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FOREWORD

Nuclear methods of analysis, such as neutron activation analysis/gamma
spectrometry or alpha spectrometry are useful for determining low concentra-
tions of elements in a wide range of matrices from minerals and environmental
samples to biological tissues. The limit on the sensitivity of these methods
is often determined by interference from other elements present in the matrix.
In these cases it is often possible to greatly increase the sensitivity of the
analysis by including a chemical processing stage prior to analysis. The
purpose of the chemical treatment is to separate the wanted element from inter-
fering elements and to increase its concentration compared with that in the
original matrix.

As part of its ongoing programme in support of nuclear methods in
analytical chemistry, the IAEA sponsored a Coordinated Research Programme from
1981 to 1985, on the topic Chemical Aspects of Nuclear Methods of Analysis.
Nine research institutes from eight IAEA Member States participated in this
programme, cooperating in studies of new separation/concentration techniques
for sample preparation prior to nuclear methods of analysis. In most cases
this involved new ion exchangers or new solvent extractants and new techniques
for their use in this application.

This volume is the final report from the Coordinated Research Programme
and consists primarily of the research reports presented at a meeting of the
participants held in Hamamatsu, Japan on 2 to 5 October 1984. Also included
is the report from one member of the programme (I. Haiduc) who was unable to
attend the meeting. The reports fall naturally into three general areas:

- development of practical pre-analysis separation techniques,
- uranium/thorium separation from other elements for analytical and

processing operations, and
- elucidation of the theory and mechanism for these separation techniques,

and the publication is organised accordingly.

The value of the techniques developed in this programme is that they make
existing nuclear analytical methods more sensitive, more versatile (useful for
a wider range of matrices), simpler to use and/or cheaper to apply. The reports
will therefore be of interest to those operating any modern chemical analysis
laboratory where multi-element analyses of large numbers of samples are required.
They will be of particular interest to developing countries where often limited
facilities are available for analyses, and yet accurate and sensitive analyses are
essential for the success of industrial development programmes.

The Agency wishes to record its appreciation of the Hungarian and Japanese
authorities for hosting the first and second research coordination meetings
respectively, and to Professor T. Braun and Professor T. Sato for their excellent
arrangements and for acting as Chairmen for these meetings. P. Bull was the
Agency staff member responsible for coordinating and compiling this work.
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RAPID RADIOCHEMICAL SEPARATIONS
IN NEUTRON ACTIVATION ANALYSIS

J.J. FARDY
Division of Energy Chemistry,
CSIRO, Lucas Heights Research Laboratories,
Sutherland, New South Wales,
Australia

Abstract

Rapid radiochemical separation procedures based on the removal of metal
ions by columns of C /A -bonded silica gel after selective complexation are
examined and the simplicity of the method demonstrated by its application to
the determination of Mn, Cu and Zn in neutron-activated biological material.
The method is rapid and reliable and readily adaptable in all radiochemical
laboratories.

An alternative separation procedure for selenium in blood plasma
involving desalination and concentration of the selenium protein complex by
gel filtration or ultrafiltration is.briefly discussed.

Introduction

Neutron activation analysis (NAA) is widely used to measure the
concentration of many elements in a large range of materials. However, the
use of instrumental NAA (INAA) for the analysis of biological samples is
limited because some elements are highly activated and interfere with the
determination of other elements of interest. These interfering elements are
mainly ~Na, 4,K, 'Cl, "P and 'Br. Chemical separations are usually based
on distillation, ion-exchange, solvent extraction or inorganic adsorbents,
either alone or in combination (1-4). These procedures are usually
time-consuming.

This paper examines the use of C -bonded silica gel for the rapid
removal and determination of Cu, Mn, 'n, As, Se and Mo in biological
materials from 8-hydroxyquinoline (oxine), ammonium
pyrrolidinedithiocarbamate (AFDC), cupferron (CUP),
1-(2-pyridvlazo)-2-naphthol (PAN), l-(2'-thiazolylazo)-2-naphthol (TAN),
4-(2-pyridylazo) resorcinol (FAR), diethylammonium diethyldithiocarbamate
(DDC), potassium ethyl xanthate (PEX), acetylacetone (AcAc) or
thenoyltrifluoroacetone (TTA) solutions.

Recent observations of the role of selenium in human and animal systems
have renewed research efforts in understanding the bioscience of this
element and the need for accurate and precise methods of analysis. While
INAA is favoured for the analysis of selenium, the lona irradiation. cooling
and counting times required for this measurement via 7ZSe (txj =121d) limits
its application in research programs requiring a large number of analyses.
A more suitable neutron-activated product for fast instrumental measurement
is 77" Se (tyz =17.5s). However, its detection is subject to interferences
and the short half-life prevent the use of rapid radiochemical separations.
Present studies are developing rapid pre-irradiation separations for
selenium determinations via this route. These involve removal of selenium
by columns of C g -bonded silica gel or activated carbon after selective
complexation by AFDC, DDDC, or PEX but where the selenium is bound as a
large protein complex molecule, as in blood serum, it was separated and
concentrated by gel filtration or ultrafiltration.
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Experimental

The removal of metal ions by C/g -bonded silica gel was investigated
with radioactive tracers. Since most separation procedures for biological
materials involve dissoluton in HSSOM /HNO, or H^SO. /H^O~ mixtures, studies
were confined to sulphate media. Thus, suitable radioactive tracers were
prepared from their sulphate salts by irradiation in the X176, self-service,
facility of the AAEC's material test reactor, HIFAR. Sulphate salts of As,
Se and Mo were unavailible. Radioactive solutions of As(III) and Mo(VI)
were prepared by dissolving their irradiated oxides in dilute NaOH and
adjusting the pH to 7 with dilute HZS04 As(V) was prepared by treatina a
part of the As(III) solution with HNO3 , H.20 and sufficient concentrated
HZSO for a final acid concentration of lM and finally evaporating to fumes
of SO. . Solutions of radioactive Se(IV) were prepared by dissolving
irradiated HzSeO3 in water containing sufficient H2 S04 for a final acid
concentration of 1M. These radioactive tracers were then analysed on a
gross gamma well scintillation counter. Similarly, elution studies were
monitored by counting these columns before and after the elutions.

Chelating agents that selectively complex metal ions generally form
species of low solubility, but the hydrophobic nature of these chelates
makes them responsive to strong adsorption on C/,-bonded silica gel.
Although the use of fine particles of this material (40 pm) in columns are
highly efficient for removing precipitates, metal chelate precipitation must
be controlled to minimise blockage of the columns. After establishing the
need for carrier addition, it was determined that a carrier solution
containing 5 yg of each element could be tolerated.

Columns of C, -bonded silica gel were purchased from Water Associates
Pty Ltd. Sydney, as SEP-FAK C/ecartridaes. These were fitted to 50ml
hypodermic syringes and assembled in a Perspex frame. Metered compressed
air was used to force solutions through the columns at 10-20 mL.min'- .

The radiochemical procedure was tested on a series of biological
standard reference materials. Samples were irradiated for 10 h in the X6
tube of HIFAR and cooled for 2 h before wet ashing in conc. Hj,SQ/ HNOjand
carrier solution. Ammonium acetate buffer and ligand were added and the pH
adjusted. After dilution, each solution was forced through the columns.
These columns or their eluted solutions were analysed by high resolution
gamma spectrometry usinc a 100 cm , 20%, coaxial Ge(Li) detector (Ortec
Series 8000, FWHM 1.8 keV at 1.332 MeV) coupled to a CI8180, 4096 channel,
pulse height analyser. Data reduction was performed with a series of
computer programs written by staff of these laboratories.

The desalination of blood serum was examined by gel filtration and
ultrafiltration techniques. The polyacrylamide gel, Bio-Gel P-6DG, was
purchased from Bio-Rad Laboratories, Sydney, and the ultrafiltration
equipment, Centricon microconcentrators, from Amicon Scientific Australia.

Results and Discussions

Oxine, APDC and CUP systems

The pH and sulphate dependence of the removal of Mn,Cu and Zn as
various chelates on C/F-bonded silica are summarised in Figure 1.
quantitative removal of Cu,Zn and Mn occurred in each ligand system and with
change in sulphate concentration. Conditions can be chosen for the ready
removal of elements from one another or as a group. The mechanism for
removal varies and is dependent on the metal ion, the ligand added and the
pH conditions. In the oxine-0.18 M sulphate system, Cu was removed by
adsorption in the pH range 3-4.5. When the pH exceeded 5.0, the Cu oxinate
partially precipitated and the removal mechanism involved a combination of
filtration and adsorption.
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FIGURE 1. THE REMOVAL OF MN, CU AND ZN BY k8 -BONDED

SILICA GEL FROM OXINE (1.38 X 10- ] M), APDC (1.22
X 10'- M) OR CUPFERRON (1.29 X 10- 2 M) SOLUTIONS AS

A FUNCTION OF PH AND SULPHATE CONCENTRATION.

Control of metal chelate solubility in a multielement biological system
is difficult, but early investigations showed that ethanol additions aided
column performance by increasing the solubility of metal chelates and/or
changing the nature of the precipitate. Further studies revealed that while
Cu and Zn could tolerate the addition of 20 to 30 vol. % of ethanol. Mn
removal was adversely effected by only small additions.

The possibility of recycling SEF-PAK C cartridges after their use in
tracer studies or for radiochemical separation has been examined. Whereas
methanol quantitatively removed adsorbed metal species, it failed when
chelate precipitates were filtered at the top of the column. Further
studies showed that HNO effectively removed this solid material and did not
impair the adsorption properties of the column by removing the chemically
bonded octyldecvl groups. Laboratory tests on a single column recycled ten
times between the adsorption and elution steps in a Cu-oxine system at pH
3.5 gave quantitative removal at every stage of the investigation. Columns
have been successfully recycled three times in radiochemical procedures
involving biological materials and employing an elution sequence of
methanol/3 M HNO , 7 M HN03and methanol.

^7 
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The radiochemical method was examined on the following series of
biological standard reference materials : IAEA milk powder (A-lll and blood
(A-2), and NBS orchard leaves (SRM-1571) and bovine liver (SRM-1577). The
results for orchard leaves are summarised in Table I and compared with the
certified values by IAEA and NES. There was good agreement and satifactory
precision for all samples.

Table I. Determination of Mn, Cu and Zn in NBS and IAEA standard
reference materials (gg' )

Reference Element Metal Concentration(igg- )
material Chelating ligand at pH 8.5-9.0 Certified

Cupferron Oxine APDC value

IAEA Milk Mn 0.38t0.011 0.30+0.03 0.33t0.02 0.38t0.08
Powder Cu 0.7050.02 0.75t0.02 0.70t0.03 0.84t0.17
(A-ll) Zn 36t3 37 1. 36t2 38.952.3

IAEA Blood Mn 104±1 98t3 107 123±22
(A-2) Cu 48.321.2 41±2 40±2 45t3

Zn 84±5 74¢10 73t6 89t12

NBS Bovine Mn 9.4t0.1 10.5t0.1 10.5t0.1 10.3t1
Liver Cu 183t2 201t1 185t3 193t10
(SRM-1577) Zn 123t8 133t4 121f10 130-13

NBS Orchard Mn 88t3 90t4 88t3 91.61.l1
Leaves Cu 13.5f0.6 13.6t0.5 13.4±0.5 12.6r0.9
(SRM-1571) Zn 24:1 24'2 24tl 25.110.8

This separation technique is not confined to these metal ions or
chelate agents and studies have extended both groups.

