This article was downloaded by:

On: 25 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Pt e STEVEN 4, CRANTR Separation Science and Technology
Publication details, including instructions for authors and subscription information:
SEPARATION SCIENCE

http://www.informaworld.com/smpp/title~content=t713708471
AND TECHAOLOcY Comparative Studies on the Extraction of Protactinium Using Different
b ol | Kinds of Organic Extractants
F. H. El-Sweify?®; A. A. Abdel Fattah®; S. M. Ali*

* Nuclear Chemistry Department, Radioisotopes Production Division, Hot Labs Center, Atomic Energy
Authority, Cairo, Egypt

Online publication date: 22 June 2010

To cite this Article El-Sweify, F. H. , Fattah, A. A. Abdel and Ali, S. M.(2009) 'Comparative Studies on the Extraction of
Protactinium Using Different Kinds of Organic Extractants', Separation Science and Technology, 44: 3, 753 — 772

To link to this Article: DOI: 10.1080/01496390802437016
URL: http://dx.doi.org/10.1080/01496390802437016

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://ww.informaworld. confterns-and-conditions-of-access. pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |oan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, formul ae and drug doses
shoul d be independently verified with primary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496390802437016
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 05 25 January 2011

Downl oaded At:

Taylor & Francis

Copyright © Taylor & Francis Group, LLC Taylor & Francis Group
ISSN: 0149-6395 print/1520-5754 online

DOI: 10.1080,/01496390802437016

Separation Science and Technology, 44: 753-772, 2009 e

Comparative Studies on the Extraction
of Protactinium Using Different Kinds of
Organic Extractants

F. H. El-Sweify, A. A. Abdel Fattah, and S. M. Ali
Nuclear Chemistry Department, Radioisotopes Production Division,
Hot Labs Center, Atomic Energy Authority, Cairo, Egypt

Abstract: The extraction behavior of Pa(V) from various aqueous solutions was
studied using different extractants, namely Amberlite-LA-2 (Amb-LA2), diethyl-
hexyl phosphoric acid (HDEHP), tributylphosphate (TBP) and Tricaprylylmethyl
ammonium chloride (TCMA) in toluene. The extraction was carried out from
slightly acidic as well as strong acidic solutions of HCI, HBr, and HI, at various
temperatures. The extracted species in every case were postulated. Extraction
chromatography behavior of Pa(V), its homologue Nb(V), and the chemically
similar elements Zr(IV) and Hf(IV) were also studied in the case of TCMA.
Radioactive isotopes were used for tracing the corresponding elements. Some
separation alternatives were achieved.

Keywords: HBr, HCI, HI, organic extractants, protactinium

INTRODUCTION

Protactinium is the third member of the actinide series. In its highest
valence state (V) it resembles the group (Vb) elements rather than exhibit-
ing characteristics similar to those of the lanthanides. The radioactive
isotope ***Pa is highly available in radiochemical analysis and has
reasonable half-life time (27.0 d). The determination of >**Pa in neutron
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irradiated natural *’Th was achieved via its p or 7 activity (1). The
behavior of protactinium ions in solution is very complex because of
the tendency of the element to hydrolyze and polymerize and large num-
ber of ionic species being formed. The simultaneous presence of Pa ions
with different charges, polymerization etc. interfere with the choice of a
suitable method for the determination of Pa and its separation from other
elements (2). Solvent extraction is a very suitable method for the separa-
tion of Pa in many cases (3). The isotope Pa-233 is artificially produced
during the thorex process, where good separation of Th(IV), Pa(V), and
Zr(IV) is possible only at low aqueous feed acidity (4). In addition, for an
analysis of natural ores and environmental samples containing lanthanides
and thorium, chemical separation has to be carried out to avoid interfer-
ences in the characteristic gamma lines of >**Pa and some irradiation-
induced radioisotopes of some lanthanides. Consequently, it is important
to separate >**Pa from the irradiated samples to enable its determination,
and consequently determination of Th as well as the lanthanides. It is also
important to separate Pa from its homologue Nb and the chemically
similar Zr and Hf. Besides, natural radioactive tracers of Pa are used for
estimation of age, geochemical studies, and investigation of environmental
changes (5-9).

A study of the extraction of mixed fluoride, chloride, and
bromide complexes, of Nb, Pa, Ta, and the element 105 into aliphatic
amines has been carried out in order to perform a systematic study of
halide complexation of the group five elements in concentrated acid
solutions (10).

