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CITRATE COMPLEXES OF URANYL IN SOLUTIONS
WITH HIGH CITRATE CONCENTRATIONS
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The composition and stability of uranyl citrate complexes in aqueous solutions of the ionic
medium of 1M-(H,Na,(UO,),.5)A3 (where H3 A represents citric acid) were studied based on the
potentiometric and spectrophotometric data. The best fit to the experimental data was obtained
with the set of complexes UO,A™, (UO,A)3 ™, HUO,A, (HUO,A),, and H,UO,A™*, the
former three complexes being significant in the whole concentration region.

The description of the extraction of some metal ions with amines from citrate solutions requires
the recognition of the complex equilibria in the aqueous phases of the corresponding extraction
systems. Since mineral acids salts suppress the extraction of citrates, the constancy of the activity
coefficients of the aqueous phase components was ensured by using a constant ionic medium
of 1M-(H,Na, Mex/n)sA where H3A denotes citric acid. In our previous works the dissociation
constants of citric acid' and the slabllny constants of Fe(lll) citrate complcxes were also de-
termined in this medium.

The formation of uranyl citrate complexes has been studied by several authors 5 in these
works a constant ionic medium either was not maintained altogether”*® or was adjusted with
mineral acids alkali sa.lrs:"s, while Ohyoshig maintained a constant (0-1M) concentration of so-
dium dihydrogencitrate and the H,A™ ion.

A critical review of the published works has been presented by Markovits and coworkcrs3.
The principal complex formed in citrate solutions of uranyl ions possesses the ratio UO, : A = 1.
In earlier papers "0 this complex has been reported to be to a high degree dlmenzed. or tri-
merized'©, Newmann and coworkers®*> and Rajan and Martell* have considered the occurrence
of both UO,A™ and (UOZA)2 ; the papers differ only in the dimerization constant reported.
The course of the potentiometric titration curves for pH > 7 has been interpreted by Rajan
and Martell* in terms of the polymeric hydroxo complexes of the core-links type. Feldman
and coworkers”® proved that at pH 4:6 no complexes with a higher proportion of the citrate
ions are formed even if H3A is present in a 1000-fold excess, whereas at pH 8 there exist also
complexes with the UO, : A ratio 1-5, probably in the dimer form. At Jower pH (2:2—2:9),
protonized complexes UO,H,A*", UO,HA, and UO,A™ were found by Ohyoshi®. From the
data cited, however, neither the composmon of the complexes nor their stability in concentrated
citrate solutions can be derived.

3-10

In this work, the uranyl complex formation was therefore studied in 1M-(H, Na,
(UO,),.5)sA at the uranyl concentrations 10~3—10"" mol/l. Under these conditions,
the applicability of the potentiometric data is limited to the highest uranium con-
centrations because of the high buffer capacity of citrates. We had therefore to resort
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to spectrophotometric measurements, although they are less suitable for the study of
more complex equilibria with possible oligomer formation®?, with regard to the high
number of unknown constants (stability constants and molar absorptivities).

EXPERIMENTAL

Reagents

Citric acid, sodium citrate, uranium trioxide, and psrchloric acid were reagent grade purity
{Lachema). The stock solutions of citric acid and of sodium citrate were prepared and analyzed
as in our previous works'*2. The uranyl citrate stock solution containing 05 mol/l UO%+ and
0:667 mol free citric acid was prepared by dissolving the weighed quantities of uranium tri-
oxide and citric acid in redistilled boiled water and diluting to the volume. The uranium content
in the stock solutions was determined spectrophotometrically according to Crouthamel and
Johnson'2. The solutions to be measured were prepared by mixing the corresponding volumes
of the stock solutions. All uranium-containing samples were stored in darkness to prevent reduc-
tion resulting rom photodecomposition.

Methods

The hydrogen ion concentration was measured by means of a combined glass-sifver chloride
electrode Metrohm EA-120U at 25 4 0-05°C using a compensator Metrohm E 388 (ref.2)4
The pH values measured were corrected for the deviations caused by the liquid junction potential
of the electrode. The latter was assumed to depend on the pH value solely in the system in ques-
tion, and so it was determined for a system involving only H* and Na™ cations from the pH
value measured with the combined electrode in the solution of I1mM-(H,Na);A and that calculated
by employing the citric acid protonation constants! in that medium (ﬂ’l' = 1-8.10%, }2*: 2:5.
. 109, and ﬂg’ = 145, 10‘2). The values of the corrections for the liquid junction potential thus
obtained were applied for the same pH also to the uranyl-containing system.