Results for the removal of arsenic(III), arsenic(V) and molvbdenum(VI)
by columns of C/, -bonded silica gel in the presence of oxine, APDC or CUP
are shown in Figure 2. Only molybdenum was quantitatively removed over a
limited pH range in all chelate systems. Changing the sulphate
concentration marginally reduced the removal of this metal ion. Total
molybdenum removal occurred at and below a pH 6.0 in the oxine and APDC
systems and pH 3.0 for the CUP system. Arsenic(III) was quantitatively
retained in sulphate solutions of oxine and CUP but was fully removed by
C / columns from APDC solutions below pH 7.0. Again, changing the sulphate
concentrations did not significantly alter the removal pattern. Partial
removal of arsenic(V) occurred only in the APDC system at the lower sulphate
concentration.

PAN, TAN and PAR systems

The use of the azo complexing agents, PAN and TAN, was marred generally
by the low solubility of these reagents and their metal chelates in sulphate
solutions (0.18 - 1.44M). Surprisingly, PAR, the resorcinol derivitive of
PAN was more effective as a separation medium despite the increased water
solubility of this reagent and its metal complexes.

The chemical speciation of Mn, Zn and Cu was determined in the
PAN/acetate/sulphate system as a function of pH and sulphate concentration
after incorporating total metal and ligand concentrations and known
stability constants data into a revised version of the computer program SIAS
(5). The results are summarised in Table II. This lists the pH value at
which 50% of each metal ion is present as the 1:1 or 1:2 chelate and
demonstrates the marked difference for chelate formation by these metal
ions. It further shows the high chelate concentation and pH necessary for
the formation of manganese PAN complexes.
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Table II. pH for 50% formation of 1:1
with Mn, Zn and Cu

or 1:2 PAN complex

PAN Concn
M _.

0.14x10
0.40x10 4'
0.80x10lO
L.60x10'3
0.16x10-'
0.40x10-4
1.60x10-3

SO Concn
M

0.18
0.18
0.18
0.18
1.44
1.44
1.44

Mn

>12.0
10.0
9.0
8.7

)12.0
10.5
9.2

Zn

8.0
6.8
6.3
6.0
8.2
7.2
6.5

Cu

2.5
2.0
1.7
1.5
3.0
2.6
2.0

0.18 M SO 4 1.44 M S04
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o , .. ... .
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a As(V)
x Mo(VI)
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pH
FIGURE 2. THE REMOVAL OF AS(Ill), AS(V) AND Mo(V[) BY C18-BONDED

SILICA GEL FROM OXINE (1.38 x 10-3 M), APDC (1.22 x10 M)
OR CUPFERRON (1.29 X 10-2 M) SOLUTIONS AS A FUNCTION OF PH
AND SULPHATE CONCENTRATION.
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Figure 3 summarises the results for Mn, Zn and Cu distribution in each
of the azo complex systems. In keeping with the above findings, the
behaviour of Mn was generally poor with less than 50% removed by
C /8 -bonded silica gel from 1.44M sulphate solutions. Decreasing the
sulphate concentration resulted in the total removal of Mn from TAN or PAR
systems at pH values greater than 9.0. However, this reduction failed to
improve the separation in PAN solutions. In contrast, Cu was quantitatively
removed from these systems over a wide pH range and independant of the
sulphate concentration. The only exception was the restricted pH range from
5.0 - 7.0 for the removal of the Cu chelate in 1.44M sulphate solutions.
The Zn chelates of PAR were readily removed at pH values greater than 4.0
and this partitioning was independant of the sulphate concentration. The
behaviour of its TAN chelates was more complex showing a marked pH
dependence in both low and high sulphate solutions. Zinc was removed
quantitatively from an aqueous phase of PAN and 0.18 M sulphate at pH 8.0
and above but increasing the sulphate concentration inhibited its removal.

0.18 M SO4 1.44 M SO4

PAN

100

50

0To

TAN'

100

50
§50

0

PAR

100 

50 -

0
0

o Cu
x Zn
a Mn

I * I. I . i . i

2 4 6 8 10 0 2 4 6 8 10
pH

FIGURE 3. THE REMOVAL OF MN, CU AND ZN BY C8a-BONDED SILICA GEL FROM
PAN (1.6 X 10-4M), TAN (6.0 x 10-4 M), TAN (6.0 x 10-4 M) OR PAR
(1.57 x 10-3 M) SOLUTIONS AS A FUNCTION OF PH AND SULPHATE CONCEN-
TRATION.
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DDDC and PEX Systems

Two additional sulphur donors, DDDC and PEX, were tested as chelating
agents in the present system. Compatibility tests established the
solubility of both reagents and their metal chelates of Mn, Zn and Cu in
sulphate solutions.

The pH and sulphate dependence of Mn, Zn and Cu removal by C /, -bonded
silica gel are summarised in Figure 4. Their behaviour in 0.18 M sulphate
solutions of DDDC and PEX were similar. Copper was removed over the whole
pH range and Zn and Mn at pH values greater than 7.0 and 9.5, respectively.
In higher sulphate systems, both chelate solutions smelt strongly of
sulphides, particularly the PEX solutions. This was reflected in the poor
removal of all ions by C -bonded silica gel from this medium. While Mn
behaved similarly in DDDC solutions, Zn was separated quantitatively over a
reduced pH range and Cu over the complete range.

0.18 M SO 4 1.44 M SO4

DOOC

100

o0

,J

100

PEX

50
Cu
Zn
Mn

o�-

pH

FIGURE 4. THE REMOVAL OF MN, CU AND ZN BY CIS-BONDED SILICA GEL

FROM DDDC (9.0 X 10-3 M) OR PEX (9.98 X 10-3 M) SOLUTIONS AS
A FUNCTION OF PH AND SULPHATE CONCENTRATION.

AcAc and TTA systems

The application of the diketones, AcAc and TTA, as selective complexing
agents for Mn, Cu and Zn has befn investigated. loth reagents were soluble
at concentration of 9.74 x 10 M and 4.50 x 10 M, respectively, in
sulphate solutions over the pH range 1.0 - 9.0. The addition of 20 yig of
mixed carrier yielded clear solutions but further additions produced
cloudiness in both systems.
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FIGURE 5. THE REMOVAL OF MN, CU AND ZN BY C1 8-BONDED SILICA

GEL FROM ACETYLACETONE (9.74 X 10-3 M) OR THENOYLTRIFLUORACETONE

(4.50 X 10-3 M) SOLUTIONS AS A FUNCTION OF PH AND SULPHATE
CONCENTRATION.

Figure 5 lists the results obtained for their removal. Manganese was
not removed quantitatively from the solutions containing AcAc, attaining a
figure of 75% at pH of 9 in 0.18M sulphate. Inceasing the sulphate markedly
inhibited this removal at the high pH. However, substituting TTA for AcAc
produced a large change in the behaviour of Mn. Total removal occurred over
the pH range 5.0 - 8.0 in 0.18M sulphate and 4.0 - 7.0 in 1.44M solutions.
Zinc behaved similarly in AcAc and TTA systems. The pH range for its
removal was 6.0 - 9.0 in 0.18M sulphate and 5.0 - 7.0 in high sulphate
solutions. These observed differences between the AcAc and TTA chelates
closely parallels performances in solvent extraction systems. Again, Cu
behaved similarly to other chelate systems with its complete removal only
slightly influenced by changing sulphate concentration and pH.

Selenium in Biological Material

The results for the removal of Se as chelates of APDC, DDDC and PEX are
summarised in Fig. 6. Quantitative removal on columns of Ca, -bonded
silica gel occurred in all three systems over a wide pH range. Although the
APDC effectively removed Se in highly acid solutions, the separation was
marred by the heavy precipitation of the chelate reagent. Since Se can be
solvent extracted quantitatively from acid PEX solutions after three cycles
of chloroform extraction (6), these studies were repeated after substituting
CIS columns for the solvent and using 1.44 M HzSO0. solutions of PEX. More
than 96% of the Se was removed after three adsorption cyles. This was
repeated again with columns of activated charcoal and Se was totally removed
after only one cycle.
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FIGURE 6. THE REMOVAL OF SE BY Ci8 -BONDED SILICA GEL FROM
APDC (1.22 x 10-3 M), DDDC (9.0 x 10-3 M) OR PEX (2.50 x
10-2 M) SOLUTIONS AS A FUNCTION OF PH AND SULPHATE CONCENTRATION.

Selenium is present in blood serum as a protein complex and current
methods for the removal of Na and C1 from this medium involve dialysis of
the serum for periods ranging from 2 to 4 hours before final analysis by NAA
(7). The use of a quicker technique, gel filtration, was examined. Good
decontamination was achieved after a single pass through a small column of
polyacrylamide gel, Bio-Gel P-6DG. The time for this separation was reduced
to 30 minutes.

An alternative technique of ultrafiltration for the desalination of
blood serum has been studied. Selenium was concentrated and separated by
ultrafiltration through a membrane, where the macromolecular Se protein
complex was retained while the low molecular weight solutes passed through
into the filtrate cup. Preliminary results from these studies have been
encouraging, although washing the concentrated Se fraction caused some
losses through the membrane.
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Conclusion

Studies have shown that rapid radiochemical separation procedures based
on the removal of metal ions by columns of C/g -bonded silica gel after
selective complexation by a wide range of reagents are readily adaptable in
all radiochemical laboratories. The simplicity and effectiveness of the
method was demonstrated by the determination of Mn, Cu and Zn in several NBS
and IAEA biological reference materials.

An alternate pre-irradiation separation procedure for Se in blood
plasma involving either gel filtration or ultrafiltration was investigated
and shown to be more rapid than dialysis techniques presently in use.

References
1. P.S. Tijoe, J.J.M. de Goeij and J.P.W. Houtman, J. Radioanal.

Chem., 16 (1973) 153.
2. J. Schuhmucher, W. Maier-Borst and H.J. Hauser, J. Radioanal.

Chem., 37 (1977) 503.
3. G. Torok, R. Shelenz, E. Fisher and J.F. Diehl, Fresenius Z.

Anal. Chem., 263 (973) 110.
4. H. Nakahara, Y. Nagame, Y. Yoshizawa, H. Oda, S. Gotoh and

Y. Murakami, J. Radioanal. Chem., 54 (1979) 183.
5. R.M. Sylva and J.J. Fardy, Aust. Atomic Energy Comm. Report

AAEC/E445 (1978).
6. E.M. Donaldson and E. Mark, Talanta 29 (1982) 663-669.
7. D.M. McKown and J.S. Morris, J. Radioanal. Chem. 43 (1978)

411-420.

DISCUSSION

T. BRAUN: You did mention that sometimes you were using only the sample

and you didn't add any carrier.

