) ions remair
virtually unextracted with oxygen derivatives of H3aj and are poorly extracted witl
trialkylthiophosphatesi 1f), imidothiodiphosphoric acid ester2aj, and catena-di-
thiodiphosphoric acid esterdd). The best extraction efficiency is achieved by usi
diphenyldithiophosphoric acidj (which is consistent with published d&jaand imi-
dotetraphenyldithiophosphoric acldl.

TaBLE |
Logarithms of extraction constants of metal complexes with the redgents

Metal
Reagent

Ag Hg s Zn cd
la 13.3 25.5 5.4 -1.6 2.8
1b 25.3
1c 13.0
1d 13.3 27.7 -0.1 4.0
le 17.1
1f 12.2 21.2
1g 6.3 19.1
1h 26.1
1i 12.8 25.9
1 11.1 28.2
2a 9.7 18.1 8.8
2b 9.9
2c 9.7 1.0
2d 9.7
3a 0.6 15.3 155 0.9 1.3

2 Organic phase: benzene, ionic strength 0.1 (for Hg 2.@5.
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The slopes of the linear segments are®2@2 for all curves in Fig. 2, irrespectiv
of whether acid or neutral reagents are involved. This suggests that the composi
all of the extracted complexesis 1 : 2.

Noteworthy is the fact that the presence of an additional (third) P=S functional ¢
in the reagentih brings about decrease in mercury extractabillty € 1d), this being
unaffected by replacement of the central Ph group by an OH gfaup Xh). This
implies that divalent mercury reacts with the bidentate system but not with the tr
tate system, and that the previously described formation of chelates of metals wi
terminal N—P-S groups of the reagd@ (not the —S—P—-N—-P-S— groups, as giv
above) concerns palladidranly as an exception, this in the solid state. The former st
ment is borne out by the distribution of europium and cobalt in the presence of merci
shown in Fig. 3, demonstrating an apparent difference in the distribution of mercury «
one hand and europium and cobalt on the other hand using benzene solutionghizh
gives evidence of a marked affinity of mercury for the sulfur-containing functional grc
The fact should be stressed that the aqueous phase acidity was 0:0HNG,lfor cobalt
and europium and 1 mofHCI for mercury. Furthermore, a difference in the behavioul
europium alone was observed when using the reageatsd 1h, the presence of the Ot
group bringing about an increase in the extractability by 3 orders of magnitude at lea
is presumably due to the conversion of the bidentate reagent to a tridentate one
behaviour is not observed for cobalt. Figure 3 also demonstrates a difference in the
viour of the 3 metals in the presence of the reabgrih which the P=S groups are bondé
by a oxygen bridge: although this reagent is associated with the lowest extractabi
mercury from among all of the bidentate, or multidentate, reagents examined, the ex
bility of mercury with it exceeds that of cobalt and europium by several orders of m
tude. For the sake of completeness, the distribution of europium between IBN@; and
benzene solutions of the reagéatis included in Fig. 3 as well.

3.0

log DHg
10 r 7
Fic. 2 -1.0 / 1

Effect of the analytical concentration of reagent
on the distribution of mercury between aqueous
1 m HCI and benzene. Reagena (4), 1b (0O),

1d (e), 1e (D), 1f (v), 1g (O), 1h (m), 1i (O), 5, . ‘
1j (4), 2a(0), 3a @) 7.0 —5.0 —-3.0

+

-1.0
log ¢y
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Figure 4 shows the dependence of the distribution of mercury on the aqueous
acidity for the reagentsa and1d at an ionic strength df= 1.0, adjusted with HCI anc
NaCl. The slope of the plot is 28 0.1; hence, the acid reagents extract merc
following the scheme

HE? + 2 (HA)y —  (HgAg)o+ 2 H' (©)

with the extraction constant
_ [HoAJoH*? ®
0 Hg”IHATG
whose values are included in Table I. When calculating the extraction constant, tt

should be taken into account thaf, encompasses not only the Hdpns but also the
corresponding chloro complexes. Then we have for the aqueous phase