Recovery of Pa from various kinds of aqueous solutions have been
carried out. The distribution behavior of Pa has been studied in the
presence of varying amounts of Th (up to 250 g/L) and U (20 g/L) from
aqueous nitric acid solutions (1-6 M) employing a 1M solution of
di-2-ethylhexyl-isobutylamide (D2EHTBA) in n-dodecane (11). Different
extractants such as TLA, TBP, and IBMK were used for studying the
extraction of Pa and Th from different acidic solutions containing inor-
ganic and organic additives (low alcohols or acetone) (12). A rapid and
efficient procedure for the separation of trace Pa from Th irradiated
by 14 MeV neutrons was described using 1-phenyl-3-methyl-4-benzoyl
pyrazolone-5 (PMBP) and tri-iso-octyl amine (TIOA) as extractants
and HCI-HF acid solution as back extractant (13).

A study has been performed for the separation of ***U from irra-
diated 23'Pa containing Zr, Nb, Ti, and Si impurities using solvent extrac-
tion with 30% tributyl phosphate (TBP) in carbon tetrachloride (14).
Solvent extraction using thenoyl tri fluoro acetone (TTA) has been used
to study the hydrolysis of Pa at the tracer scale (2). A simple and fast
radiochemical procedure was used for the separation of protactinium
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from uranium and a variety of reaction products using I-phenyl-3-
methyl-4-benzoyl-5-pyrazolone and tri-iso-octyl amine as extractants (15).
Partitioning in Purex process for high level waste including Zr and Nb as
fission products using HDEHP and TBP extractants have been described
(4,16).

The aim of the present work is to study the extraction behavior of Pa
by different organic extractants from slightly and strong acidic solutions
of HCI, HBr, and HI for speciation and in order to find the optimum
conditions for separating Pa from some waste solutions at low as well
as high aqueous acidities using dilute extractants, and for the purpose
of carrying out radiochemical neutron activation analysis (RNAA) for
samples containing thorium together with lanthanides to avoid gamma-
ray interferences. In addition, studying the extraction chromatographic
behavior of Pa, its homologue Nb, and the chemically similar elements
Zr and Hf aiming at their separation from each other, is another target
of this study.

EXPERIMENTAL
Chemicals and Reagents

All used chemicals were of analytical grade quality. HCI, HBr, HNO3,
ZrOCl, - 8H,0, and tri-caprylyl methyl ammonium chloride (Aliquat-
336, TCMA) were Merck products. Aliquat-336 is C,sH;,Cl, taking the
formula CH;N[(CH,);CHs]s, which is a mixture of Cg — C; chains and
Cg dominating. KI, toluene, xylene, TBP, tri-n-octyl amine, and TTA
were B. D. H. products. Amberlite-LA-2, M.W. 353-395, a secondary amine
(RR/NH), where R = CH3(CH2)11- and R'= CH3C(CH3)2(CH2C(CH3)2)2-
known as N-lauryl tri alkyl methyl amine, was a product of Rhom and
Haas. Di-(2-ethyl hexyl) phosphoric acid (HDEHP) was a product of
Fluka and Buchs. Thorium nitrate was a Fisher product. All solvents
were used without further purification.

Instrumentation

A pH meter of the type HANNA-HI-9812 (Italy), having a combined
glass electrode with a temperature sensor, was used for all pH measure-
ments. A shaker thermostat of HAAKE-SWB-20 (Germany) type, was
used for equilibrating aqueous and organic phases at the desired tempera-
ture. An analytical balance of the Mettler type with a sensitivity of
1 x 107> g was used for weighing the chemical samples. All the elements



09: 05 25 January 2011

Downl oaded At:

756 F. H. El-Sweify, A. A. Abdel Fatlah, and S. M. Ali

were assayed radiometrically using suitable radioactive isotopes as
tracers. The radioactivities of the corresponding radionuclides were
assayed by y-measurements using a multi-channel analyzer, a Geni-2000
with 8192 channels connected to a hyper pure Ge-detector (Canberra-
USA). A single channel analyzer, model 550 scaler and 2010 Amplifier,
Nucleus, USA was used for some radiometric measurements of >**Pa.

Preparation of Radioactive Tracers

The studied elements, zirconium, niobium, hafnium, and protactinium
were traced using the corresponding radioactive isotopes, *°Zr, *>Nb,
8IHf, and ***Pa, respectively.

97r was selected as a tracer for measurements of Zr(IV) in the
extraction studies. It was obtained by irradiating accurately weighed sam-
ples of ZrOCl, - 8H,O target in the Egyptian reactor ET-RR-II at Inshas.
The sample was then dissolved in 6 M HCI solution of known volume.
Zirconium was purified from its daughter “’Nb by extraction into
0.5M TTA in xylene as reported elsewhere (17). Solution of Zr traced
with *°Zr was prepared and was used as 10™*M in different aqueous
media.