J. FARDY: It depended on the sample; if we had prior knowledge, and

when looking at standard reference materials of course you do have that prior

knowledge, for unknown samples you don't. If it is unknown, as a general rule

we add 5 micrograms. If we have prior knowledge that the concentration is

higher than that then we don't add any carrier.

T. BRAUN: Now why did you choose five micrograms?

J. FARDY: It was simply by trial and error, looking at the solubility

and adding various aliquots of carrier concentration and observing the effect

in solution.

T. BRAUN: Let me mention why I am asking that. I feel with most of

your reagents you have a double problem. When you look at the constants you

have a stability constant and a solubility constant which is not the same.

Now you want to keep the complex formed with the reagent in the solution, not

to have it precipitated. You can do it in various ways. One way is to

decrease the concentration of the metal ion in solution because you have

always to use an excess of reagent. The other way is to decrease the absolute

18



amount of the metal ion, and the third way is to have some chemical

environment effect there - a change of the dielectric constant or so on. I

suppose if you decrease the amount of metal, keeping the high concentration of

the reagent, you need some stability diagrams to find out the point where you

still have a high stability constant of the complex but you haven't yet

reached the solubility constant of the complex you are working with. I am

thinking to try to decrease the amount of carrier you are adding to below

5 micrograms and see what happens.

My second remark is the following: You are using these prepacked

columns which have the advantage that they are cheap and they are

prefabricated, but I doubt if you have there a true multistep separation

because the form of the column is perhaps not ideal. If you could use a

longer column with the same amount, then you will have more theoretical plates

and perhaps a more effective retention.

J. FARDY: The answer to your first point of course is that while that

approach is good for a theoretical examination of removal versus percentage

distribution, in a practical system it is very difficult to apply. Taking a

biological material starting with say 100 ppm manganese then you have to do an

extensive dilution and end up with a very dilute solution, to get to that

stage at which you can say that absorption is the prime mechanism of removal.

While I think it is good from a theoretical point of view, I think from a

practical point of view perhaps it is not worthwhile.

On your second point I would agree with you if we thought in fact this

absorption removal was a difficult problem. In fact we find it is not a

really difficult problem. Most of our bands are very tight on the top of the

column.

T. BRAUN: I mean in those cases where you were recycling; lengthening

the columns would avoid the recycling.

J. FARDY: This could well be. However in solvent extraction they have

the same problem and have to use three stages.

T. BRAUN: Another remark is that seemingly from your long series of

reagents you have only two, that is PAR and PEX, which are hydrophilic, all

the others are hydrophobic. They are hydrophilic because they have a

dissociative group and dissociate in aqueous solution becoming hydrophilic.

These two are non-extractable in liquid/liquid extraction so perhaps it would

be another good idea to look at a long series of reagents and choose those

ones which are hydrophilic.

J. FARDY: We looked at EDTA and it was a complete failure.

T. BRAUN: Yes, EDTA is a special one.
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W.J. McDOWELL: Do you happen to know what the present thinking is on

what the copper, zinc, chromium ratio is in the body?

J. FARDY: There is still a lot of work going on. I think one of the

problems that is associated with a lot of the original work is contamination

problems, at the sub-ppm levels, and much of the data in the past is

questionable. So that there is still a drastic need for sensitive techniques

in which the results you are getting are one hundred percent correct and you

don't have cross contamination. It always seems to be cross contamination

that is the big factor. In NAA of course once we've activated the sample then

there is no cross contamination. There certainly is up to the point you

irradiate the sample but after irradiation, cross contamination with reagents

or anything else is not the problem that a lot of other trace element

techniques have.

W.J. McDOWELL: So you think that the medical knowledge up to now about

those elements in the body is not very accurate.

J. FARDY: Correct, I think they have a feeling for it but that is about

all. As time goes on we are going to see a big change occurring.

W.J. McDOWELL: What about selenium? Does anybody know what the normal

level is?

J. FARDY: There apparently is a direct inverse effect (on cancer

incidence) and everybody agrees. The problem still remains that sub ppm

levels of selenium determinations are a rather difficult area. Not too many

people have the techniques available and they are crying out for simple to

operate and quick techniques.

T. BRAUN: Is there a risk of cross contamination with selenium?

J. FARDY: Selenium is one of those elements that doesn't appear to

occur too much in reagents, whereas chromium, manganese etc. seem to get into

everything. I agree that I would rather do a post-irradiation separation, but

with a seventeen and a half second half life it is not possible.

S. SIEKIERSKI: You pointed out a very interesting thing that there is a

very close parallel between the curves for extraction and absorption. One

reason from the formal point of view is just the complex formation curve as a

function of pH, but probably not only this because of what may be the

mechanism of sorption on your prepacked columns. This is proably simply a

partition reaction. This is simply extraction because if the density of C-18

radicals is high enough then practically you have a thin layer of octadecane

on your support. The only difference is that there are no degrees of freedom

for the translational movement. Probably this has very little influence on

solubility or on extraction. Probably there is simply a partition mechanism.
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You first form the complex in the aqueous phase and then you distribute it

between the aqueous phase and your thin layer. But if this is true then you

could try to use the old method of extraction chromatography. Take a silicon

treated kieselguhr, suspend on it say dodecane or hexadecane, and then to

remove from solution the ions complexed with your complexing agents. In this

case there is some advantage for this technique because if you then make the

next step and you suspend on your support for instance a hydrocarbon then you

can dissolve in this hydrocarbon an extractant, and then you pump through your

column simply ions. Then you will avoid all the precipitation problems.

J. FARDY: This could be true. I am wondering what the kinetics would

be like.

S. SIEKIERSKI: I think the kinetics will not be bad. Except for

acetone, EDTA etc. which react very slowly. You can prepare the solution,

wait, and then to distribute. In extraction chromatography it is impossible.

For those complexes which sorb very slowly these two techniques will be

comparable. One has the advantage that you use prepacked columns. The other

that you can use much greater amounts, though in your case it is not important.
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RADIOCHEMICAL APPLICATIONS OF THE INCREASED
REACTIVITY OF SOLIDS DURING CRYSTALLINE
TRANSFORMATIONS ACCOMPANYING CRYSTAL HYDRATION

T. BRAUN
Institute of Inorganic and Analytical Chemistry,
L. E6tvos University,
Budapest, Hungary

Abstract

The "Hedvall effect" has been defined as "an increased reactivity of

a solid during and as a consequence of a crystalline transformation". The

crystalline transformation usually considered is that achieved by heating the

solid through a phase transition temperature. We report here some results showing

that the hydration of anhydrous ionic solids at room temperature induces a

crystalline transformation which is accompanied by a substantial increase in

the reactivity of such solids in heterogeneous solid-liquid isotopic

exchange, which is considered to be a new type of Hedvall effect. This

isotopic exchange is sufficiently rapid and quantitative as to offer a useful

radiochemical separation, preconcentration procedure when one needs to separate

a nuclide of interest from interfering nuclides with high specificity.

Fricke and Huttig were creditedl to have defined

"Hedvall's rule" as "an increased reactivity of a solid during

and as a consequence of a crystalline transformation". Other

authors 2 ' 3 referred to the same as the "Hedvall effect". During.

the last decades the Hedvall effect has been variously attacked

and supported by different authors 4 . The experimental evidence

of the comparatively rapid diffusion of ions during a transient

period of disorder has met with mixed results and conclusions

because in specific cases alternative explanations for the

observed reactivity in the temperature region of a solidl-solid2

transition could be advanced.4 Hedvall1 and subsequently all

the authors dealing with the topic 2 - 4 did use exclusively
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heating up to a heat transition point for inducing the reactivity

enhancing crystalline transformation in the solids under study.

As a general rule they considered the discontinuities on the

curves showing reaction yields as a function of temperature

during a solid-solid, solid-liquid or solid-gas reaction of the

solid in question as a proof of the existence of the Hedvall

effect. No other means excepting heating has been mentioned

in the literature for inducing a solidl-solid2 crystalline

transformation leading to the Hedvall effect. We report here

some results showing that the hydration of anhydrous ionic

solids at room temperature induces a crystalline transformation

which is accompanied by a substantial increase in the reactivity

of such solids in heterogeneous solid-liquid isotopic exchange.

We therefore conclude that the enhancement of reactivity is

due to a new type of Hedvall effect.

It is known5 that "for many solid-liquid heterogeneous

isotopic exchange reactions there is an initial relatively

rapid exchange between the reactant on the surface of the

solid and the reactant in the liquid. This initial reaction

is then followed by the relatively slow process of incorporation

of surface material into the body of the lattice by self-diffusion

and/or recrystallization. The extent of the initial rapid

exchange is, of course, dependent on the amount of solid

surface exposed and has been used in the estimation of the

specific surface of solids. The rate of progress of the later

phase of the exchange reaction is dependent on the solid

particle size, the perfection of the crystal lattice, the

temperature, the solubility of the solid in the liquid, and

other factors that influence the rate of recrystallization
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of the solid and the mobility of the components of the solid".

Contrary to the abovementioned mechanism our measurements

showed that the concomitant hydration of anhydrous sodium

sulphate in acetone-sodium sulphate saturated aqueous solution

enhances the rate of the

(Na2SO4 )solid + (2 22Naliq. + ( liq.

(2 2Na2S04.xH0) + (2 Na+)l
2 solid2 liq.

isotopic exchange reaction.
Il

In order to prove that the enhancement arise from the

concomitant hydration of the anhydrous solid phase, the

behaviour of sodium sulphate decahydrate in the same isotopic

exchange reaction:

(Na2So4 .10 H 2 0)soidl + (2 22Na+)liq.

(Na 2So4.1 H20)solid + (2 Na+)lig.

and under exactly the same experimental conditions has been

studied. Fig. 1 shows some of the results. The rate curves

on the figure are similar to those of independently decaying

radioactivities, indicating the multi-faceted nature of the

exchange reaction. In order to analyse the curve corresponding

to the exchange with non-hydrated sodium sulphate (curve I)

the final linear portion was extrapolated back to t = o, and

on substracting the extrapolated line from the original curve,

another straight line is obtained which represents the rate

of the initial (enhanced) reaction (curve II). The overall

exchange is thus seen to consist of a fast (enhanced) process
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Fig. 1. Isotopic exchange reaction rates in the (solid) sodium sulphate

(anhydrous and decahydrate) - sodium-22 system

aho : Na 2So 4

a : Na2 SO4 .l0 H20

Temperature: 20 + 2 °C

Io: radioactivity at time = o (cpm)

It: radioactivity at time = t (cpm)

Experimental conditions

Solid Medium Weight of Particle size Isotope
solid of solid

g (mm)

Na2504 Sat- sol. of Na 2 S0 4 : 2 ml

Acetone : 28 ml

2.8 0.25 - 0.80
2 2 Na

Na 2SO 4 .10 H20 Sat. Sol. of Na2 SO4: 2 ml

Acetone : 28 ml

4.0 0.25 - 0.80
2 2 Na

U

0o

-1-

0

o
o

so

25 30
Time, min
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followed by a relatively slower process which completes the

Na2S04 - 22Na+ exchange. It is, however, possible that there

may be other contributing steps which are not resolved by this

analysis. In the case of the exchange reaction with sodium

sulphate decahydrate, curve III shows that the fast (enhanced)

step is absent (or extremely short) and the exchange

practically follows an one-step slow mechanism.