Crigw= [HG?] + [HYCI'] + [HgCly] + [HgCh] + [HgCE] =
i=4
=[Hg”1 1+ BICIT) . @)
i=1
where 3; are the cumulative constants of the mercury chloro complexes, taker

account in the calculation d&f,,. Based on data in stability constant tabfeshe
(1 + B[CIT) value is 16*81for 1 m HCI; hence,

Kex= 101481D,, [H)/[HA]3 . ©)

Since uncharged complexes only can pass into the organic phase, we suggest
extraction of mercury by using the neutral reagdm®slf, and1g (which involve no

20 f
log Dy
0.0
Fic. 3
Effect of the analytical concentration of reage
o0 | on the distribution of mercury, cobalt, and eur
pium between aqueousM HCI (Hg) or 0.01m
- HNO; (Co, Eu) and benzene. Metal: Hg ), Co
v
a (4), Eu @); full symbols: reagentg, open sym-
_4.0 LA .Y ‘ bols: reagenti; europium +1a (), europium +
-55 -45 -35 -25 -15 1h (v)
, log ¢ya
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acid hydrogen and therefore will be denoted R) is based on the solvation mechan
ion pair formation:

Hg>*+2CF+ 2R —— [HgR*; 2 CH], (D)
with the extraction constant

- m - 4.8 -12 2
ex [H92+][C|_]2[R](2)_ 10" ]DHg/[CI ] [R]O . (6)
To investigate the effect of the organic solvent on the distribution of mercury
tween 1M HCI and solutions of the reagerita and1d, we examined the dependenc
for the following solvents: heptane, benzene, 1,1,2,2-tetrachloroethane, and chlor
The extractability of mercury decreases in this order (Figi.&)jn the order of in-
creasing permittivities of the solvents.

Hafnium Complexes

The examination of hafnium was stimulated by its resemblance to zirconiun
important fission product, for which no suitable radioactive indicator is availa
The dependence of the hafnium distribution ratio on the starting reagent conc
tion, using 1M HNO; as the aqueous phase, is shown in Fig. 6 (in logarith
coordinates). The use of so high an acidity was necessary in view of the haz
hydrolysis at lower acid concentrations (this applies to hafnium as well as to z
nium). On the other hand, the fact then should be taken into account that the ext
mechanism may not be based on ion exchange solely, the transfer of combinet
plexes’'8of the type of Hf(NQ),A, «(HA), into the organic phase being concei
able. Figure 6 demonstrates that the extractability of hafnium increases i2ardga <

35
log D
9 Phg log ¢+ pH
25 1
15 | i
05 - 8
Fc. 4 05 i
Effect of aqueous phase acidity on the distribu- —~ [
tion of mercury between &1 (H*, Na)Cl and
benzene solutions of the reagefits(m) andld _,; ¢ ‘ ‘
(o) ~ 00 0.4 08 4 12
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1c < 3a < 1d; hence, neither oxygen-containing nor sulfur-containing HA reage
are preferred by hafnium when usingilHNO; as the agueous phase. The reag
1d, which possesses the =P(S)NHP(S)= group and whose four phenyl grouj
directly bonded to phosphorus, seems to be an exception. Logarithmic analy
the curves in Fig. 6 suggests that the HfN@, complexes (Hf(NQ)A; for the
reagentlc) pass into the organic phase. Further research is necessary to ¢
conclusive results.