The spectrophotometric measurements were carried out on a spectrophotometer Spekord
UV-VIS (Zeiss, Jena) placed in a thermostatted room at 25 + 1°C. Quartz cells 0-1—5 cm’
thick were used. As the blank served uranium-free 1mM-(H,Na);A solution of the same sodium
citrate concentration as the solution measured.

RESULTS

Five series of solutions were prepared, having analytical concentration of uranium
(cy) 0:001, 0:004, 0:01, 0-04, and 0-1 mol/l, total concentration of the citrate ions
1 mol/l, and different concentrations of hydrogen ions. The pH values of the solutions
lay in the range of 1-4—4-5; the lower limit was determined by the pH value of a
1M-H3A solution (pH 1-39), the upper limit by the hydrolysis of the UO}* ions and
polymerization of the complexes formed, which, as indicated by the potentiometric
data, is apparent in this system at pH > 4. For this reason, only the data obtained
at pH 1-4—4-0 were taken into account during the calculations.

The absorption speétra of these solutions were measured and the absorbances
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TaBLE I

Dependence of the Absorbance per Unit Uranyl Concentration (ey) and pH on the Analytical
Concentration of Hydrogen Ions (cy) in Solutions of ImM-(H, Na, (UOy)g-5)3 A

ey (em™ mol'l) for the wavenumbers, cm ™!
cy pH
mol/l 22500 22960 23360 23600 26000 27000
0:1M-UO,
2:800 1:50 14-83 19-99 1925 20-88 605 823
2:788 1:53 15448 20:93 1999 21-33 610 868
2:776 1-56 1622 21-83 2063 22:12 655 9:52
2:752 160 17-51 2346 2183 2316 675 10:32

2:728 1-67 19:05 2545 2316 24-45 7-34 11-86
2:680 1-80 21-48 28:52 2535 2639 7-84 13-89
2:560 2:13 25-45 33-33 28:52 29-27 8-58 17-46
2-440 2:39 27-38 35-42 3016 3061 9-23 19-74
2:320 2:63 28:62 3671 31-20 31-40 9-67 21-28
2-080 3-00 29-86 37-85 3256 32:24 10-29 2321
1-840 3:37 30-65 3839 3343 32-59 10-42 24-85
1-600 374 3115 3869 3403 3313 1079 2659

0-:04m-UO,
2:920 1:47 11-46 15-82 16-42 17-96 4-81 5-36
2-908 1-51 12:25 16-82 1701 18-60 5-01 6-:00
2:896 1:56 12:95 17-86 17-86 19:39 5-11 635
2:872 1-65 14-68 20:04 19-39 2078 5:56 7-89
2:848 1:74 15-92 21-78 2044 21-78 575 893
2:800 1:90 18-55 25:20 22:77 2391 6:60 11-41
2:680 2:21 22:97 30-11 26-34 2698 7-79 1538

2:560 2:46 2495 32:49 28-27 28:57 843 17-41
2-440 2-68 26:09 3363 29-12 29-22 878 19-10

2200 304 2768 3537 3075 3046 913 2113
1960 338 2842 3576 3130 3070 942 2272
1720 374 2951 3661 3234 3165 987 2445
0:01M-UO,
2980 142 995 1389 1495  16:83 437 450
2968 148 1048 1468 1551 1723 437 476
2956 154 1098 1534 1597 1776 453 516
2932 165 1194 1644 1696 1852 463 5-85
2008 176 1313 1776 1792 1938 486 666
2860  1-94 1521 2034 1994 2103 532 839
2740 228 1905 2483  231s 2378 651 1194
2620 250 2116 2722 2480 2526 694 1398
2:500 271 2272 2887 2606 2636 751 1570
2260 306 2437 3056 2662 2718 800 1804
2020 340 2586 3188 2851 281l 837 2013
1780 373 2665 3287 2917 2857 883 21-49
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TaBLE |
(Continued)
¢ gy (in cm ™! mol™!) for the wavenumbers, cm ™!
H pH
mol/l 22500 22960 23360 23600 26000 27000
0-004M-UO,
2:992 1-41 9-57 13-34 14-58 16:42 471 4-27
2-980 1-47 10-22 14:09 15-33 17:21 476 471
2:968 1-53 10-52 14:38 15:63 17:41 5-06 486
2:944 1-64 11-06 15118 16:17 17-86 5:26 5-06
2-872 1:93 13-34 18:01 18-30 19-74 531 650
2752 2:26 16:02 21-48 2078 22:17 565 883