The experimental evidence indicates that the solid1 -

-solid2 type crystalline transformation (recrystallization)

accompanying the crystal hydration of anhydrous sodium sulphate

enhances the surface exchange and bulk diffusion processes

during the isotopic exchange of sodium in the acetone-salt

saturated water system following a mechanism which can be

viewed as a new variant of the Hedvall effect. The new effect

seems not to be restricted to this system. Preliminary

experiments indicated that the reactivity enhancement by

hydration is of a pretty general nature applying to isotopic

exchange reactions involving many crystal hydrates for which

hydration-dehydration is reversible.

Although many implications of our findings and

underlying mechanisms have yet to be assessed and understood

it seems probable that the hydration cluster surrounding

the Na+ ions in solution acts as an ion implanting vehicle

for the ions to be exchanged during the hydration of the

anhydrous salt, enhancing the overall rate of the isotopic

exchange process. At least one evidence for the inverse

effect already exists, namely Lieser6 reported that in the

isotopic exchange reaction between solid SrSO4 and 90 Sr2+ in a

water-methanol system the 90Sr2+ ions penetrating the surface

of the crystals must at least partially strip off their
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hydration shell. In case of our hydration enhanced exchange

mechanism the contrary happens, i.e. the cluster of hydrating

water molecules carry and implant into the crystal the

exchangeable radioactive ions from within the hydration shell.

Investigations are in progress for using the phenomenon of

hydration enhanced isotopic exchange and anhydrous sodium

sulphate as a solid sorbent for simple and selective sodium-24

removal in the activation analysis of trace metals in

biological matrices7. The special role reversible crystal hy-

dration plays in the exchange reactivity of some minerals

is also used by us for explaining neutron moderation effects

and ionic migrations of fission products in minerals during

the past operation of the Oklo fossilized natural nuclear

8reactors.
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DISCUSSION

F. MACASEK: I would like to ask your opinion about the mechanism of the

influence of hydration, Can't we call it some "local heating" effect, or

something like that, because I mean there was a great discussion between the

Khlopin school of core crystallisation and the modern school of Melikhov and

so on discussing the influence of recrystallisation on the degree of

coprecipitation and the modern theory says that this is entirely caused by

migration of ions in the lattice. So what is your opinion about the influence

of this mechanism of the hydration?

T. BRAUN: Now let me say this is a very complicated phenomenon. What is

happening there on the crystal when a hydrating water molecule approaches the

crystal surface and goes in. Now, forgetting about isotopic exchange, even in

solid state chemistry this is not a clear phenomenon. There are quite serious

discussions about what is happening there. The hydration could be influenced

by a local temperature effect. As far as I understood that was your

question. We are planning some experiments with single crystals. What we

were using here were polycrystalline solids. With polycrystalline solids, and

in general with all solid state chemistry the reproducibility of the

experiments is a very, very complicated thing because you are unable to have a

good, reproducible, polycrystalline solid which you can use as the basis of

your comparison. What we were doing were analytical experiments and we were

taking the separations as an indication of the effect we were investigating.

We are planning to use some single crystals which are by far more reproducible

but are quite difficult to grow, and with those we are planning to have some

local temperature measurements. You see you have a liquid/solid system in

which you have a heating and a cooling effect because the environment is

cooling the system. From the outside it is very difficult to measure the

temperature because you can measure only the total temperature of the system.

We are trying to have some built in measurement system in a single crystal and

measure the temperature during the hydration experiment. That is not done in

the way we were doing the experiments up to now. At present we start with a

liquid system and then pour in the solid and mix it. In the experiment we
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will implement we are trying to build up a monocrystalline surface having a

built-in system of temperature measurement. Dropping one drop of solution on

the surface we can measure the local temperature change. This is not yet

concluded but these are the steps we are trying. We are also trying to have

some instrumental measurements on the reaction steps mainly using thermal

methods.

N. MISAK: What do you mean by "loosening" of the crystal? Do you mean

that the channels in the crystal are enlarged so that they permit faster entry

of ions?

T. BRAUN: No, I mean the complete destruction for a very short time of

the organised network, the lattice of the crystal. So I don't mean the

channels which are present all the time within the crystal. For the Hedvall

effect, let me give you another example from solid state chemistry. You have

alumina with a certain crystal modification number 1 and a crystal

modification number 2 and let's say (for illustration) that you have up to

1500 the 1st modification and above that the 2nd modification. When crystal

modification 1 changes to crystal modification 2 then within the crystal

lattice you have a complete reorganisation. That means at the temperature at

which the change takes place the whole crystal gets disorganised. The crystal

lattice breaks down and is reorganised in a very short time in the other

modification. So I mean this type of change.

N. MISAK: This is clear but I am thinking of the example of zirconium

phosphate. When you prepare it as the hydrogen form for example it is very

hard for a bulky ion to enter. If you introduce sodium then there is no

destruction of the crystal lattice and the bulky ion can enter.

T. BRAUN: No, not with sodium. With zirconium phosphate this is a

special case because it is an inorganic ion exchanger. You can prepare sodium

zirconium phosphate or zirconium phosphate without sodium in two different

forms. In general it is the amorphous form which is used. I am not speaking

of the amorphous one - I feel you are speaking of the amorphous. When the

crystalline form has sodium within the lattice but no water, then the lattice

is a homogeneous one. Now if you put this in contact with water that

modification can be hydrated and during the hydration, that is the penetration

of the water molecules into the crystal, this loosens the crystal and allows a

more rapid isotopic exchange of the sodium ion already present in the crystal.

N. MISAK: But the crystal is not deformed, it is simply that the

interlayer distances increase, and there is no destruction of the structure.

T. BRAUN: Yes, but you have two types of so called hydrated salts. In

some hydrated salts you have the water molecules surrounding the ion in
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question and in other crystals you have a layered structure in which you have

water layers. For example gypsum, hydrated calcium sulphate, is a typical

example of a layered hydrate. That's the case with the semihydrate and the

two'water molecule form. In that case only the interlayer is loosened and in

that interlayer the diffusion rate of the isotopic exchange is enhanced. It

is more or less the same as in the other system but here you have preferred

pathways for the water molecules to penetrate the crystal. There are not

preformed channels however

W.J. McDOWELL: I would like to ask a question about the operational

procedure. Suppose I brought you a sample of plant tissue that contained

strontium-90. How would you go about removing and analysing strontium-90 from

plant material by your procedure?

T. BRAUN: We haven't worked yet with strontium as we don't yet have a

solid which has inactive strontium which can be hydrated. But the operation

is more or less common. Let's take a lake sediment sample. You have to

dissolve it and with the solution you go directly to the isotopic exchange.

That means that you take a certain amount of that solution, you mix it up with

acetone in 1:10 proportion, and then with that solution you pour in your ionic

sorbent crystals and you mix for a certain time. You filter off and you have

the radioactivity in the crystals. You measure the beta-activity with a low

beta counter. I suppose with strontium the procedure would be the same,

although for strontium we don't yet know of a suitable ionic solid.

W.J.McDOWELL: Would it be fair to simply say that you are setting up a

situation in which you are forcing an element to crystallize onto the surface

or into the lattice of a crystal?

T. BRAUN: Attach to the lattice by an effect we call the hydration

effect. And I mention here the usual procedure to show how many steps are

necessary. The usual co-precipitation method (for radio-cobalt for example)

has many dissolution, reprecipitation steps to purify the solid and to get

finally to the form where only the radio-cobalt precipitates. In our case the

separation is so specific that you don't need these steps.

W.J.McDOWELL: You're saying that this is very ion specific. Suppose

that I had a sample which had some traces of active cobalt in it but also had

a very large amount of nickel or manganese and other divalent elements - say

the solution was 1 molar in elements like that. Could you separate the cobalt

out without precipitating the nickel?

T. BRAUN: Yes.

W.J. McDOWELL: You could? Fantastic.

S. SIEKIERSKI: Can it (the phenomenon) be described in this way, that
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instead of the cobalt ions in the lattice taking up water, it is more easy for

them to exchange for the hydrated ions from the water. Because this is

practically what happens here. You have a non-hydrated solid. If you put it

into a water/acetone mixture it will take water from this mixture and

hydrate. So kinetically, probably it is more preferable for the solid to

loose some of its unhydrated cobalt ions and take some hydrated cobalt ions

from the water instead of hydrating directly. Is this so?

T. BRAUN: No, because we did measure by differential thermal analysis

that in fact water was taken into the crystal.

S. SIEKIERSKI: True, but perhaps this uptake of hydrated ions is more

fast than the uptake of water. Water as such I mean.

T. BRAUN: I did not speak much about the kinetics because we have not

completed these measurements. However, our experiments do show that the

exchange on the fully hydrated solids is very much slower than we get during

hydration of the anhydrous solids.
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SEPARATIONS AND METHODS FOR ALPHA ASSAY
BY LIQUID SCINTILLATION

W.J. McDOWELL, G.N. CASE
Chemistry Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
United States of America

Abstract

Alpha emitting nuclides can be accurately assayed by liquid scin-
tillation methods and with energy resolution sufficient for useful nuclide
identification if sample-preparation procedures, detectors and electronics
designed for alpha assay by liquid scintillation are used. The problem of
spectral shift due to scintillator quenching is solved by the use of an
extractive scintillator and beta-gamma background is reduced to a low value
(0.01-0.02 counts per minute) by the use of electronic pulse-shape
discrimination. The use of beta liquid scintillation sample preparation
methods and equipment can yield useful results when the nuclide purity is
known and background and quenching are not a problem.

INTRODUCTION

Accurate, quantitative determinations of alpha-emitting nuclides in

materials where the alpha emitter is mixed with other substances are dif-

ficult for a number of reasons. Direct alpha counting is almost always

impossible, and counting gamma emissions associated with the alpha decay is

practical in only a few cases. Determinations by surface barrier detector

usually involve long and complex procedures that are often neither satis-

factorily quantitative nor reproducible, and these problems are only par-

tially ameliorated by the use of internal standards of an isotope of the

nuclide of interest. Sample self-absorption problems in solid samples

deposited on a plate cause alpha-peak overlap with resulting inaccuracies

in peak integration. We found in our early work with liquid scintillation

methods for alpha countingl, 2 that under appropriate conditions the

accuracy of the determination was limited only by counting statistics,

whereas surface barrier counting methods could yield no better than +5%

accuracy and reproducibility, due to sample irreproducibility and geometry

problems, even with the most careful operation.

33



The first attempts at alpha counting by liquid scintillation generally

used equipment designed for beta liquid scintillation counting. Variable

quenching, poor energy resolution, and high background count were the

limiting factors usually identified. Pioneering work by Horrocks and

others3-8 indicated that energy resolution could be vastly improved (by a

factor of 4 to 5) over that possible using beta liquid scintillation equip-

ment if scintillators and optical and electronic components were designed

for alpha counting. Under such circumstances, the channel-number energy

relationship is linear from 4 to 7 MeV, and the presently attainable energy

resolution is 200 to 300-keV, full peak width at half its maximum height.