9Nb was obtained as a decay product of *>Zr. A mixture of the two
isotopes is obtained at equilibrium. This mixture was used without
separation. °Zr and *’Nb radioactivities were measured without inter-
ference from each other at y-energies 724 and 766 KeV, respectively.

THf isotope was obtained in a mixture of >>Zr and *°Nb by irradiat-
ing samples of ZrOCl, - 8H,0 target containing 0.1% Hf at the Egyptian
reactor ET-RR-II at Inshas. The irradiated samples were then dissolved
in 6 M HCI solution of known volumes. '$'Hf was assayed radiometri-
cally at y-energy of 482 keV.

233pa was produced from thorium by irradiation in the nuclear reac-
tor ET-RR-II through the following nuclear reaction:

n,y By B
232Th N 233Th N 233Pa N 233U (1)
T,,=22.3m Tip=27d  (T,;,=1.59%x10°y)

The irradiated sample was then dissolved in a suitable volume of 6 M HCI
and *¥Pa was separated from **>Th and ?**U by selective extraction
using 0.3 M tri-n-octyl amine in toluene as described elsewhere (12,18).
The solution of the separated Pa (trace concentration) was adjusted to
6M HCL

All the prepared radioactive stock solutions were stored in polyethyl-
ene bottles till needed, to avoid adsorption on glass.
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Extraction Procedure

Mineral acids solutions were used as the aqueous media for the extraction
processes. Different concentrations or pH’s of these aqueous phases con-
taining the studied elements were prepared. All experiments were carried
out at three different temperatures, namely 10, 25, and 40 £+ 1°C. Equal
volumes of both organic and aqueous phases were pre-equilibrated where
2ml of organic and aqueous phases, were brought in contact in stoppered
glass tubes together with the accurately added radioactive isotope. The
tubes were firmly closed and put in the shaker thermostat to be vigor-
ously shaken at the desired temperature. Preliminary experiments showed
that 30 minutes were sufficient for equilibrium attainment. The adsorp-
tion of Pa on the glass tube walls during this short shaking time was
found to be negligable (not exceed 5%) which was observed from compar-
ing the original added radioactivity with the sum of the radioactivities in
both organic and aqueous phases. This was found also in previous work
on Pa (19,20). The distribution ratio, D, was determined by dividing the
counts/minute of the used radioactive isotope in the organic phase by
those in the aqueous phase according to the following equation:

D = A,/Ay (2)

where A, and A, are the radioactivities of the studied isotope in organic
and aqueous phases at equilibrium, respectively.

Extraction Chromatographic Technique

For preparing the stationary phase, 10g of Bio-Glass-2500 as dry
supporting material was impregnated with 20ml of 0.2 M Aliquat-336
in toluene and dried in the drying oven at 40°C for 8 hours. The column
was prepared by packing compactly 0.7 g of the prepared stationary phase
in a clean glass column of internal diameter 0.5 cm fitted with a tap for
flow rate regulation. The bed height was 12cm and the flow rate was
0.3ml/ min. Solution mixture of ***Pa, *>Zr, *>Nb, and '*'Hf radioactive
isotopes, were loaded on the top of various columns. The sorbed elements
were eluted by 6 M HCl then by 0.5 M HCI after adjusting the flow rate of
the column to 0.3 ml/min. The eluate was collected as fractions of 1 ml in
test tubes until complete elution attainment. The gamma counts of each
isotope in each tube was measured using the multi-channel analyzer and
the elution curves were plotted as y-counts/min vs eluate volume in ml.
Aliquat-336 was chosen for the extraction chromatography for
its advantage over the other extractants since it is very stable against
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radiation and hydrolysis; consequently it may be used several times for
separation from highly radioactive solutions, without intermediate
purification.

RESULTS AND DISCUSSION
Extraction Behavior of Pa(V):

The extraction behavior of ***Pa was studied from aqueous solutions of
HCI, HBr, and HI acid solutions under different conditions using dif-
ferent types of extractants, namely solutions of Amberlite LA-2, TBP,
HDEHP, and Aliquat 336 (TCMA) in toluene at various concentrations.

Toluene as an aromatic diluent has been used in this work because
aromatic diluents have a role in the reduction of aggregation formation
in the case of amine extraction. The aggregation number increases also
with the increase of concentration, so the employed extractants have
been used as dilute solutions. However, this problem has been extensively
studied elsewhere (21).

