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Abstract

The extraction of uranyl ions from different phosphoricacid media by
CYANEX-921 (a commercial trioctyl phosphine oxide) mixed with
di-2-ethylhexyl phosphoric acid diluted with odorless kerosene was studied.
The factors affecting the extraction at equilibrium such as, phosphoric

acid concentration, CYANEX-921 concentration, HDEHP concentration,
and temperature were investigated. It was found that, the extraction of
uranium by the organic phase increases by increasing CYANEX or HDEHP
concentrations. It was also found that the distribution ratio slightly
increases by increasing the extraction temperature from 15 to 25 °C, this is
followed by gradual decrease in the extraction at higher temperature.



The extraction rate for UO2^ transferfrom 5 M phosphoric acid to the
organic phase containing CYANEX-921/HDEHP mixture in a single drop
column without external force was also studied. The mass transfer of
uranium in the organic extractant single drop was investigated in terms of
drop size, uranium concentration as well as other parameters. The data
obtained were discussed within the extraction equilibrium results and
other physical parameters affecting extraction kinetics.

Introduction

The use of solvent extraction to recover uranium from phosphoric acid
produced from the wet process is known practice. From the systems
reported in the literature, three are of applied interest. These are the
octylpyrophosphoric acid (OPPA) and the octylphenylphosphoric acid
(OPAP) systems, which extract tetravalent uranium (1-4), and the
synergistic mixture of di-2-ethylhexyl phosphoric acid (HDEHP) and
trioctylphosphine oxide (TOPO) system which extracts hexavalent uranium
(5,6). Out of these, the HDEHP - TOPO system proved to be the most
promising and operated in some commercial plants. Advantages reported
for this system are the stability of the extractant combination for high acid
concentration as well as carbonate solutions used for stripping and
production of high purity grade product. As reported, a disadvantage of
this system is the high cost of TOPO. Recently (7), Cyanamide developed
a commercial method for production of TOPO under a trade mark name of
CYANEX 921 at a reasonable cost of around US $ 11 per Kg.

To assess the extraction performance of CYANEX 921 as a substitute
for TOPO and to learn about the equilibrium and kinetic of the extraction
system, the present work was carried out. In this respect, equilibrium
investigations on the different factors affecting extraction of hexavalent
uranium from phosphoric acid by HDEHP - CYANEX921 diluted by
oderless kerosene was performed. In addition, kinetic studies using the
ascending single drop technique was investigated to find the different
parameters controlling the transfer of uranium in dynamic system.

Experimental

Chemicals and Reagents

CYANEX 921 was kindly supplied from Cyanamide, Canada, which
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contains 93% TOPO and its specifications are given in ref. 7. The

extractant HDEHP was obtained as a practical grade reagent from Fluka,

AG. Odorless kerosene was supplied from Misr company, Egypt. All

other chemicals and reagents used were of AR grade.

Procedures

Unless otherwise stated the concentration of uranium was 40 mg/1 in 5

M aqueous phosphoric acid solution and the extractant was kerosene

solution containing 0.4 M HDEHP and 0.1 M CYANEX 921. Extraction

experiments were performed at constant temperature of 25 + 1 °C, except

when changing temperature.

Equilibrium data were obtained using shake-out experiments for 15

min. to reach equilibrium, using phase ratio of 1.0. Uranium concentration

was determined in the aqueous phase through the color of the arsenazo

(III)- uranium (VI) complex (8) as measured by Shimadzu UV-VIS 160A

spectrophotometer.

Kinetic studies was performed by the single drop method as described

by Shen et al.( 9), and successfully applied by Golding et al. (10). In this

respect, the apparatus used is given in Fig. (1). It consists of a jacketed

column (a) which was completely filled with the aqueous phase from a

reservoir (b). The organic phase contained in (c), was allowed to flow

through a jacketed column(d) to ensure temperature equilibration and

passed into the mass transfer section of the apparatus. Drop size was

varied by changing the size of the capillary tube. The drops rose up the

column and coalesced at the interface (e). The rate of drop admission was

varied by changing the height of the organic phase in the reservoir (c). The

volume of the organic phase was obtained by collecting the overflow from

the column in a 10 ml burette (f). Contact times were varied by changing

the length of the column (a); 20,30,40 and 50 cm lengths were used. The

interface level (e) was maintained constant so that for any individual

capillary entrance and coalescence end - effects could be assumed to be

constant. Wall effects was assumed to be negligible.
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Figure (1) : Schematic diagram of single drop apparatus
a)Jacketed mass transfer column
b) Aqueous phase resorvoir
c) Organic extractant reservoir
d) Jacketed column for temp, equilibration
e) Interface
0 Organic phase collector
g) Aqueous phase outlet
h) Organic phase inlet (capillary tube)