The problem of variable quenching has been largely solved by the use

of liquid-liquid extraction technology. Certain organic-phase-soluble com-

pounds (extractants) will transfer cations or neutral metal salts to a

water-immiscible organic phase,9 ,1 0 and in many cases the choice of the

proper extractant and extraction conditions can make the extraction specif-

ic for an element or group of elements, thus aiding in nuclide identifica-

tion. A toluene solution of such an extractant that also contains a fluor

(scintillant) and naphthalene (as an energy-transfer agent) will allow the

direct transfer of a nuclide, or nuclides, of interest from an aqueous

phase to a scintillator. The resulting sample-containing scintillator has

reproducible properties and thus the light-output to energy relationship is

reproducible.

Reducing the high background associated with beta liquid scintillation

(2n to 30 cpm) has been accomplished in two steps. The detector designed

for alpha liquid scintillation applications produces a background of only 1

cpm in the region of a typical alpha peak. This, however, is still higher

than that of a surface barrier detector,i.e., typically 0.001 cpm for a

clean system. Adaption of pulse-shape discrimination (PSD) techniques,

used in neutron spectrometry, to alpha liquid scintillation -has resulted in
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easily attainable background of 0.01 cpm or less. 1 1 A simple, single-

standard-width electronic PSD module has been developed.

Gamma emissions, x-rays and conversion electrons emitted by the

excited daughters in some alpha decays can produce light that adds to the

parent alpha pulse if they occur within 200 nanoseconds of the alpha pulse.

This can produce high-side asymmetry in the otherwise symmetrical alpha

peak. Such asymmetry is not usually a problem in either identification or

quantification of the nuclide but it is well for'the person using liquid

scintillation to be aware of the existence of this phenomenon. The degree

of error introduced to the determination of absolute quantities by the

integration of the main alpha peak and neglecting any high-side satalite

peaks produced by added light from conversion electrons, has not been

accurately determined, but is believed to be less than 2% in the worst

cases. Reproducibility and the determination of relative quantities is of

course unaffected.

A more complete description of the PERALS method and its advantages

and disadvantages are given in the following sections.

DESCRIPTION OF METHOD

Although simplified sample preparation and 100% counting efficiency

have made liquid scintillation methods attractive for alpha assay, the

method has been of limited use, partly because of some very real problems

in its practical application and partly because of a lack of information

about the capabilities of improved liquid scintillation systems. Many of

the real problems in using liquid scintillation methods for alpha counting

and spectrometry have been solved over the past 10 to 12 years, and in many

cases alpha liquid scintillation spectrometry with its associated sample

preparation methods is simpler, more accurate, and more reproducible than

any other alpha assay methods.
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In attempting to explain the usefulness of alpha liquid scintillation

spectrometry two common misconceptions often must be overcome; (1) liquid

scintillation is limited to the instruments and procedures usually used for

beta counting, and (2) alpha counting is limited to plate counting methods.

It should be emphasized at the beginning that most of what will be

discussed here is not the same as beta liquid scintillation. It does not

use the same sample preparation methods, the same scintillator solutions,

or the same equipment, and most of the results described cannot be obtained

using beta liquid scintillation equipment. In addition, it should be

emphasized that in its present state of development, alpha liquid scin-

tillation spectrometry is not a replacement for surface-barrier or any

other alpha counting method but has its own characteristic advantages and

disadvantages. In some ways (e.g., energy identification), it is not as

good. In other ways (e.g., quantification) it is better. It is certainly,

however, a useful addition to our methods of alpha assay.

Sample Preparation for Alpha Counting Using Beta Liquid Scintillation Equipment:

Let us now consider alpha counting using beta liquid scintillation

methods. Usually one would use the following procedures to count alphas

with a beta liquid scintillation spectrometer: (1) introduce an aqueous

sample to an all-purpose scintillator, (2) count the sample at low gain,

and (3) subtract the background. In general, the disadvantages of this

method appear to outweigh the advantages. The advantages are: (1) sample

preparation is generally simple and rapid, (2) counting efficiency is

high (100%), (3) there is no sample self absorption, and (4) the results

are generally reproducible. The disadvantages are: (1) variable quenching

affects the peak position and sometimes the counting efficiency, (2) there

is an unknown and uncontrollable beta-gamma background from external

sources, from accompanying beta-gamma emissions, and from contaminants,

(3) energy resolution is poor or nonexistent, and (4) the background and,
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consequently the lower limits of detection are high. Certain kinds of

laboratory-produced samples where the background and quenching can be

controlled or predicted can be counted in this way yielding good results.

Sample Preparation for Plate Counting:

By comparison, in order to prepare a sample for a plate counting

method, one must: (1) isolate the desired nuclides from other materials,

(2) electrodeposit or evaporate the sample on a foil or planchet, (3) posi-

tion the sample under the detector, and (4) evacuate the counting chamber

and count (Collecting Spectrum). The advantages of this method are:

(1) excellent energy resolution is possible and (2) the background is very

low. The disadvantages are: (1) low counting efficiency, (2) possible

sample self absorption resulting in count and resolution loss and peak-

shape change, (3) the necessity of using tracers to monitor counting

efficiency thereby introducing additional counting statistics uncertainty,

and (4) long, complicated sample preparations often required.

Since both of the above methods have advantages and disadvantages, it

would be desirable to combine the advantages of both of these methods into

one. With alpha liquid scintillation, it is possible to do this to some

extent.

By using sample preparation methods, detectors, and electronics

designed for alpha liquid scintillation counting, most of the disadvantages

listed for alpha counting by beta liquid scintillation methods can be

avoided and the advantages of the best plate counting methods can be

approached. Figure 1 is a schematic representation of the sample prepara-

tion, detector and electronics arrangements that are critical to the suc-

cessful application of liquid scintillation methods by Photon-Electron

Rejecting Alpha Liquid Scintillation (PERALS) spectrometry. Careful atten-

tion must be paid to each part in order for the desired effect to be

obtained.
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Fig. 1. These three critical areas: (1) sample preparation, (2) detector
construction, and (3) electronic pulse-shape discrimination must
be carefully addressed in order to optimize liquid scintillation
for alpha spectrometry.

Sample Preparation for PERALS Spectrometry

After the sample has been placed in solution, a preliminary separation

is sometimes necessary to separate the nuclide (or nuclides) of interest

from large amounts of matrix materials; however, the heart of the sample

preparation step involves transfer of the alpha-emitting nuclide directly

to the scintillator by using solvent extraction methods. Figure 2

illustrates extraction of the nuclide into an extractant-containing scin-

tillator followed by deoxygenation. The extractive scintillator is a

water-immiscible, toluene-based liquid that contains the fluor (usually

PBBO [2-4' phenylyl-6-phenyl benzoxazolej), naphthalene as an energy

transfer agent, and an extractant or phase-transfer agent designed to
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EXTRACTIVE SCINTILIATOR

EQUIUBRATE SPARGE
PIPETTE PLACE IN

SCINTILLATOR DETECTOR

ARROWS INDICATE EXTRACTIVE SCINTILLATOR
4g PBBO+200g NAPHTHALENE+SUITABLE EXTRACTANT / UTER

OF TOWENE

Fig. 2. Liquid-liquid extraction followed by sparging with an oxygen-free
gas produces a sample suitable for alpha assay with good energy
resolution and beta-gamma pulse rejection.

extract the nuclide of interest into the scintillator and in many cases to

reject some other elements.

After the nuclide is extracted into the scintillator, the scin-

tillator, or a measured fraction thereof, is transferred to a 10 x 75 mm

culture tube and bubbled with an oxygen-free gas for one minute to remove

oxygen. This improves alpha energy resolution and beta-gamma pulse rejec-

tion. If a small separatory funnel is used in this extraction, 20 to 30%

more scintillator must be used than the volume, usually 1 mL, required for

the final sample, and thus some of the activity is lost. It is possible,

however, to equilibrate and deoxygenate in the same vessel (see Fig. 3) and

retain 100% of the activity. A disposable transfer pipette serves as the

sparging lance and, with a hypodermic syringe, as a means of removing the

barren aqueous phase. The equilibration vessel is not now a standard item,

and thus large-scale use of this technique awaits a demand for the device.

By extracting the alpha-emitting nuclide into an organic scintillator,

the composition of the scintillator can be reproducible from sample to

sample, and so the system can be expected to always give the same light
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Fig. 3. This combination equilibration-deoxygenation vessel removes
several steps from the sample preparation procedure and allows
total recovery of the nuclide. Experimental reproducibility is
better than 1% for samples prepared in this device.

output for a given alpha energy. Thus, the same pulse-height is obtained

on a multichannel analyzer. The beta-gamma background in such a sample is

also under better control since it is usually only external gamma plus

beta-gamma accompanying the alpha emissions. (In a few cases beta-gamma

emitters may be coextracted.)

A detector and electronics designed to take advantage of the superior

sample is shown in Fig. 4. Extensive experiments have shown that a simple

detector arrangement like that shown is best for the phototubes that are

available. Many phototubes have been tested and several have been iden-

tified as suitable for this application. A highly reflective, but dif-

fusing reflective, surface in the shape of a sphere section is optimum for

obtaining energy and pulse-shape resolution and a 0.5- to 1.5-mL sample in

a 10 x 75 mm pyrex culture tube is near an optimum compromise between maxi-

mum energy and pulse-shape resolution and background reduction on the one

hand and maintaining a practical extractant-sample volume ratio on the

other.
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RESERVOIR FOR
OIL OVERFLOW

SAMPLE IN
75-mm A 10-mm
CULTURE TUBE

PAIR OF POSITIONING
PINS IN REFLECTOR

WHITE REFLECTING
SURFACE

CAVITY FILLED
WITH SILICONE OIL

Fig. 4. This detector
phototubes.

design is the best for currently-avai dbie

Fig. 5. The detector (shown in cross-section in Fii. 4) is shuwn hire in a
simple enclosure with hiyh-voltage interlocks.
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The detector can be packaged in any small, light-tight box such as the

one shown in Fig. 5. The latch and lid should be equipped with switches

interlocked with the phototube high-voltage supply so that the detector can

be opened to change samples without damage to the phototube. A standard

preamplifier, a linear amplifier, and a multichannel analyzer complete the

spectrometer. Such an instrument is capable of energy resolution of 200 to

300 keV full peak width at half maximum height (FWHM). The peaks are per-

fectly Gaussian in the absence of conversion electrons and are often ame-

nable to computer curve-fitting methods. Those obtained from plate

counting method are frequently not symmetrical in any way.