Extraction of Pa(V) from Slightly Acidic Solutions

Figure (1a,b,c) shows the effect of pH on the D-values for the extraction
of Pa(V) from slightly acidic HCI solutions by 10v/v% TBP, 10v/v%
Amberlite LA-2 and 0.01 M HDEHP in toluene at 10, 25, and 40 & 1°C.

As can be seen from this figure the extraction behavior is similar in
all cases. The relation between D,, and pH is represented by a curve
which has a maximum at a definite pH, in all cases. Besides, it can be seen
from these figures that the change in the temperature has a marked effect
on the D-values, in the investigated systems, where D> D5 > Dygc.

Figures (2a,b,c) and (3a,b,c) show the extraction behavior of Pa(V)
from slightly acidic solutions of HBr and HI, respectively. As can be seen
from these figures the extraction behavior is very similar to that in the
case of HCI solution.

Generally, it is found that the kind of halide ion has a very slight
effect on the values of Dp, for the extraction by the three used
extractants.

Although the D-values are generally low, in all cases the extraction of
Pa is relatively higher at low temperature (10°C) at definite pH values; in
the case of HDEHP (pH=0.9-1.3) and Amberlite LA-2 (pH ~4.5)
D-values of 1.7-2.75 and 1.7-2.1, are obtained respectively. In the case
of TBP, however, the D-values do not exceed 0.11.
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Figure 1. Effect of pH.q on extraction of Pa(V) from slightly acidic solutions of
HCl at 10, 25, and 40 & 1°C, by (a) 10v/v% TBP in toluene. (b) 10 v/v% Amber-
lite LA-2 in toluene. (c) 0.01 M HDEHP in toluene.

The stable valency of protactinium in aqueous solutions is Pa’", but
this ion does not occur in significant amounts due to the extreme
tendency of Pa to hydrolyse. Consequently it is difficult to predict the
behavior of Pa(V) in solution (1).

It was found in another study that in the absence of polymeric forms
of Pa in acidic solutions equilibrium is usually established fairly rapidly in
solutions and the extraction is independent on the temperature between 1
and 40°C (22). However, in slightly acidic solutions Pa tends to hydrolyse
very strongly. In solution, Pa(V) forms no discrete PaO," ions (in con-
trast to other pentavalent actinides) but occurs, even in concentrated
acids only in the form of partially hydrolyzed species such as
PaO(OH), and PaO(OH)*". Dimeric and polymeric ionic species are
to be observed in concentrated Pa(V) solutions (>10"°M). The degree
of condensation and hence the chemical behavior of Pa(V) are strongly
dependent on the concentration of Pa(V) in aqueous solutions, which
makes the chemistry of Pa(V) in aqueous solutions difficult and shows
close similarities to niobium and tantalum (23). Consequently, the



09: 05 25 January 2011

Downl oaded At:

760 F. H. El-Sweify, A. A. Abdel Fatlah, and S. M. Ali

0.14 2.0
m 10°C+5.36 % 1.8 ® 10°C+625%
0121 e 25°C+8.48% . ® 25°C+16.7%
A 40°C+115% - 160 4 40°C +25%
0.10 - 1.4+
121
0.08 - 1.0
D D
0.06 - M 0.8+
a
o a . . 06k .
L . .
0.04 R . ., . " 04l e a4 .
0.02f " e a 02} o . N
0.0+ .4 4 212
0.6 0.8 1.0 1.2 1.4 1.6 4.2 4.4 4.6 4.8 5.0
pHeq pHeq
(a) (b)
2.8
2.6 - = m 10°C 22 %
2.4 F ® 25°C +8.75%
22F A 40°C £7.46 %
20F -
1.8 F
1.6 -
D14}
1.2 F -
1.0F = e ® o o -
0.8 F - a a
06f N 2
a
0.4 F
0.2 1 4 1 1 1 1 1
0.7 0.8 0.9 1.0 1.1 1.2 1.3
pH
(©

Figure 2. Effect of pHq on extraction of Pa(V) from slightly acidic solutions of
HBr at 10, 25, and 40 £ 1°C, by (a) 10v/v% TBP in toluene. (b) 10 v/v% Amber-
lite LA-2 in toluene. (c) 0.01 M HDEHP in toluene.

obtained results may be discussed in the light of the Pa(V) hydrolysis.
This process is extremely complicated and has by no means been fully
cleared up. The stability of Pa(V) solutions depends not only on their
concentration but also on their “age.”