2:632 2:49 17:91 23-86 22:62 23-46 6-15 10-81
2:512 2:70 19-54 25-69 2391 24:60 6-60 12:55
2:272 3:03 21-58 2817 2574 26:09 6-89 14-48

2032 337 2282 2951 2669 2669 689 1582
1792 372 2445 3080 2822 28:03 813 1820
0-001M-UO,

2:998 1-40 861 1228 1357 1538 - -
2986 146 940 1329 1478 1653 - -
2974 152 931 1313 1456 1653 - -
2950 165 988 1419 1528 1712 - -

2:926 175 10-24 14-46 15-56 17-40 — -
2:878 1-94 11-45 1617 17-22 19-01 - -
2:758 2:26 12:70 17-24 18-06 19-44 - -
2:638 2:50 1377 19-37 19-37 20-54 — —
2:518 2:69 14-23 19-82 19-64 20-83 - -
2:278 3-04 1665 22:14 2143 22:02 - -
2-038 3:39 1792 2341 22:22 23-02 — -
1:798 372 18:57 24-21 22:90 2321 - -

(A) were read at the wavenumbers (¥) 22500, 22960, 23360, 23600, 26000, and
27000 cm ™. The data obtained are given in Table I, the pH values reported being
corrected for the liquid junction potential. For ¥ = 22960 cm™"' the data are also
shown in Fig. 1 as the plot of the absorbance per unit uranyl concentration (eu)
versus the pH of the solution.

Determination of the Uranyl Molar Absorptivities in the Medium of 1m Citrates

The molar absorptivities of the UO3™* ions, eyo,2+, Which are requisite for the sub-
sequent calculations, cannot be determined in the system of M-(H, Na, (UO,),.5)3A,
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because — as is apparent from the dependence of &, on the pH (Fig. 1) — an appre-
ciable fraction of the uranyl ions is present in the form of complexes even for the
highest acidity of this system, i.e. in pure H;A solutions. The gyo,2+ values were
therefore determined from the absorbances of solutions containing lmol/l H,A,
0-01 or 0-1 mol/l UO3*, and 0—2 mol/l HCIO, (Table 11, Fig. 2).

As is apparent from Fig. 2, in the range of 1-2M-HClO, the molar absorbance is
nearly independent of the concentration of uranium as well as of perchloric acid.
In this range, all the uranium can be thus assumed to be converted to the free UO3*
ion form, so that the gyp,2+ value can be calculated from the relation eyp,+ =
= (A/Cu)zM—cho.~ The £yo,2+ values found are given in Table III.

In fact, owing to the changes in the ionic strength the suozz.’value in 2M-HCIO,
may be somewhat different from that in lM-(H, Na);A; however, this change does
not affect appreciably the resulting values of the equilibrium constants or molar ab-
sorptivities of the citrate complexes, as eyq,:+ is at least five times less than the molar
absorptivities of the citrate complexes.

g
¢ /9/2"0
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FiG. 1 FiG. 2
Dependence of the Absorbance at 22960 Dependence of the Absorbance at 22960
cm™ ! of the Solution per Unit Uranyl Con- cm™! of the Solution per Unit Uranyl
centration (ey) on the pH of the 1M-(H,Na, Concentration (gy) on the Concentration of
(U0,)y.5)3 Solution Perchloric Acid

cy (molfl): 101, 2 0-04, 3 0-01, 4 0-004, cy (mol/l): 10:1, 20:01.