The energy resolution obtained with the detector and electronics

described is a considerble improvement over the performance of the commer-

cial beta liquid scintillation spectrometer. Figure 6 shows a direct same-

CHANNEL NUMBER

Fig. 6. The improvement in energy resolution of the alpha liquid scin-
tillation detector over the commercial beta liquid scintillation
detector is dramatic and allows one nuclide to be counted in the
presence of others and allows the identification of nuclides.
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scale comparison between two alpha peaks as seen on this detector and a

typical commercial beta liquid scintillation spectrometer. The nuclides

are 232Th and 239Pu, 1.14 MeV apart. The same improved, nonaqueous

scintillator was used in both cases. The performance of the beta liquid

scintillation spectrometer would have been even poorer if the usual

aqueous-accepting scintillator had been used. Figure 7 shows a spectrum of

thorium and daughters that illustrates the type of spectrum and the resolu-

tion attainable with the detector described above.

z

m mimmemmnlo

CHANNEL NUMBER

Fig. 7. A spectrum of 232Th and daughters illustrates the energy resolu-
tion capabilities of the PERALS spectrometer.

The appropriate sample preparation, detector and amplifiers allow

improved energy resolution but still have the problem of high and variable

background. Because background counts in this system come almost entirely

from beta and gamma (and perhaps some cosmic) radiation, it can be elimi-

nated if we can electronically discriminate between these types of

radiation and alpha radiation.

In the 5 MeV alpha, 0.5 MeV beta energy region absorbed energy from

beta and gamma radiation produces light about 10 times more effectively in

liquid scintillators than that from alpha particles. Thus, beta and gamma
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Fig. 8. Without pulse-shape discrimination, an alpha peak can appear atop
a beta-gamma continuum. Sometimes the background correction can
be estimated by finding the average counts per channel in regions
b and c, multiplying that number by the number of channels in
region a, and subtracting that value from the total counts in
region a.

spectra seriously overlap the alpha spectra, and the alpha spectra essen-

tially sit on top of a beta-gamma continuum as is seen in Fig. 8. In some

cases computer curve stripping or even a simple geometric method of

background removal, as is seen in Fig. 8, is adequate to account for the

background. However, with complex spectra or in cases of very low alpha

count, other, more sophisticated, methods are needed. Fortunately, the

light pulses produced by alpha radiation in a deoxygenated liquid scin-

tillator are different from those produced by beta or gamma radiation as is

shown in Fig. 9, and beta-gamma pulses can be electronically discriminated

from alpha pulses.

Electronic timing equipment can differentiate between the two types of

pulses, reject the beta and gamma produced pulses and can be designed to

send a gating signal to a multichannel analyzer for each alpha pulse. A

block diagram of this kind is shown in Fig. 10. In such an application

this electronic timing device is called a pulse-shape discriminator. The

effect on the collected alpha spectrum is to remove virtually all of the
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PULSE-SHAPE DISCRIMINATION
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Fig. 9. Several nanoseconds difference in the duration of the light
pulses produced by beta-gamma radiation and alpha radiation
(upper left) allows them to be differentiated by electronic
timing methods. A voltage ramp (lower left) is started after a
predetermined delay (upper right). The voltage existing in the
ramp at the time the pulse crosses zero is a voltage analog of
the time duration of the pulse. A time spectrum like that in
lower right is produced. Logic pulses corresponding to the alpha
pulses are used to gate a multichannel analyzer.

Fig. 10. A block diagram of an alpha liquid
with pulse-shape discrimination.

scintillation spectrometer

beta-gamma background, as is shown in Fig. 11. The detector described

above used with a pulse-shape discriminator is called a PERALS

(Photon-Electron Rejecting"Alpha Liquid Scintillation) Spectrometer.

Rejection of beta and gamma pulses can be >99.95% complete with less

than 0.01% loss of alpha count. With a blank (scintillator without activi-

ty) in the detector, the background under a 5-MeV alpha peak from external
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Fig. 11. An illustration of the effects that can be obtained with pulse-
shape discrimination. Beta and gamma rejection can be 99.97% or
better without loss of alpha count.

sources will amount to 0.01 to 0.02 counts per minute. This makes the

lower level of detection with 1000 min count on the order of 0.01 pCi. It

should also be noted that it is possible to obtain large concentration fac-

tors for the nuclide in the initial separation steps thus effectively

lowering the detection limit.

Some notoriously difficult alpha assay problems are easily solved with

solvent extraction and PERALS spectrometry. The assay of polonium is an

example. An illustration of an application of pulse-shape discrimination
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use of the PERALS system is the analysis

to polonium assay may be seen in Fig. 12. In contrast to other methods,

procedures for separating polonium, transferring it to the scintillator and

quantitatively determining it using PERALS are simple and rapid. A

published procedure exists12 for polonium by PERALS spectrometry and a flow

chart for the procedure may be seen in Fig. 13. A procedure for obtaining

both uranium and thorium assay on mineral samples, that could be adapted

for most other type samples, has been published.1 3 A flow chart for this

procedure may be seen in Fig. 14.

Sample treatment including dissolution, prepurification and extraction

into the scintillator must, in general, be designed to suit each type of

sample and each nuclide to be treated; however, this is no different from
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POLONIUM PROCEDURE

SAMPLE IN SOLUTION IN NITRIC,
HYDROCHLORIC, AND/OR
HYDROFLUORIC ACIDS

I
ADD PHOSPHORIC ACID AND
EVAPORATE TO DRIVE OFF

OTHER ACIDS

1
ADD SUFFICIENT HCI TO MAKE

THE SOLUTION -0.01 M HCI

1
EXTRACT INTO A SCINTILLATOR

CONTAINING 0.2 M TRIOCTYL
PHOSPHINE OXIDE

Fig. 13. This procedure for polonium by PERALS spectrometry has proven to
be much easier and more accurate than the auto-deposition plate-
counting procedure.

SAMPLE IN SOLUTION
HCIO4 , HNO 3

FILTER. SATURATE
WITH Al (NO 3)3

EXRC i

EXTRACT WITH
0.3 M TOPO

i
STRIP ORGANIC WITH

AMMONIUM CARBONATE
SULFURIC ACIO

-

REDUCE VOLUME,
CONVERT TO

SULFATE SYSTEM

- DISCARD AQUEOUS

DISCARD ORGANIC

DEOXYGENATE,
COUNT

DEOXYGENATE,
COUNT

EXTRACT WITH
TERT. AMINE SCINT.

1
EXTRACT WITH

PRIMARY AMINE SCINT.
[

Fig. 14. TOPO (Trioctylphosphine oxide) will extract both uranium and
thorium quantitatively. These are then stripped and selectively
reextracted into the tertiary amine sulfate (for uranium) and the
primary amine sulfate (for thorium).
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the preparation of plate samples. In fact, the amount of time and effort

involved in sample preparation is generally less with PERALS spectrometry

than with plate-counting methods, especially if plates are

electrodeposited.

Procedures for separation and PERALS spectrometry have also been

developed for plutonium and the trivalent actinides. 14 Sample matrices

successfully assayed have included soil, animal bone and tissue, urine,

water, phosphate rock, phosphoric acid, ore and uranium and copper ore

tailings and ore leach solutions.

Counting accuracy is usually limited only by the total background

count and the length of the total count. Sample reproducibility is pri-

marily limited by the sampling and chemical treatment steps. Standard

deviations of multiple samples of standard ore have generally been between

1 and 2% of the average value. In comparing results obtained by PERALS

with other alpha assay methods, reproducibility and accuracy with PERALS

is generally better.

The problem of dealing with large numbers of samples is little dif-

ferent from that encountered with any alpha counting method except that

sample preparation is often less time-consuming. Rotating or shaking

devices are useful to perform several extractions simultaneously, and we

have used controlled temperature heaters of various kinds for digestions

and evaporations. A very useful type of device is shown in Fig. 15. The

holes are cut to take a beaker of the desired size up to the lip and thus

prevent condensation and reflux on the sides of the beaker. Similar

effects can be obtained with infrared lamps.

The ability to process many samples, however, demands the ability to

count many samples. An automatic sample changer that will handle the small

tubes has been built, but it is doubtful that it will be as useful as

multiple detectors multiplexed into one multichannel analyzer as is usually
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HOT PLATE

PYROMETER CONTROLLER

Fig. 15. An aluminum block controlled-evaporation unit.

done in alpha counting by other methods. The latter arrangement is prob-

ably the most reasonable when low count-rate samples are being assayed.

Although PERALS spectrometry is at present not a finished, off-the-

shelf analytical method, it appears to be approaching that stage.

Complete drawings and specifications are available for both the detector

and the pulse-shape discriminator, and there is interest among instrument

companies in manufacturing and distributing the components required.

Meanwhile, the method, combined with a little imagination and initiative,

offers a multitude of opportunities for advances in alpha assay methods.
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DISCUSSION

J.D. NAVRATIL: You said TOPO was not a very good extractant unless you

use low acid concentrations, but what if you are doing a series of experiments

in which you have variable acid concentrations.

W.J.McDOWELL: No, I didn't mean to say that it is not a very good

extractant unless you use low acid concentrations. It's just that you often

can use a lower acid concentration with TOPO and that allows you to get a

little bit less quenching with TOPO than you might if you had to use TBP.

J.D. NAVRATIL: If you are doing some experiments where you have a

sample which is low acid and one which is high acid, the quenching would be

different, and you would get a different result then?

W.J. McDOWELL: Your alpha peak would occur at a different place on the

energy scale. If you didn't do anything else to the sample, just put it into

a scintillator and counted it as it came from your experiment, you would

expect to find the alpha peaks at different places. It would be a lower
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position on the scale with the sample that had the higher nitric acid

concentration. But your number of counts would be the same. You would not

lose any counts as long as you are able to include the total peak in the area

that you count. You just have to be careful, by looking at the spectrum in a

multichannel analyzer. We have a MCA connected to our beta-liquid

scintillation counter so we can see the spectrum from it. We just simply

twist the knobs until we get the whole peak into the MCA, and then integrate

that.

J.D. NAVRATIL: We have a practical problem of counting low

concentrations of plutonium-239 in the presence of americium and a lot of

other elements and impurities. What percentage of americium do you have to

remove before its going to start interfering with plutonium-239?

W.J. McDOWELL: One of the procedures that I showed, the extraction of

plutonium with tertiary amine nitrate, is very selective for plutonium. The

americium separation factor in that procedure is greater than 10 and so you

would virtually eliminate any interference from americium. I don't think that

would be a problem in that procedure at all.

J.D. NAVRATIL: What is the price tag on your black box?

W.J. McDOWELL: I'm not quite sure. The first one we made cost us about

$1 500, including the cost of the phototube which is about $350. The pulse

shape discriminator, if it were made by a commercial firm is not a very

complicated piece of machinery, it ought to sell at about the same price as a

good amplifier, about $500 - $600.

J.D. NAVRATIL: If you have a sample such that the counting time is very

short have you thought of having some type of continuous operation, as a

flowing system?

W.J. McDOWELL: We have thought about it, but we have never done it. We

have never tried to automate it, but there have been a number of people

interested. In fact the people at Savannah River are quite interested in the

possibility of automating the extraction, to pull out a loop from some of

their processes, contact it continuously with an extractive scintillator, and

run that scintillator continuously in front of a detector in order to get an

automated detection of plutonium, say, in their lines. I think it is possible

but we have never done any work on it.