Since the Pa=O group has been shown to be relatively stable, the
partially hydrolyzed products are propably present as oxohydroxo com-
plexes and not as pure hydroxyl complexes (12). The proportion of the
relevant ionic species is a function of the solution pH and composed of
the following species: [Pa(OH)s], [PaO(OH),]" and [PaO(OH)J*" (24).

As a consequence of the hydrolysis of Pa in slightly acidic solutions,
it is expected that the extraction will be low. This explains the obtained
results in the present study for the extraction by TBP, HDEHP, and
Amberlite LA-2. Besides, the extracted species of Pa(V) in the case of
HDEHP at the observed pH,,.. should be a mixture of [PaO(OH),]"
and [PaO(OH)]*". On the other hand, the extracted species in the
case of Amberlite LA-2 may be a mixture of [PaO(OH),X,]  and
[Pa(OH)sX]™ where X=CI", Br~ or I" since amines and ammonium
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Figure 3. Effect of pH.q on extraction of Pa(V) from slightly acidic solutions of
HI at 10, 25, and 40 £ 1°C, by (a) 10v/v% TBP in toluene. (b) 10 v/v% Amberlite
LA-2 in toluene. (c) 0.01 M HDEHP in toluene.

salts extract metals in the form of their anionic complexes. As can be
observed from Figs. 1-3 the proportion of the extracted species is very
sensitive to the variation of the solution pH. The hydrolysis is the pre-
dominated factor compared to the reaction with ClI, Br—, or I".

From the obtained results it is obvious that Pa(V) can be extracted to
a relatively reasonable extent from slightly acidic solutions of HCI, HBr,
and HI as metal salts either by Amberlite-LA-2 (amine) in the form of
anionic complexes or by HDEHP in the form of cationic species. This
may be important for isolation of Pa(V) from solutions which have these
properties, as for example in the treatment of some radioactive waste
solutions. The advantage of the extraction from slightly acidic solutions
is that the highly corrosive concentrated halide solutions are no longer
necessary, consequently, the used extractors and process lines may
be made of stainless steel instead of the expensive tantalum or zirca-
loy. However, in the course of extraction measurements, it was found
that the proportion of Pa(V) that can be extracted diminishes while



09: 05 25 January 2011

Downl oaded At:

762 F. H. El-Sweify, A. A. Abdel Fatlah, and S. M. Ali

the proportion of Pa(V) colloids increases with time (ageing). This
condensation is reversible in its initial steps, but the more highly con-
densed types of ions can no longer be depolymerized by acid treatment
or at least only to a very limited extent (23). Gobel et al., indicated
through their extraction of **Pa from HBr or HI solutions that bromide
and iodide complexes are less stable than the chloride complexes (25).

The different ionic forms of Protactinium formed in hydrochloric
acid solutions are extensively provided. It is stated that Protactinium is
present in HCI solutions as hydroxy chloride, oxychlorode, and chloride
complex ions. No literature data are available on the state of Pa ions in
HBr and HI solutions. The stability of the formed Pa—halide complexes
decreases in the order CI™ > Br~ > 1~ which is the order of increasing
ionic radius of X~ (2).

Several scientists determined the stability constants (formation con-
stants) of chloride complexes of Protactinium. Guillaumont found for
the extraction of Pa(V) by 0.1 M TTA in benzene at 25°C in the system
HCLO4-HCI at acidities between 1-3 M, CI™ =1 M, the complex formed
has the formula [Pa(OH);CI]*, its formation constant is 1.2 (2).

Davydov et al., studied the sorption of Pa(V) on silica gel from
HNO;-HCI solutions and concluded that at [H']=6M and [Cl ]=
1-4M, two complexes 1:1 and 1:2, of the general formula [Pa(OH),
(NO3),CIi> ¥ with respective stability constants 0.025 and 0.069
are formed (2).

Scherff and Hermann calculated the formation constants of the ions
[Pa(OH);CI]", [Pa(OH)Cls*~ and [PaCl]” as 1.0, 1.4x10""* and
1.6 x 1074, respectively (2). Guillaumont suggested the following hydro-
lysis equilibrium for acidic solutions of Pa (2):

[Pa(OH),]*" + H,0 «— [Pa(OH),]" + H* (3)

the equilibrium constant being K =9 x 1072 at 25°C (2).