5 0-001. Solid lines: theoretical curves
calculated for the set of complexes (0,1,1),
0,2,2), (1,1,1), (2,2,2), (2,1,1) — stability
constants as given in Table ITI.
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TasLE II

Dependence of the Absorbance per Unit Uranyl Concentration (ey) on the Concentration of
Perchloric Acid (cy¢0,) in Solutions of 1mM-(H, (UO,).5)3A + HCIO,

gy for the wavenumbers, cm™

1

CHCI04
mol/l 22 500 22960 23360 23 600 26 000 27000
0-105M-UO,
00 13-89 18-44 18-09 19-31 585 7-90
01 935 12:90 14-04 15:38 4-89 470
02 7-08 9:96 11-52 12-60 439 356
10 351 503 692 731 332 2-70
2:0 2:92 423 630 645 3-08 2:60
0-0105M-UO,
0-0 975 13-82 1532 16:94 531 473
0-05 851 11-63 13-47 15-01 514 419
0-10 733 10-10 12:00 13-30 4-86 383
020 588 829 10-26 11-24 442 349
0-50 432 5:98 828 877 413 3-40
1:00 3-20 463 7-00 7-30 355 2:95
2:00 272 393 630 646 327 2:84
TasLe III

Molar Absorptivities of the UO% * Jon and Uranyl Citrate Complexes in 1M-(H, Na, (UO03)g.5)3A

at Different Wavenumbers

The precision is given as +s(g), where s(e) is the standard deviation of the absorptivity calcu-
lated from all data of Table I.

Molar absorptivity (in 1 em™! mol_l)

Species for the wavenumber, cm™!

22 500 22 960 23 360 23 600 26 000 27 000
UO,H,A* 122403 169403 182403 21:3+03 49402 39+ 03
UO,HA 129404 182405 182404 195404 53404 78+ 07
(UO,HA), 90442 118 +2 896+ 2 88542 276+ 114 59742
UO,A™ 984+ 07 136407 158406 165+05 12408 24418
(UO,A)3~ 649407 807+07 688406 67-5+05 221405 52641
uo3* 2:84 4-16 640 652 320 2:64
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Determination of the Charge of the Uranyl Citrate Complexes from the Poten-
tiometric Data

In the pH region of 3-5—4, the absorbances of the 1M-(H, Na, (UO,),.5);A solutions
containing uranyl in concentrations 0-01—0-1 mol/l are approximately constant,
which implies that only one uranyl complex species occurs in this concentration
region.

Since, as found by Neuman and coworkers polarographically®, uranyl does not
form complexes containing more than one citrate ion per one uranyl ion even if the
citrates are present in a 1000-fold excess, (H,UO,A), type complexes can be assumed
to occur in this region. If the complexes are thus of the composition UO, : A =1:1,
the number of the hydrogen ions bonded to one UO3* ion, x, and thereby also the
charge of the complex can be determined from the potentiometric data according
to the relation derived? based on the concentration and charge balance:

x=1—(h+ [Na*])fey + (ca = cv) (Boh* + 28, + 3)]

(1 + Byh + Boh?* + Bsh®) cy), 0]

where h(= 107PM) is the concentration of frec protons, [Na*] is the concentration
of the sodium ions, which virtually equals the analytical concentration of sodium,
caand cy are the analytical concentrations of the citrate and uranyl ions, respectively,,
and B,’s are the overall stability constants of citric acid in the 1M-(H, Na);A system.

From Eq. (1), x = =01 * 0-1 was obtained in the region pH = 3:3—4and ¢y =
= 0-04—0-1 mol/l, hence most of the uranyl ions occur in this region in the form of’
the (UO,A)a~ complexes.

Determination of the Dimerization Constant of the (UO,A)n~ Complex by Means
of the Linear Transformation Method

The curves &y = f(pH), Fig. 1, are shifted upwards with increasing cy, which can be
explained in terms of the polymerization of the corresponding complex, the molar
absorptivity of the polymerized complex being higher than that of the monomer.