J. FARDY: Are the commercial people interested in this sytem?

W.J. McDOWELL: They are interested but usually their economic analysis

indicates they would not sell enough to make a big profit on it.

F. HACASEK: What is the detection limit that can be expected without

the sophisticated electronics, just with beta-liquid scintillation equipment.
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W.J. McDOWELL: If you use the rule of thumb that your lower level of

detection is about what your background would be you would say it would be

maybe 10 counts per minute. But that doesn't make it less useful for a lot of

laboratory experiments because you can often design your laboratory

experiments to be high enough for that.

F. MACASEK: Can the amines be used without purification or do you use a

special sort of amines?

W.J. McDOWELL: Usually we do purify. In general the amines are

scrubbed with say half molar sodium carbonate and then with dilute acid, and

then with water. Or we have a single stage high vacuum still we often run our

amines through. Then we titrate them to analyse them, to see if their

equivalent weight is right and so on.

F. MACASEK: Should they be freshly purified?

W.J. McDOWELL: No. We have had some sitting around for 5 or 6 years

and they seem to work perfectly well.

J. FARDY: You talked about water being left behind, does it get to the

point of being a problem in your scintillator?

W.J. McDOWELL: If you leave enough water that you push the scintillator

up out of the detector that is a problem. Water that is dissolved in the

scintillator does not have much effect. So I would say that a drop of water

in the bottom, or ten drops of water in the bottom won't make any differences.

J. FARDY: What about any solid dispersions in it?

W.J. McDOWELL: Solid dispersions are another thing. One kind of

quenching that I didn't mention is what we call inclusion quenching in which

the alpha emitting nuclide is included in the inside of a colloid or solid

particulate. Of course your alpha particle is just absorbed in the solid. So

you actally lose that count.
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URANIUM/THORIUM SEPARATIONS FROM OTHER ELEMENTS
FOR ANALYTICAL AND PROCESSING OPERATIONS
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NEW ION EXCHANGERS AND SOLVENT EXTRACTANTS
FOR PRE-ANALYSIS SEPARATION OF ACTINIDES

J.D. NAVRATIL
Rocky Flats Plant,
Rockwell International Corporation,
Golden, Colorado,
United States of America

Abstract

Prior to radiochemical determination of actinide elements, such as uranium,

neptunium and plutonium, an ion exchange or solvent extraction method is

often employed to separate these elements from themselves and other interfering

substances. In order to improve the separation efficiency and reduce time,

cost, and liquid waste of analytical separation methods, new and better ion

exchangers and solvent extractants are under evaluation. New microreticular

and macroreticular anion exchange resins and bifunctional organophosphorus

solvent extractants have been evaluated for uranium, neptunium and plutonium

separations. Previous work comparing numerous anion exchange resins has

shown the macroreticular Amberlite IRA-938 resin as having the highest actinide

capacity and best elution kinetics. Recent studies have confirmed the resin

has advantages over others for Pu-U separations. Work on bifunctional

organophosphorus solvent extractants for the.recovery and purification of

actinides has led to the identification of several new separation systems

applicable for radiochemical analysis. Dihexyl-N,N-diethylcarbamoylmethyl-

phosphonate (DHDECMP), its dibutyl analog DBDECMP, and DHDECMP-tributyl-

phosphate (TBP) using liquid-liquid or extraction chromatography techniques

are applicable for plutonium-americium and plutonium-uranium spearations.

Both DHDECMP and DBDECMP extract actinides strongly, extract lanthanides,

iron, gallium, molybdenum, titanium, vanadium, and zirconium partially, and

do not extract most other elements from 5-7 M nitric acid. These compounds

also extract plutonium(IV) polymer. With the DHDECMP-TBP and DBDECMP-TBP systems,

synergistic effects have been observed for both plutonium and americium. The

chemistry and application for pre-analysis separations of these solvent

extraction systems are described. Also explored is the use of solid supported

liquid membranes for actinide recovery. DHDECMP supported on hollow fiber

membranes could be useful for concentration of actinides from dilute solutions

prior to radiochemical analysis.
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SUMMARY

Prior to radiochemical determination of actinide elements, such as

uranium, neptunium and plutonium, an ion exchange or solvent extraction

method is often employed to separate these elements from themselves and

other interfering substances. In order to improve the separation effi-

ciency and reduce time, cost, and liquid waste of analytical separation

methods, new and better ion exchangers and solvent extractants are under

evaluation.

New microreticular and macroreticular anion exchange resins and bifunc-

tional organophosphorus solvent extractants have been evaluated for

uranium, neptunium and plutonium separations. Previous work comparing

numerous anion exchange resins has shown the macroreticular Amberlite

IRA-938 resin as having the highest actinide capacity and best elution

kinetics. Recent studies have confirmed the resin has advantages over

others for Pu-U separations.

Work on bifunctional organophosphorus solvent extractants for the

recovery and purification of actinides has led to the identification of

several new separation systems applicable for radiochemical analysis.

Dihexyl-N,N-diethylcarbamoylmethylphosphonate (DHDECMP), its dibutyl

analog DBDECMP, and DHDECMP-tributylphosphate (TBP) using liquid-liquid,

membrane, or extraction chromatography techniques are applicable for

plutonium-americium and plutonium-uranium separations and actinide

collection and concentration. Both DHDECMP and DBDECMP extract acti-

nides strongly, extract lanthanides, iron, gallium, molybdenum, tita-

nium, vanadium, and zirconium partially, and do not extract most other

elements from 5-7M nitric acid. With the DHDECMP-TBP and DBDECMP-TBP

systems, synergistic effects have been observed for both plutonium and

americium. The chemistry and application for preanalysis concentration

and separation of these solvent extraction systems are described.

ANION EXCHANGE

Anion exchange is the technique usually employed to separate plutonium

and neptunium from actinides and other sample constituents prior to

radiochemical determinations of the actinides (Figure 1). For pluto-

nium-neptunium separations, neptunium(IV) (Np) is sorbed on an anion
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Figure 1. Actinide Separation of Actinides in Nitric Acid

exchanger and the plutonium(III) (Pu) allowed to pass with the effluent

and wash streams from a 5M HNO 3-0.66M Al(N0 3)3-0.2M Fe(S03NH2)2 feed

solution. Plutonium is separated from plutonium-uranium solutions by

sorbing plutonium(IV) on the resin from a 7M HN0 3 feed and permitting

the uranium(VI) (U) to follow the effluent and wash streams. In both

cases, plutonium and neptunium are eluted from the resins with dilute

nitric acid.

For the actinide separations, pellicular, macroreticular, and microreti-

cular (gel-type) anion exchange resins were compared. 1-5 The pellicular

and macroreticular (porous gel) resins showed faster elution and washing

properties for the non-sorbable ions than the microreticular resins.

However, the actinide breakthrough capacities of the pellicular and mac-

roreticular resins were less than the microreticular resins but the

breakthrough capacities for the macroreticular resins were dependent on

actinide feed concentrations. A brief review of the experimental

results follows.

Plutonium

Initial anion exchange resin comparisons for the separations were made

based on plutonium breakthrough capacity and elution. Figure 2 shows an
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Figure 2. Breakthrough Plot for Dowex 11

example of a breakthrough curve for plutonium. Breakthrough is defined

as the concentration of plutonium in the ion column effluent divided by

the plutonium concentration in the feed. An example of elution results

is given in Figure 3. The results are expressed in milliliters of 0.35M

HN0 3 to elute 90% of the plutonium from one milliliter of resin.

Table 1 shows the effect of resin properties on plutonium breakthrough

capacity and elution. The differences in breakthrough capacities be-

tween the various resins are more apparent at 500 mg/l plutonium feeds

than at 10 mg/l plutonium feed concentrations. The relative break-

through capacities (500 mg/l plutonium feed) of phenolic, pyridinium,through capacities (500 mg/l plutonium feed) of phenolic, pyridinium,
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weak-base acrylic, and epoxy-amine resins are low compared to poly-

styrene-divinylbenzene matrix resins. The strong- versus weak-base

polystyrene resins and microreticular versus macroreticular show little

difference in breakthrough capacity. Elution, however, is much slower

with the polystyrene microreticular resins as compared to the other

resins tested. Elution was increased with smaller bead and lower cross-

linked polystyrene microreticular resins. The macroreticular resin,

Amberlite IRA-938, showed fastest plutonium elution of the 20-50 mesh

resins. Dowex 1-X4 resin of 100-200, or better, 200-400 mesh, is better

than the larger bead resins.
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Table 1. The Effect of Resin Properties on
Plutonium Breakthrough Capacity and Elution*

Resin Resin 500 mg/l Feed 10 mg/l Feed Elutio2
(20 to 50 mesh) Properties a (3.5 ml/min.cm2) (29 ml/min.cm 2) Volume

Amberlite IRA-938 M-S-P 20 0.5 4
Dowex MSA-1 M-S-P 9 0.4 6
Amberlite IRA-900 M-S-P 7 0.3 14
Amberlite IRA-910 M-S-P 5 0.2 6

Amberlite XE-299 M-W-P 10 0.4 4
Amberlite IRA-93 M-W-P 4 0.3 5

Duolite ES-561 M-W-Ph <1 --- 23

Dowex 11 (A) G-S-P 12 0.5 29
Ionac ASB-1 G-S-P 10 0.2 33
Dowex 11 (B) G-S-P 9 0.4 60
Dowex 1-X4 G-S-P 8 0.5 72
Amberlite IRA-402 G-S-P 7 0.4 68
Duolite A-101D G-S-P. 6 --- 30
Amberlite IRA-410 G-S-P 4 0.2 15

Amberlite IRA-458 G-S-A 7 0.2 7

Ionac A-581 G-S-Pd <1 --- 4

Amberlite IRA-68 G-W-A <1 -- 13

Duolite A-30B G-W-E <1 --- 27

* All values have an estimated accuracy
runs with four different resins.

a G = gel or M = macroreticular resin;
P = polystyrene-divinylbenzene, Ph =
pyridinium, or E = epoxy-amine.

L

of ±10%. Based on triplicate

S = strong or W = weak base;
phenolic, A =acrylic, Pd =

D Breakthrough capacity is the milligrams of plutonium passed per
milliliter of resin when the ratio of plutonium concentration in the
effluent to the plutonium concentration in feed reached 0.1.

c Milliliters of 0.35M HNO3 to elute 90% of the plutonium from 1.0 ml
of resin. Flow rate = 3.5 ml/min.cm ,

d Amberlite IRA-410 is a Type II resin -(CH 3)2 all other strong-
based resins are Type I [+N_(CH 3)3]. CH2 OH

Plutonium-Uranium Separations

For this separation, plutonium is loaded on the resin and uranium is

removed by washing with 7.OM HNO3. The uranium is very difficult to

remove by washing. Table 2 shows the results of the resin comparisons
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for the uranium-plutonium separation. Uranium removal by washing and

plutonium elution were fastest on AS Pellionex SAX®, a pellicular,

strong base, anion exchanger. However, the plutonium breakthrough

capacity of the pellicular resin was very low. This was expected since

the manufacturer estimates the capacity as approximately 10 microequiva-

lents per gram. The pellicular resin would have utility in separating

traces of plutonium or neptunium from mixed actinides in nitric acid.