Extraction of Pa(V) from Highly Acidic Solutions
Extraction by Amberlite LA-2

Figure 4a,b, and c shows the relation between the distribution ratio and
acid concentration for the extraction of Pa(V) from HCI, HBr, and HI,
respectively at various temperatures. In these series of experiments it
was found that equilibrium is attained fairly rapidly, which indicates
the absence of polymeric formation of the element. The D-values dec-
rease with the increase of temperature which means that the extraction
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Figure 4. Effect of HX concentration on extraction of Pa(V) by 10v/v% Amber-
lite LA-2 in toluene at 10, 25 and 40 + 1°C. (a) HCI, (b) HBr, (c) HI.

reaction proceeds exothermically. The distribution ratio increases
markedly with increasing acidity of the solutions of the three studied
acids. As mentioned earlier, Amberlite LA-2 as one of the high-molecular
weight amines extract mineral acids forming quaternary ammonium salts,
consequently it acts as an effective extractant for acids and anionic com-
plexes of Pa(V). The extraction process may be described by the following
anion exchange mechanism (2,21).

[Ro,NH]

+ H;_q + X;q — {[RZNH2+ Xf}}org (4)

{[RZNH;—X_]}org. + [Pa Cld;q — [RzNH2+ (PaCl6)7]

org

o + X7 (5)
where R,NH represents Amberlite LA-2 and X~ represents Cl~, Br,
or ™.

However, the relation between D and [HX] in this figure indicates
that only one halide ion participates in the formation of the extracted spe-
cies, under the studied conditions, which proves that Pa(V) is extracted
in the form of hydrolyzed species using Amberlite-LA-2 solutions.



09: 05 25 January 2011

Downl oaded At:

764 F. H. El-Sweify, A. A. Abdel Fatlah, and S. M. Ali

According to Pal’shin et al. (2), the extracted anionic-complexes may be
singly charged or doubly charged. Accordingly, complexes of the type [Pa
(OH)6_y.Xy] ™ and [Pa (OH)7_y.Xy]2*, may be proposed for the extracted
species. According to Keller, other hydrolysed oxy-hydroxy species of
Pa(V) are also possible in solution (23).

Comparing the results in Fig. 4 it is clear that D-values of Pa(V) vary
very slightly with the variation of the halide kind. Accordingly, the distri-
bution coefficient of Pa, like that of many other elements depends to a
large extent on the structure of the amine which may be attributed to
steric and electronic effects (2). The degree of the extraction depends also
on the charge on the extracted complex anion, the size of the cation
formed by the amine and the polarity of the solvent.

Extraction by TCMA

The extraction of Pa(V) from solutions of HCI, HBr and HI with
0.2M Aliquat-336 in toluene studied at 25°C is discussed in this part.
Figure 5a,b,c represents the relation between the distribution ratio and

1000 N 1000 |
100 . . 100 . .
D 10 D 10

:
0.1¢ . 0.1E .
:

0.01 L | 0.01 |
1 10 1 10
HCI, M HBr, M
(a) (b)
1000 -
100 £ -
D 10

m HCI+0.614
0.1F
=

0.01

1I 10
HI, M
(©)

Figure 5. Effect of HX concentration on the extraction of Pa(V) by 0.2M
Aliquat-336 in toluene at 25+ 1°C. (a) HCI, (b) HBr, (c¢) HI.



09: 05 25 January 2011

Downl oaded At:

Protactinium Extraction Using Organic Extractants 765

the acid concentration on a log—log scale. As can be seen from this figure,
D increases sharply as the acid concentration increases from 1 M to 6 M,
then a decrease in the D-values is observed. Pa(V) has the same extraction
behavior from the three acid solutions HCI, HBr, and HI. The slope ana-
lysis of the straight part of Fig. 5 indicates that the extracted species are
[Pa X4] where X is C1, Br—, or I". This means that the extracted spe-
cies in the case of TCMA are non-hydrolysed species, in contrast to the
extraction by Amberlite LA-2. The extraction process can be represented
as follows:
[R4N*CI]

+Pa Cly, —— [RyN*(PaClg) ], + CI° (6)

org org

where R4yNT refers to TCMA cation. It is also an anion exchange
mechanism.

The contact between the organic phase, i.e. TCMA solutions and the
aqueous phase of Pa(V) may cause a shift in the equilibrium between the
formed species of Pa(V) in the aqueous phase and enhance the formation
of [Pa Clg]". This finding may be attributed to the nature and kind of the
amine.

Comparing D-values in the case of the extraction using TCMA with
that using Amberlite LA-2, it can be seen that the D-values are slightly
higher in the case of the secondary amine than in the case of the quatern-
ary ammonium salt at lower acid concentration up to 5 M.

