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The precipitation and dissolution of uranium(VI) from aqueous
solutions of orthophosphoric acid (2 X 10¢ to 6 M) and uranyl
nitrate (3 X 10 to 0.5 M) has been investigated by turbidimetric
and chemical analyses, fluorescent and electron microscopy. The
concentration ranges where (UOs2)3(PO4)> and UOHPO4 precipitates
were observed 24 hours and 30 days after mixing are represented
by typical precipitation bodies. The morphology of the precipitated
particles is shown by electron micrographs. At equilibrium
conditions (UOy)3(POy)s is stable at concentrations of total phosphate
in the mother liquor lower than 1.5 X 103 M. At total phosphate
concentrations higher than 5 X 1073 M, UO;HPO; is stable.

INTRODUCTION

The formation of soluble and slightly soluble uranyl orthophosphates is
highly important in the technology of uranium production, especially from low
grade uranium phosphate ores and in fuel reprocessing'®. These slightly
soluble compounds are also used in analytical chemistry for the determination
of uranium and phosphate*™.

The interaction of uranyl salts and orthophosphates in aqueous solutions
has been the subject of considerable interest. The already published papers
report on the precipitation conditions, dissolution®™1?, composition®? and stability
ranges of the solid phase!!, solubility products’®!5 and the formation and
composition of uranium (VI) orthophosphate complexes!®™9.

Neutral uranyl orthophosphate ((UO,),(PO,),) crystallizes in the form
of needle-like crystals which do not show fluorescence, while monohydrogen
uranyl phosphate (UO,HPO,) shows an intensive green fluorescence and
crystallizes in the form of tabular platelets, usually four-sided but occasionally
as truncated squares®* 2! The spectra of UO,HPO, were determined and
discussed?’ and sorption properties of this compound were studied in detail®s>7.
The method of preparation of UO,(H,PO,), was reported® and its crystal
structure described!!.

However, most of the previously reported data on these subjects were
obtained by solubility studies and thus cannot be applied to precipitation

* Presented in part at the 2" Yugoslav Symposium on Reactor Materials,
Herceg Novi, October 1965.

#* Part of the Thesis submitted in partial fulfillment of the requirements for
the degree of Doctor of Chemistry at the Faculty of Science, University of Zagreb.
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processes without reservation. Besides many studies are incomplete since the
investigations were carried out in narrow concentration regions. In this paper
a complete precipitation system within the solubility limits of both uranyl
nitrate and orthophosphoric acid is presented. The formation and dissolution
of the solid phase in broad concentration regions of both precipitating com-
ponents are represented by means of typical precipitation bodies??30.

EXPERIMENTAL

Stock solutions of uranyl nitrate and orthophosphoric acid were prepared
from analytical grade chemicals and bidistilled water. The concentration of uranyl
nitrate was determined by precipitation of uranium with ammonium hydroxide and
weighing as UsO0s*, and that of orthophosphoric acid by alkalimetric titration using
thymolphtalein as indicator?,

The precipitation systems were prepared by direct mixing of the solutions,
containing the precipitation components in a chosen concentration, according to a
published method?®.

For chemical analyses the systems were centrifuged 24 hours after mixing at
10.000—13.000 RPM. The mother liquor was then filtered off and uranium content
determined by a. c. polarography in a supporting electrolyte containing 2 M H3FO4
and 5 X 104 9/ triton X-100. Phosphorus was determined colorimetrically34,%,

Instruments used. — Reichert microscope with attachments for fluorescence
microscopy, electrostatic electron microscope Triib, Tauber and Comp. model KM 4,
Zeiss tyndallometer in connection with a Pulfrich photometer, Serwall SS-4 centri-
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Fig. 1. Precipitation of uranium (VI) phosphate from aqueous solutions of 103 M UO:(NOs): at

different concentrations of H3POs (M) at room temperature. Chemical analyses and pH
measurements performed 24 hours and 30 days after mixing.
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Fig. 2a. Electron micrographs of (UO:2)3(PO4): precipitates obtained from the systems: 103 M
UO:(NO3): — 6 X 104 M H3POs made 30 days after mixing. The systems were aged at room
temperature

. 2b. Electron micrographs of UO:HPO4 precipitates obtained from the systems: 103 M
UO2(NO3): — 6 X 108 M H3POs made 30 days after mixing. The systems were aged at room
temperature.