Individual drop volume, Vj , andcor responding surface areas, Ad ere
calculated on the assumption that the drops were spherical . For a known
volume of organic phase collected, Wj corresponding to N T drops, the
following relationships hold;

6V
d =

and

where dd iss drop diameter ,unless otherwise stated the dd was equals to
0.3 mm

Results and Discussion

The different variables affecting the extraction equilibrium of U (VI) by
the system under study were investigated. Figure 2, shows that addition of
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C Y A N F T Q . T 1 0 ( } °f U (VI) by vadous molar ratios of H D ™ /
CYANbX 921 IS g.ven ,n F.g.3 as a log - log relation. The value of D
decreases w.th the increase of H3PO4 concentration with a negative lo* -
log slope around one. This means that by increasing phosphoric acid in the
aqueous phase unextractable uranium phosphate complexes are formed It
was reported (, , -13) that in aqueous solutions of phosphoric acid, charged
and uncharged species as :

UO2(H2PO4)1+ UO2 (H2PO4)2, UO2(H2PO4)2 . H3PO4 .etc

T,^v ! y p i C S are C X P e C t e d t0 b e e x t ' ^ t e d by
and CYANEX 921 mixture, decrease in the extraction at higher

phosphonc add concentrations is mainly related to the formation of
uncharged or amonic U (VI) phosphate completes in the aqueous solution

The effect of HDEHP concentration in presence of different constant
vanable concentrations of CYANEX 921 on the extraction of U (VI) from

5 M phosphonc acid is given in Fig. 2. The distribution ratio increases b^
mcreasmg HDEHP molarities giving log-log slope varies with the
concentrate of CYANEX 921 present with the extractant. A low
concentrate or CYANEX 921 (0.05 M), the slope obtained was found to
equal one. Increasing CYANEX 921 molarities from 0.1 to 0 5 M

This behaviour showed that the role of HDEHP

n , XtTUCtiOn ° f U ( V I ) 1S r d a t e d t o t h e ^ o u n t of
2I present in the organic phase.
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Figure (2) : Effect of | HDHHP| on the extraction of U(VI )from 5M H,PO4

at constant |CY ANEX 9211.
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Figure (3) : Effect of [H3PO4| on the extraction of UfVI) by different
|HDEHP]:fCYANEX| molar ratio
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Figure (4): Effect of [CYANEX 921J on the extraction of U (VI) from 5M
H3PO4 at constant [HDEHP].



In Figure 4, the variation in the distribution ratio, D against CYANEX
921 molarities at different constant HDEHP concentrations is given. This
figure shows that the slope of this log - log relation decreases from around
one at constant 0.07 M HDEHP molarities to 0.7 at 0.1 M HDEHP or
higher. The aforementioned experimental results clearly indicate that the
extraction of U (VI) by HDEHP and CYANEX 921 mixture is not a
straight forward.

This can be related to the interaction between the two extractants
which cannotbe neglected. This is supported by the early work of Beas
and Baker (14) who reported that HDEHP (HL) interacts with TOPO (S) to
give two mixed organic complexes of the type; H2L2S and HLS, where the
latter is predominating. These two mixed organic complexes highly affect
the free HDEHP and TOPO concentrations and complicate slope analysis
of the experimental results.
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Fiure (5) : Effect of temperature on the extraction of U(VI) from 5M
H3P04at constant different [HDEHP]:[CYANEX 921] molar
ratio.

The effect of temperature on the extraction of U(VI) from 5 M
phosphoric acid by different mixtures of HDEHP + CYANEX 921 is given
in Fig.5 The results obtained indicated that by increasing temperature the
extraction increased to reach a maximum value at 25 <>C. At higher



temperatures, extraction decreases. This was found for all different molar
ratios of the two extractants used.