Extraction by TBP

TBP is mostly employed as extractant in the case of extracting Pa(V) in
the form of molecular compounds. In the present study solutions of
10v/v% TBP in toluene are used. The extraction investigation was car-
ried out from solutions of HCI, HBr, and HI, at 10, 25 and 40+ 1°C.
Fig. 6a,b,c represents the extraction-acid dependence in the case of
HCI, HBr, and HI, respectively. In all cases D increases with acid concen-
tration. On the other hand, D decreases with increasing temperature indi-
cating once more that the extraction reaction is an exothermic one. It has
been confirmed in most of the cases that the extracted Pa(V) complexes
include two TBP molecules (2).

As can be predicted from Fig. (6) the kind of the halo-acid has nearly
no effect on the value of D. These results are more or less in a good agree-
ment with those published on the extraction of Pa(V) from HCI solutions
using 10v/v% TBP (3). The probable mechanism can be expressed as:

[Pa(OH),Cl,] + n TBP < [Pa(OH), Cl,].n TBP (7)
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Figure 6. Effect of HX concentration on extraction of Pa(V) by 10v/v% TBP in
toluene at 10, 25 and 40 + 1°C. (a) HCI, (b) HBr, (c) HI.

which is an adduct formation mechanism there are several neutral species
of Pa in HCI solutions may be extracted by TBP from HCI and other
hydrohalic acid solutions (2).

Extraction by HDEHP

The extraction of Pa(V) from HCI, HBr, and HI aqueous solutions by
0.01 M HDEHP in toluene is studied at 10, 25, and 40 & 1°C. The relation
between D and acid concentration for HCI, HBr, and HI is shown in
Fig. 7a,b,c. As can be seen from this figure the D-values decrease with
increasing temperature indicating that the extraction reaction is an
exothermic one.

It is, however, noticeable from Fig. (7) that the D-values increase
with acid concentration this may be explained by the effect of increasing
acidity on decreasing the hydrolysis extent, especially when the extraction
is carried out using dilute extractant solutions. Under these conditions
the extractant has a slight effect on the equilibrium displacement between
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Figure 7. Effect of HX concentration on extraction of Pa(V) by 0.01 M HDEHP
in toluene at 10, 25 and 40+ 1°C. (a) HCI, (b) HBr, (c) HI.

various Pa-species in the aqueous phase. Consequently the percentage of
the extractable species is not so high.

Extraction of Pa(V) by HDEHP is expected to proceed mainly by a
cation exchange mechanism of the cationic protactinum species in the
investigated halide media as given by the following equation:

{[Pa(OH);CI| "}, + {[HDEHP], },, < {Pa(OH);Cl H(DEHP), },,,

+H;, (8)

org

where HDEHP present as a dimer in the organic phase (21). Other extrac-
table cationic species of Pa may be present in HCI as reported (2).
Extraction experiments have been carried out at different tempera-
tures to investigate the type of the extraction reaction whether exothermic
or endothermic. As can be concluded from the present data, the different
extraction processes experimented are exothermic. This means negative
enthalpy changes (negative AH®) will be obtained in these extraction
systems. In general, the distribution ratio of a neutral metal complex
increases with increasing temperature for complexes with significant
hydrophilic character. However, for systems in which the solvation in
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the organic phase is significant or hydration in the aqueous phase is
minor, which may be the case for Pa species, the temperature effect
may, in fact, be reversed (26). According to this work, carrying out a
Pa extraction at low temperatures may enhance the separation of Pa from
some other elements when present in a mixture. The decrease in Dp, at
high temperatures may be due to the decrease of the extractable species
of Pa by the hydrolytic reactions or by the decomposition of the extrac-
table species (27).

EXTRACTION CHROMATOGRAPHY STUDIES

In this part the obtained data on the application of extraction chroma-
tography using the quaternary ammonium chloride, Aliquat-336 for
separation investigations are discussed. Different columns are prepared
as described in the experimental part for studying the loading and elution
behaviors of Pa(V) in addition to Nb(V), Zr(IV), and Hf(IV). The latter
three elements are chosen because of their similarity in chemical behavior
with Pa(V). The use of radioactive isotopes 233pa, PNb, *Zr, and '¥'Hf
for tracing the corresponding elements facilitates these studies. Figure (8)
represents the elution curves for a mixture of the aforementioned metal
species loaded on the column from 6 M HCl solution. Elution of this mix-
ture was carried out using 6 M HCI for Nb(V), Zr(IV), and Hf(IV) and
0.5M HCI for partial elution of Pa(V). The curves in this figure show
a maximum at 1.8 ml for Hf(IV) and at 3.3 mL for Zr(IV). With respect