Fig. 2c. Electron micrographs of the mixture of (UO2)3(POs)e and UO:HPOs particles of the
precipitates obtained from systems: 2.5 X 104 M UO2(NOs): — 3 X 103 M H3POs made 30 days
after mixing. The systems were aged at room temperature.
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fuge, Cambridge Pen recording polarograph in connection with the Univector Unit,
Klett-Summerson photocolorimeter and a Pye pH meter with a glass and calomel
electrode.

RESULTS

The formation of the precipitate from a 107 M uranyl nitrate solution
with orthophosphoric acid (from 107 M to 107 M) is illustrated in Fig. 1. In
the lower part of Fig. 1 are presented the time tyndallograms, the percentage
of uranium precipitated (after 24 hours) and the composition (after 24 hours
and 30 days) of the solid phase. In the upper part of the same figure the
pH curve of the mother liquors and that of pure phosphoric acid of the same
initial concentrations are shown. The middle part represents the molar ratio of
uranium to phosphate in the precipitate (U/P curve). The particle shape of
the precipitates can be seen from the electron micrographs depicted in Figs. 2a
((U0,),(PO,).), 2b (UO,HPO,), and 2c (the mixture of (UO,),(PO,), and
UO,HPO,). The particles of the (UO,),(PO,), precipitate (molar ratio 1.5) appear
as needle-like crystals and are not fluorescent, while those of UO,HPO, pre-
cipitate (molar ratio 1.0) are rectangular crystals frequently appearing as
truncated squares and show an intensive fluorescence.
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Fig. 3. Typical precipitation body of the UO:(NO;): — HyPO4 systems at room temperature. The

fluorescence microscopic examinations performed 24 hours after mixing (only the boundaries

between different compositions are drawn). Intensively fluorescent clear solutions are denoted
by full triangles,

Figs. 3 and 4 represent the typical precipitation bodies of the system
uranyl nitrate—orthophosphoric acid after 24 hours and 30 days, respectively.
The formation and dissolution of the uranyl orthophosphate precipitates in
the concentration range from 3 X 10 M to 0.5 M uranyl nitrate and from
2 X110 M to 6 M phosphoric acid are shown. The same diagram represents
the boundaries of the precipitation body and those between the precipitation
regions where solid phases of different composition appear. The presented
data were obtained from fluorescent microscopic examinations of the solids
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(Figs. 3 and 4) and were verified by chemical analyses (Fig. 6). Comparing
Figs. 3 and 4 it can be seen which changes occured when the precipitates
were in contact with the respective mother liquors for more than 24 hours.
The equilibrium was practically attained after 14 days.
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Fig. 4. Typical precipitation body of the UO:(NOs): — H3PO4 systems at room temperature. The
precipitates were in contact with mother liquors for 30 days after mixing.

It has been found that in the presence of an excess of uranyl nitrate
exclusively neutral uranyl orthophosphate is precipitated along the precipitation
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Fig. 5. pH curves of serval cross-sections through the typical precipitation body (Fig. 3) and
the corresponding pH curve of orthophosphoric acid, at room temperature.
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boundary. The fluorescence of the clear solutions along this boundary, excited
by the UV light, is comparable to the fluorescence of the corresponding solutions
of pure uranyl nitrate.