Scandium Complexes

The dependence of the scandium distribution ratio on the starting reagent conc
tion, using 0.1M HNO; as the agueous phase and benzene as the organic phe
shown in Fig. 7 (in logarithmic coordinates). The extractability of scandiun

2.0 T T
log DHg
Lol 1
0.0F 1
FGc. 5
-101 / 1 Effect of the analytical concentration of reage
(1a, open symbols, andld, full symbols) on the
distribution of mercury betweens HCI and the
20 . . organic phaseyiz. heptane [{), benzene [Q),

7.5 6.5 =55 log ¢,z45 1,1,2,2-tetrachloroethané), and CHC} (0)

3.0 T T
log Dy
1.0 1
-1.0 |- 1
Fic. 6
Effect of the analytical concentration of reage
on the distribution of hafnium between aqueo
_30 ) ‘ 1 m HNO; and benzene. Reagertta (), 1c
-7.0 5.0

log 6y o0 (¢), 1d (8), 2a(a), 3a(0)
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clearly seentoincrease in ordex< 2a << 3ain agreement with the data mentione
in the introduction. In contrast to hafnium, the reagédtis no exception with
scandium.

As found by us previoustythe complexes passing into the organic phase arg. S
Their extraction constants are consistent with the sequence above.

Some differences in the reactivity of reagents in grjugssociated with steric effects
are likely and call for a more detailed investigation.

Zinc and Cadmium Complexes

The dependences of the zinc and cadmium distribution ratios on the starting re
concentrations, using 0.04 HCI as the aqueous phase and benzene as the org
phase, are shown in Figs 8 and 9, respectively (in logarithmic coordinates).
lower acidity than in the cases above is associated with the fact that the ext
bility of the two metals involved is generally lower. The plots of the logarithm:
the distribution ratios of the two metals in dependence on pH for the redgen:
1d, and3a give straight lines with slopes of 2#0.2, which, along with the resul
of slope analysis of the dependences in Fig. 8, suggests that the@nplexes are
extracted into the organic phase. On the other hand, the use of reagents con
the =P(O)NHP(S)= groug,e. 2a, 2b, 2¢, and2d, leads to a slope of 1, suggestir
that only the ZnCIA complexes.e. ion-associates, are extracted. This assumpti
however, is not well grounded in a sufficient volume of experiments, and so it |
the necessary likelihood; still, it is a fact that such behaviour is only exhibite
the above reagents containing the functional group mentioned, involving both <
and oxygen atoms.

3.0
log Dg, A
1.0t 1
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Effect of the analytical concentration of reagent or
the distribution of scandium between aqueous 0.
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With cadmium the situation is unambiguous: only the Ca#mplexes are extracte
with the reagent&a, 1d, 2c, and3a. The extraction process can be described as

M2 42 (HA)y, = (MA)o+ 2 H' (B
(M = Zn, Cd), with the extraction constant

MA ;] o[H*]?
Kex= [[M221][(|£A]]5 = Dz [HJY[HA] = 102 Dgg [HIHAL )

The correction value on the right-hand side of Eq.f¢r Cd is associated with the
formation of chloro complexésin 0.01m HCI, which is negligible for zinc. Thi,,
values are included in Table I.

0.5 1
log D,
-15f ]
Fic. 8
Effect of the analytical concentration of reage
on the distribution of zinc between aqueous @101
-3.5 ) ) HCI and benzene. Reageh& (m), 1d (4), 2a (0),
=35 —25 |Og CHA -15 2b (D), 2c (D), 2d (V), 3a (.)
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Effect of the analytical concentration of reage
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Summing up the experimental results, the data confirm the conclusions given
introduction. Silver and mercury prefer unambiguously the sulfur analogs of imic
phosphoric acid and diimidotriphosphoric acid, notably the readerttsroughld, 1h,
and li. Minor differences in the extractability of the two elements exsi,(the rea-
gentsla, 1d), which will allow their mutual separation. The platinum metals will
parently behave likewise. The divalent cations of zinc, cadmium, and cobalt, o
other hand, react reluctantly with those reagents, and the reaction is largely little
tive. This is also why the differences between the sulfur and oxygen derivatives a
very marked. Trivalent scandium and rare earth elements prefer the sulfur analo
ambiguously. From among the elements examined, only hafnium does not discrir
clearly between the reagents containing sulfur only or oxygen only when extr
from the aqueous phase into benzene.

Thus, esters of imidodiphosphoric acid and its sulfur analogs appear to be pror
reagents, not only with respect to the efficiency of extraction but also in view of
easy preparation.
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