Kinetic Studies

The extraction rate of U (VI) from 5 M H3PO4 into the extractant
mixture composed of 0.4 M HDEHP and 0.1 M CYANEX 921 is expected
to be a function of the concentration of HDEHP (HL), CYANEX 921 (S),
phosphoric acid and the variations in the concentration of the extraction
mixture (HLS) in Kerosene. Therefore, the extraction rate can be written in
the following form:

where R is the forward extraction rate per unit area, Kf is the forward
reaction rate constant and a,b,c,d and e are the corresponding reaction
orders. Concentrations with bars idicate the organic phase. Since the
contact time between the rising drop and the aqueous medium is very small,
the reverse reaction was neglected.

By taking the-logarithm of the two sides of equation 2, the following
relation is obtained ;

logR = logK +a\og\Uo2' 1 + hlog[77T] + clog[S] + dlog[HLS] + elogfo-Po^] (3)

Based on equation 3, reaction orders for different variables could be
obtained by varying a specific concentration while holding the other
concentrations constant. For each case, the reaction rates were obtained
from plots of the variations of organic phase uranium concentration with
contact time, t. The extraction rate per unit area, R, is given by

*"X 4"^-Tr (4)

D(| / At| values were evaluated from equation 1, while the contact time
t was taken as the time for any one drop to rise up the aqueous column, and
Cu is the corresponding uranium concentration in the organic phase. It is to
be mentioned that the organic phase uranium concentration was found to
show linear variation with contact time and very small amount of uranium
was extracted during drop formation. This indicates the negligable transfer
of uranium due to coalescence of the drop with the aqueous phase.
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Based on equation 3, the reaction orders of the different parameters
studied were obtained by plotting log R against log the variable under
study, while keeping other variables constant. The plot between log R
versus log EMBED Equation 8 , Fig. 6 gave a slope equals 1.2, while the
relation between log R versus log [HDEHP] gavea slopeequals 1.0, Fig.
7. The dependency of log R on [CYANEX] showed slight variations with
slope value of 0.2. Following the rate of extraction in the rising drop by
different concentrations of the extraction mixture and keeping the molar
ratio of [HDEHP] to CYANEX 921, 4:1, the log R versus log [HDEHP]
or log [CYANEX 921] relation showed a slight variations with slope
equals 0.4, Fig. 8. The effect of phosphoric acid on the extraction rate is
given in Fig. 9, from which extraction order in terms of H3PO4 equals
-1.0 .

From these results, the extraction rate equation for the system under
study , equation 3 can be represented by

R -

This can be approximated to the following equation .

To describe extraction kinetics for metal extraction , two steps
interfacial consecutive reaction model was proposed by Danesi et al. (15).
The model assumed; a - chemical reaction to take place at or close to the
interface, and- b- diffusion of the organic metal complex from the interface
into the bulk of the organic phase. This model resulted into two limiting
cases. The first, when the extraction reaction is very slow and such
extraction rate is controlled by the chemical reaction itself. The second,
when the chemical reaction is fast and the metal extraction is diffusion or
mass transfer controlled.
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Figure (6) : Variation of log R with |U(VI)] in the aqueous phase
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Figure (7) : Variation of, log R with [HDEHP] in the organic phase at
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Figure (8) : Variation of, log R with |HDEHP| in the organic phase at
constant [HDEHP| : |CYANEX 9211 molar ratio, 4:1
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Figure (10) : Variation log R with the drop diameter

In F-'ig. 10, log R is plotted against the drop diameter (dd) of the rising
drop. This figure shows thai log R is dependent on (dd), i.e. the drop size
ot the extractant, and the reaction rate increases with increasing the drop
size. These findings indicate that the extraction rate is mainly controlled by
diffusion or mass transfer. The increase in mass transfer with increasing
drop size is related to interfacial (uituilence and turbulent circulation inside
the droplet . Similar results were obtained by kirn et al . (16) . for the
extraction rate of uranyl nitrate/ TBIV n-dodecane svstem.
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Conclusions

From the aforementioned results the following are concluded;
- CYANEX 921 can substitute TOPO to synergies the extraction of UO

EMBED Equation 1 1 from 5M H3PO4 by HDEHP.
- At equilibrium the extraction increases by increasing the molarities of

CYANEX 921 and HDEHP and decreases by increasing H3PO4
concentration .

- Slope analysis of the results indicated that interaction of CYANEX 921
with HDEHP in the organic phase can not be excluded .

- Extraction rate of uranium into a single drop of the extraction mixture is
dependent on the uranyl concentration in the aqueous phase, HDEHP and
phosphoric acid concentrations .

- The extraction rate of uranium is mainly controlled by diffusion in the
single drop .
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