In the presence of an excess of phosphoric acid two species are precipitated
along the precipitation boundary: the neutral uranyl orthophosphate and the
monohydrogen uranyl phosphate. Only the clear solutions in the region close
to the precipitation boundary where the monohydrogen uranyl phosphate
precipitates, showed a more intensive fluorescence. The fluorescence intensity
increased with increasing uranyl nitrate and phosphoric acid concentrations.
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Fig. 6. The composition of precipitates obtained from solutions of different initial UO2(NOs)2 (M)
concentrations against total phosphate (£ P) and uranium (VI) (£ U) in the mother liguor (24 hours

after mixing) lower curves 1—5, and pH — upper curves 1—5. The precipitation boundary in
the presence of an excess of phosphoric acid (Fig. 4) is denoted by A A curve, at room
temperature.

During the precipitation of (UO,),(PO,), and UO,HPO, the H' ions are
liberated. The H* ion activity can be measured and give some information
on the equilibrium conditions between the solid phase and the mother liquor.
Some characteristic pH curves of various cross sections through the typical
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precipitation body (Fig. 3) are shown in Fig. 5, various uranyl phosphates
being denoted by different dots. The corresponding pH curve of pure phosphoric
acid is also given. In the range of excess of uranyl nitrate the pH curves of
all systems have similar slopes. A break of the curves is observed at the
transition into the region where phosphoric acid is in excess. The changes
in the slopes of the pH curves seem to be dependent upon the changes in the
composition of the solid phase and the corresponding mother liquor. Thus, in
the range of excess of uranyl nitrate only neutral uranyl orthophosphate was
precipitated. On the other hand in excess of phosphoric acid monohydrogen
uranyl orthophosphate, neutral uranyl phosphate and mixtures of both com-
pounds were found. Besides, in this range the excess of phosphate ions has a
strong influence on the solid-liquid equilibrium because of the extensive
complexing between uranium (VI) and varicus orthophosphate species in aqueous
solutions. This conclusion confirmed the fact that the pH values of the clear
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Fig 7. The precipitation boundary in the presence of an excess of phosphoric acid (from Fig. 4)
is compared with solubility data for uranyl orthophospbates given by J, M. Schreyer and
C. F. Baes!l.,

solutions on the precipitation boundary are identical with those of pure
phosphoric acid. The represented pH curves (Fig. 5) show the equilibrium
pH values of the mother liquors with regard to the initial concentration of
UO,(NO,), and H,PO,, while those shown in Fig. 6 (upper part) refer to the
equilibrium concentration of total phosphate and total U (VI) in the mother
liquor.

The equilibrium conditions (24 hours after mixing) between the solid
phases and the mother liquor for a characteristic precipitation system, within
the precipitation body (Fig. 3) are described in Fig. 6 in terms of total
uranium (VI), total phosphate and pH. It is evident that all curves representing
the composition of the mother liquor (lower part of Fig. 6) converge to the
curve, which indicates the precipitation boundary in the presence of an excess
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of phosphoric acid, 30 days after mixing. It can also be seen that the pH curves
(upper part of Fig. 6) converge to the pH curve of pure phosphoric acid. In
addition curves 1—5 (Fig. 6, lower part) show that neutral uranyl ortho-
phosphate is in equilibrium with the mother liquor, the total phosphate
concentration being 3 X 103 M or less. At higher total phosphate concen-
trations the mixture of neutral and monohydrogen uranyl orhophosphate was
in equilibrium after 24 hours. Within the period of 14 days the following
changes were observed: (i) Transformation of the neutral uranyl ortho-
phosphate into a mixture of neutral and monohydrogen uranyl phosphate
at concentrations of the mother liquors higher than 1.5 X 1072 M; (ii) At con-
centrations of the mother liquors higher than 5 < 103 M of total phosphate
the primarily formed mixtures changed completely into monohydrogen uranyl
phosphate.