Provided that the highest polymerization degree is 2, it is possible to determine:
for the dimerization reaction

2U0,A" = (UO,A);™ (4)
the equilibrium constant K :
Ky = [(U0,A);7]/[UOAT]? 2
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by using the linear transformation method'’. For this purpose, the dependences
ey = &, — Kaoy(2ey — €2)%[(2e, — &,) 3

&2 + ((251 - 52) (51 - EU)/deCU(zeu - 52)) (4)

&y
were employed.
If the assumption of the occurrence of two complex species only, i.e. the monomer
and the dimer (absorptivities g, and &, respectively), is correct, the dependences

ey = fley(2ey — €2)%/(e2 — 2¢,)) )
form a straight line of the slope K4 and intercept ¢,. Analogously the dependence
eu = (61 = e0) (21 = &)[22ey — &) cu) ()

represents a straight line whose slope is —1/K, and intercept &,/2.

The ¢, values were obtained by iterative variation so that the dependences (5) be
linear. The ¢, or &, values obtained from the dependences (5) and (6) were then usually
the same; in case that they differed, a single iterative step was usually sufficient to

obtain correct values.

N 010

Fi6. 3
Calculation of the Molar Absorptivities ¢;
and &, and of the Dimerization Constant
K4 for the Dimerization of the Complex
UO,A™ by Means of the Linear Trans-
formation Method According to Eq. (5)
for the Wavenumber ¥ = 22960 cm ™!

x = cy(2ey — 2)%/(e; — 2¢)).

.40~ _

30+ -

FiG. 4
Calculation of the Molar Absorptivities &y
and ¢, and of the Dimerization Constant Ky
for the Dimerization of the Complex UO,A ™
According to Eq. (6) for the Wavenumber
¥ = 22960 cm ™!

x = (e, — 2¢y) (g, — ey)[2cyRey — &3).
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This calculation for the data of Fig. 1 is shown in Figs 3 and 4. The dependences
(5) and (6) are seen to be really nearly linear, so that the concept of the formation
of the (UO,A)r~ complexes with n = 1 and 2 can be adopted as the principal equi-
librium in the system studied. The average value of the dimerization constant deter-
mined in the pH region of 3:6—3-7 is log Ky = 2:35%:3%. The values of ¢, and ¢, for
¥ = 22500~23600 cm~* are given in Table III.

Refinement of the Interpretation by Computer Data Processing

In the preceding paragraphs, UO,A~ and (UOZA)i' were determined graphically
to be the predominating complexes. In order to verify this interpretation, i.e. to
seek if the above set is sufficient for the treatment of all the experimental data and
their possible extention, numerical calculations were undertaken using the program
LETAGROP-SPEFO (ref.'3), as has been done previously? for Fe(11I) citrate com-
plexes. To save computation time, the variation of the citrate concentration re-
sulting from the bonding to the metal was disregarded in the overall mass balance.

The adequacy of the various sets of complexes was assessed via the sum of the
squares of the deviations between the observed and calculated absorbance values (U)

In the further text, the simplified symbol (p, g, r) will stand for the complex
HP(UOZ)QA" .

The simplest model of two complexes, UO,A and (UO,A);~ — hence (0, 1, 1)
and (0, 2,2) — was tested first; the agreement with the experimental curve was found
insufficient. The set of complexes was then augmented with protonized species, as
suggested also by Ohyoshi® on the base of cation exchanger studies. Protonized citrate
complexes are formed also with many other metals'**'*. The best fit was achieved
with the combination of complexes (0, 1, 1), (0, 2,2), (1, 1, 1), (2,2,2), and (2, 1, 1)
(U = 0311). A close U value was obtained also with the combination 0, 1,1),
(0,2,2), (1,1, 1), and (2,2,2); however, a physically unlikely molar absorptivity
value (>10°) emerged for the last complex. The combination of the complexes
(0,1,1),(0,2 2),and (1, 1, 1) gave U = 0-396, and the combination (0, 1, 1), (0, 2, 2),
(2,2,2),and (2,1, 1) gave U = 0-569. More elaborate models were not tested.