16 A
i - —m—Zr
14 | I /_/" —e®—Nb
I —A—Hf
12 /- —w—Pa
10
= L ."\
S 8L / @
Sl \
P
S 6 _ﬂk/‘l‘& <
N e
S j/ y % v/'\\
2 | 4= @ b v~ v
" had v~
0}
. 1 2 1 2 1 L 1 2 1 " 1 " 1 2 1 L 1 L
0 2 4 6 8 10 12 14 16 18 20
6M HCI 0.5M HCI

Eluate volume, ml

Figure 8. Elution curves of Zr(IV), Hf(IV), Nb(V) and Pa(V) at room tempera-
ture. Eluent 6 M HCl and 0.5 M HCl stationary phase Bio-glass 2500 loaded with
Aliquat-336 in toluene; ¢ =0.5cm, bed height =12 cm, flow rate =0.3 ml/min.
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to Nb(V) two broad maxima appeared at 1.5mL and at 4.5mL. On the
other side Pa(V) is partially eluted using 0.5 M HCI with a maximum at
16 mL. With respect to Nb(V) it seems that it is eluted in the form of two
different chemical species, where one of these species is less adsorbed on
the column and is eluted first at 1.5 mL and the other is eluted at 4.5 mL.
Nb(V) is present in HCl in the form of NbOCIl,~ and NbOCls>~ (28). The
elution behaviors of Zr(IV) and Hf(IV) is similar to that for the elution
from the anion exchanger Dowex-2 employing 9M HCI (29). As can
be concluded from this study, good separation of Pa(V) from the other
metal species is possible. However, the other three elements are partially
separated from each other. These results are similar to those obtained by
using hollow fibers membrane chromatography (30) and hollow fibers
supported liquid membranes (31).

Complete elution of Pa(V) from the column is difficult using HCI
solutions at the studied concentrations. It was reported that a mixture
of HCI and HF could be used for elution of Pa(V) from anion exchanger
column (2).

CONCLUSION
It can be concluded from this study that:

1. From slightly acidic solutions of HCIl, HBr, and HI, Pa(V) can be
extracted to a relatively considerable extent. Dp, has relatively low
values. This is attributed to the hydrolysis of Pa(V). The proportion
of the extracted ionic species is very sensitive to the variation of the
solution pH. The extracted Pa species in the case of HDEHP may
be a mixture of the cationic species [PaO(OH),]" and [PaO(OH)]*"
whereas in case of Amberlite LA-2 it may be a mixture of [PaO(OH),
X,]” and [Pa(OH)sX]™ where X=Cl", Br, or I". Weaker extraction
has been obtained on using TBP and this may be due to the lack of
extractable neutral species of Pa at such low acid concentrations.
The hydrolysis is the predominated factor compared to the complex-
ing ability with C1, Br, or I".

The change in temperature has a marked effect on D-values in all
cases where the sequence:

Dig > Dys > D4()OC.

is obtained, indicating exothermic extraction systems, i.e., negative
AH?® values are obtained.

Extraction from slightly acidic solutions may have the advantage of
avoiding high corrosion in concentrated halide solutions.
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2.

On extraction from strong acidic solutions equilibrium is attained
fairly rapidly. D-values increase markedly with increasing acidity of
solution and decrease with the increase of temperature. D-values vary
very slightly with the variation of acid kind in the case of extraction by
Amberlite LA-2 and the extracted species are hydrolyzed complexes of
the type [Pa(OH)s_,X,]~ and [Pa(OH), ,X,]*".

In the case of quaternary ammonium salt, Aliquat-336 (TCMA), Dp,
has slightly lower values than in the case of Amberlite LA-2 up to 5M,
then increases sharply with the acid concentration up to 6 M. The kind
of the acid has nearly no affect on D-values. The extracted species in
the case of TCMA are non-hydrolyzed species of the type [Pa X¢] .
In the case of extraction by Amberlite LA-2, TBP and HDEHP from
strong acidic solutions Dp, has moderate values, however:

Dambra2 > Duapenp > Drp

Again, Dp, decreases with temperature increase from highly acidic
solutions as obtained from slightly acidic solutions.

Good separation of Pa(V) is achieved from the similar metal species
Nb(V), Zr(IV), and Hf(IV) using extraction chromatography with sta-
tionary phase composed of 0.25M Aliquat-336 in toluene loaded on
Bio-Glass-2500. Partial separation of Nb(V), Zr(IV), and Hf(IV) from
each other is also achievable.
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