DISCUSSION

The results described in the previous section can be summarised as
follows:

a) The conditions for the precipitation and dissolution of (UO,),(PO,), and
UO,HPO, (24 hours after mixing) in a broad concentration range of UO,(NO,),
and H,PO, are represented by the typical precipitation body (Fig. 3).

b) In the investigated precipitation regions (Figs. 3 and 4) UO,(H,PO,),
did not appear as a solid phase. This species was reported to be formed under
special experimental conditions?® and was found to be stable only in contact
with extremely high concentrations of orthophosporic acid!!.

c) At the total phosphate concentrations higher than 1.5 X103 M
(U0,),(PO,), transforms into UO,HPO,, therefore the area where only UO,HPO,
species appear is remarkably augmented after aging the precipitate in the
mother liquor for a long time (Fig. 4 as compared with Fig. 3).

The slopes of the obtained precipitation boundaries in the concentration
region of excess of uranium (VI) and phosphate can be explained by the
formation of different soluble complex uranyl phosphatesi¢™9. These species
which were formed when monohydrogen uranyl orthophosphate was dissolved
in an excess of phosphoric acid exhibited a very intensive fluorescence. From
the data obtained the most probable complex species in equilibrium with
the solid phase can be calculated. These calculations will be presented in one
of the next papers of this series.

In Fig. 9 the precipitation boundary which was obtained in the range
of excess of phosphoric acid (30 days after mixing) is compared with the
solubility curve obtained by Schreyer!!. Both curves overlap in the concen-
tration range from 2 X 102 M to 2 M phosphoric acid where the equilibrium
solid phase is monohydrogen uranyl phosphate. However, significant discre-
pancies exist at very low and very high concentrations of phosphoric acid.
At phosphoric acid concentrations from 1 X 1072 M to 2.5 X 1073 M, UO,HPO,
was in equilibrium at the precipitation boundary, while according to Schreyer’s
solybility data, (UO,),(PO,), is in iquilibrium with the mother liquor. At total
phosphate concentrations lower than 2.5 X 10 M, neutral uranyl ortho-
phosphate was found to be the stable solid phase in both cases, but the
precipitation boundary is shifted. At concentrations of phosphoric acid higher
than 6 M, which, according to Schreyer’s data, the stability range of UO,(H,PO,),,
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no crystals of any kind could be found by our method but stable clear solutions
exhibiting intensive fluorescence were obtained.

Besides, the equilibrium conditions for (UO,),(PO,), and UO,HPO,, as
determined by chemical analyses and microscopic examinations (Fig. 6 and
3, 4), are also in disagreement with the stability ranges reported by Schreyert!.

All these discrepancies are most probably due to the different experimental
methods used (the determination of solubility!* and the formation and trans-
formation of precipitates in our investigations). Thus it is evident that the data
obtained by both methods are not necessarily comparable, a fact that should
be kept in mind when applying them in technology.
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IZVOD

TaloZenje i topljivost uranil ortofosfata I.
Heterogena ravnoteZza u otopinama: UQ2(NO;),—H;PO,

N. Pavkovié, M. Branica i B, TezZak

TaloZenje i otapanje urana(VI) iz vodenih otopina uranil nitrata (3 X 1075 do
0,5 M) i ortofosforne kiseline (2 X 106 do 6 M) ispitano je turbidimetrijskom i kemij-
skom analizom, fluorescentnom i elektronskom mikroskopijom. Opéim precipitacio-
nim dijagramima pokazana su koncentraciona podruéja gdje nakon 24 sata, odnosno
30 dana, od mijeSanja otopina nastaju talozi sastava (UOs)3(POy4)s i UOsHPO,.
Elektronskim mikrofotografijama prikazana je morfologija nastalih &estica taloga.

Kod manjih koncentracija od 1,5 X 10 M totalnoga fosfata u mati¢noj otopini
kod ravnoteznih uvjeta stabilan je (UO2)3(POy4)s, dok je kod veéih koncentracija od
5 X 103 M totalnoga fosfata stabilan UOsHPO,.
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