The conclusions concerning the composition of the complexes obtained from the
spectrophotometric data were verified by processing the acidity data of some solu-
tions (Table 1, series with cyo, = 0-1 and 0-04 mol/l and six points from the acidic
region of the series with ¢yo, = 0-01 mol/l) by means of the program!® LETAGROP-
ETITR;

Minimized was the difference between the calculated and observed total analytical
concentrations of acidic hydrogen. The input set (0, 1, 1), (0,2, 2), (1, 1, 1), (2,2, 2),
and (2,1, 1) reduced during the computation to (0,1, 1), (0,2,2), and (1,1, 1),
as the minimum of the U function was reached for zero values of the stability con-
stants of the complexes (2, 2, 2) and (2,1, 1). The obtained stability constants for
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the sef (0, 1, 1), (0,2, 2), and (1, 1, 1) approach those calculated for the same set
from the spectrophotometric data.

The results are listed along with some published data in Table IV.

DISCUSSION

From a comparison of the models given in Table 1V, the complexes UO,A™,
(UOZA)g’, and HUO,A emerge as the most significant; their constants are also best
defined, as is apparent from the set where only these three complex species were
considered. Owing to the fact that the data fall into regions of higher acidities
as well as of higher ¢y concentrations, the higher protonized (2, 1, 1) complex found
also by Ohyoshi® and the polymerized protonized complex of the (2, 2, 2) compo-
sition play an important part too.

A degree of inaccuracy of some constants is due to the way of processing of the
spectrophotometric data. The unknowns f,,, and ¢, appear in product in the expres-
sion for the U function, thus an error in f, for instance, can be partly compensated
by the change of the ¢ values. Also, complexes whose linear molar absorptivities pos-
sess nearly equal values are poorly discriminated. This applies particularly to the
complex (2, 1, 1), inasmuch as the ¢, , ; value approaches that of ¢, ; ; and moreover,

FIG. 5 Fic. 6

Fractions of the Individual Complexes
HP(UOZ)qA, ((p, g, r)) out of the Total Ura-

Fractions of the Individual Complexes
H,(UOY,A, ((»,¢,r) out of the Total

Uranyl Concentration (y) in Dependence
on the pH of the System of 1M-(H,Na,
(UO,)g.5)3A for ¢y = 0-001 mol/l

~~~~~ fraction of the citric acid anions
out of the total citric acid concentration.

nyl Concentration () in Dependence on the
pH of the System of 1M-(H,Na(U02)o,5)3A
for ¢y = 01 mol/l
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in the system in question it is not possible to measure at pH < 1:39, where the pro-
portion of the (2, 1, 1) complex would be greater. The potentiometric data in the
series with ¢y = 0-1 and 0-04 mol/l are satisfied by a value of the f8,,, , constant at
least one order of magnitude lower than as results from the spectrophotometric data.
Although the error in the S, ; ; constant can be to a degree reflected in the other
constants too, its effect is not too great, as is obvious from the values of the constants
for the different models.

The fractions of the individual complexes with respect to the total uranyl concentra-
tion in dependence on the pH are given for the two limiting uranyl concentrations,
¢y = 0-001 and 0-1 mol/l (Figs 5 and 6, respectively). Fig. 5 presents in addition also
the concentrations of the individual citric acid ion species calculated for a uranyl-free
solution. The dependence of the concentration change on the pH is nearly parallel
for the following groups of ions of citric acid and citrate complexes:

(3,0,1) = (1,1,1) + (2,2,2)
(2,0,1) = (0,1,1) + (0,2, 2)

In both pairs, the monomeric uranyl citrate complex can be formally derived by
replacing two protons in the pertinent citric acid ion by an uranyl ion: for instance,
the H,A™ ion converts to the UO,A~ complex, which dimerizes to give (UOZA)i'.
A region of the hydrogen ion concentrations is thus associated with a certain valency
of the complex, irrespective of whether the ligand is proton or metal ion bonded.
With this is also related the fact that the equilibrium constants of the ion exchange for -
protons according to the reactions

H;A + UO3* = HUO,A + 2H* (B)
H,A~ + UO3* = UO,A” + 2H* ©)

are almost identical, viz. 1072-° for the reaction (B) and 10™*2 for the reaction (C).

The dimerization of the unprotonized complex (0, 1, 1) is more pronounced than
that of the complex (1, 1, 1); the respective dimerization constants are log Ku(o,1,1, =
= 2:85 and log Ky,,1y = 1-26. The reason why the dimerization of the former
complex proceeds more readily lies in the fact that prerequisite for the formation
of polymeric structures* is the occurrence of a dissociated carbonyl group.
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