AS Pellionex SAX was the only pellicular resin available at this time

which was stable over a pH range of 2 to 12. The resin did not appear

to deteriorate or lose capacity with several weeks of usage in 7M HNO 3.

Table 2. Results of Resin Comparisons*

Plutonium
Uranium Plutonium Breakthrough

Resin Washinga Elutionb Capacity

Dowex 1-X4 8.0 18 0.42

Dowex 11 8.9 26 0.22

Amberlite IRA-900 8.4 11 0.30

Dowex MSA-1 8.6 6 0.24

Amberlite IRA-93 4.6 3 0.26

AS Pellionex SAX 1.4 <1 0.01

* All values have an estimated accuracy of ±10%.

a Bulk column volumes of 7M HNO 3 to wash 90% of the uranium from the
resins.

b Bulk column volumes of 0.35M HN0 3 to elute 90% of the plutonium from
the resin.

c Grams of plutonium fed to columns when ratio of plutonium concentra-
tion in effluent to plutonium concentration in feed reached 0.01.

Data in Table 2 show that Amberlite IRA-93 followed the pellicular resin

for fast uranium removal by washing. The weak base macroreticular resin

required less than five column volumes of 7M HN03 to remove 90% of the

uranium from the resin whereas the other resins required eight to nine

column volumes. If the 7M HNO3 wash solution was heated to 50 °C, 90%
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of the uranium could be removed with 3.9 column volumes of wash solu-

tion; however, plutonium in the wash effluent increased about an order

of magnitude over room temperature washing.

Besides excellent uranium removal, the other advantage of the Amberlite

IRA-93 was the fast elution of plutonium. Amberlite IRA-93 took less

0.35M HNO 3 to elute 90% of the plutonium than any of the other macro-

reticular and gel resins tested.

The use of Amberlite IRA-93 instead of Dowex 1-X4 for plutonium-uranium

separation saved time and decreased aqueous waste because of the faster

uranium washing and plutonium elution behavior. However, because of the

lower plutonium breakthrough capacity of Amberlite IRA-93, overloading

the resins could cause elevated plutonium levels in the effluents.

Recent testing of Amberlite IRA-938 has shown it has better uranium

washing behavior than IRA-93, as well as a higher plutonium capacity and

elution characteristics.

Plutonium-Neptunium Separation

For the plutonium(III)-neptunium(IV) separation, the washing of pluto-

nium(III) from the neptunium loaded resin is the most time consuming

part of the separation. Resins with faster kinetics, such as the macro-

reticular resins, were thought to improve the plutonium(III) washing and

neptunium(IV) elution.

Figure 4 shows the washing profile for plutonium(III) on the anion ex-

change resins tested. Amberlite IRA-93 gave superior performance over

the other resins in relation to plutonium(III) removal by washing.

Dowex MSA-1 gave the poorest washing behavior but it was not much worse

than Dowex 1-X4.

The neptunium elution data on the resins is shown in Table 3. The

majority of the results show that the neptunium elution order on the

resins was Amberlite IRA-900 > Amberlite IRA-93 > Dowex MSA-1 > Dowex

1-X4 (slowest). As with the plutonium(III) washing results, there are

not great differences between the elution behavior of the resins.
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Table 3. Neptunium Elution on the Resins

Column Volumes of 0.35M HNO 3 Required
to Elute 90% of the Neptunium

Description

A-Eluate

B-Eluate

D-Eluate

E-Eluate

Dowex 1-X4

7

7

7

Amberlite
IRA-900

5

4

4

Dowex
MSA-1

Amberlite
IRA-93

6 5

6 5

6 5

6 5
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In summary, the macroreticular resins have better washing and elution

characteristics than the microreticular resins. However, the capacity

of the macroreticular resins decreased with a decrease in actinide feed

concentrations whereas the microreticular resin retained this capacity

with changing feed concentration. But for preanalysis separation, the

use of macroreticular resins have definite advantages over microreticu-

lar resins and Amberlite IRA-938 should be tested in the future for this

separation.

SOLVENT EXTRACTION

The extraction chemistry of carbamoylmethylephosphonates is currently

under investigation at Rocky Flats. The structure of the organophos-

phorus extractants is shown in Figure 5. The extractants studied most

include the case where the R's represent hexyl, butyl, and ethyl groups,

such as DHDECMP and DBDECMP.

O 0

(RO)2 P - CH2 - C - N (-R') 2

R = hexyl R' = ethyl DHDECMP
R = butyl R' = ethyl DBDECMP

Figure 5. Carbamoylmethylphosphonates

The bifunctional organophosphorus extractants are being investigated for

various applications at Rocky Flats. 6-10 The applications include plu-

tonium and americium recovery and concentration from acidic waste

streams, separation of plutonium from mixed actinide residues, and puri-

fication of americium.

The extraction chemistry of the bifunctional extractants, DBDECMP and

DHDECMP, will be presented. ll The properties and extraction mechanisms

of the extractants with and without tributyl phosphate (TBP) will be

discussed, as well as application of the extraction systems for radio-

chemical analysis.
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Extraction Behavior of DHDECMP and DBDECMP

Table 4 shows the extraction behavior of numerous elements from an

acidic waste solution using these extractants. Distribution coeffi-

cients (D) were determined by mechanically shaking for 15 minutes equal

volumes (5 ml) of feed solution and extractant in 15-ml glass vials at

ambient temperatures (25 ± 1 °C). The phases were found to be effec-

tively separated in 15 minutes but were allowed to stand overnight. The

D values were calculated by dividing the analysis of the total element

concentration in the organic phase by the total element concentration in

the aqueous phase.

Table 4. Extraction of Various Ions in 7M HNO 3 Feed
with Undiluted Extractants

Ion D (DHDECMP) D (DBDECMP)

Pu 300 200

Am 60 110

Zr 3 10

Fe 4 4

Ga 2 4

V 2 2

Ce 2 2

33 Others <1 <1

The extraction of actinide elements is very strong from 7M HNO 3 with

both DHDECMP and DBDECMP. (Descriptions of the DHDECMP, 63% purity and

DBDECMP, 99% purity, are given in Reference 9.) Zirconium, iron, gal-

lium, vanadium, and rare earth elements are moderately extracted while

33 other elements have distribution ratios less than one (in most cases

<0.1). The results show that the extractants are very selective for

actinides in nitric acid. The extractants could also be useful for

analytical separation of the moderately extracted elements.

Figure 6 shows the effect of nitric acid concentration on actinide

extraction with DHDECMP. The results show that DHDECMP can be used to

separate thorium(IV) from other actinides such as americium(III) [as

well as curium(III) and plutonium(III) which behave the same as ameri-

cium(III)]. DHDECMP could be used to recover plutonium from Th-U-Pu

mixtures by coextracting thorium(IV) and uranium(VI) from a nitric acid
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Figure 6. Effect of Nitric Acid Concentration on Actinide Extraction
for 30 Volume Percent l)HUECMP*-CCI,

solution containing plutonium(III), stabilized with a reducing agent

such as ferrous sulfamate. Using dilute nitric acid, the thorium can be

back-extracted to effectively separate thorium from uranium. Finally,

uranium can be back-extracted from the DHDECMP with a solution contain-

ing sulfate or carbonate ions.

Figure 7 shows the extraction behavior of plutonium and uranium in

nitric and hydrochloric acids, respectively, with DBDECMP, and plutonium

and americium in hydrochloric acid with DHDECMP. Comparing these data

to the previous figure, one can see the extraction curves for plutonium

are similar in shape. Plutonium extracted with DHDECMP from hydro-

chloric acid solutions is much less at lower acid concentrations com-chloric acid solutions is much less at lower acid concentrations corn-
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pared to extraction from nitric acid (curve is steeper for HC1 versus

HN03). Uranium has the most dramatic change in extraction from nitric

to hydrochloric acid media. Typically D increases with increasing acid

concentration, however, uranium extracted from HC1 shows a maximum D at

5M, then drops off at higher acid concentrations. These data indicate

that plutonium-uranium separations may be better in 8-10M HC1 than in

nitric acid.
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Uranium extraction was also briefly studied from sulfuric and phosphoric

acids. Uranium distribution ratios (data not shown) for 30 vol %

DBDECMP-CC14 are <0.3 in 0.5-5M H2S04 and H3P04. Third phase formation

occurred at higher acid concentrations. There appears to be little

application to separation of actinides from these acids using DBDECMP.

Figure 8 shows a log-log plot of the americium distribution ratio in

7M HN0 3 versus DBDECMP concentration. The slope of three shows a third

order dependence of DBDECMP for americium, indicating the extracted com-

plex contains one americium ion per three DBDECMP molecules. A similar

plot was obtained for DHDECMP and americium in 7M HN03, but the slope

decreased to approximately two.
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For plutonium in 7M HNO 3, a second order dependence of DBDECMP concen-

tration was observed (Figure 9), suggesting the extracted complex con-

sists of one plutonium atom per two DBDECMP molecules. A similar depen-

dence was observed for plutonium in DHDECMP, as well as uranium in

DBDECMP. , , I,

1000

500

C

a

1:
0r
z

.9T'S

100

50

5 13 50

DBDECMP-CC1 4

Figure 9. Uranium an Plutonium Distribution Ration vs
OBOECMP Concentration

Mixed Extractants

Americium extraction behavior in the mixed extraction system DHDECMP-TBP

using diisopropylbenzene diluent was determined using 84% pure DHDECMP

as supplied by Bray Oil Company, Los Angeles, California, and 99% pure

TBP obtained from Eastman Kodak Company. Distribution coefficients were

determined in triplicate at each concentration evaluated. As shown in

Table 5, the addition of TBP to DHDECMP increases the extraction of

americium compared to DHDECMP alone in both 0.2 and 7.43M HN0 3. A

synergistic effect for plutonium and americium was also found with

DBDECMP-TBP.1 9
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Table 5. Americium Distribution Ratio Data with DHDECMP,
DHDECMP-TBP in Diisopropylbenzene and Various Nitric
Solutions

TBP, and
Acid Feed

b b b Syner-
Feed CoRc M DHb BP DHTBPb DH gisticy

Solutions DH DBP DAm DAm Am Factor

1.025 x 0. 1.0 - 0.005 ± 0.002 
10-2g/l Am

7.34M HNO3 0.25 0.75 0.28 ± 0.1 --- 0.70 ± 0.01 2.3

0.5 0.5 2.74 ± 0.08 --- 4.16 ± 0.02 1.5

0.75 0.25 8.57 ± 0.15 --- 10.53 ± 0.39 1.2

1.0 0. 21.4 ± 0.1 

1.12 x O. 1.0 --- 0.002 + 0.001 -
10-29/1 Am

0.2M HNO3 0.25 0.75 0.012 ± 0.001 --- 0.036 ± 0.002 2.6

0.5 0.5 0.099 ± 0.002 --- 0.133 ± 0.006 1.3

0.75 0.25 0.26 0.01 --- 0.307 ± 0.01 1.2

1.0 0. 0.569 ± 0.018 

a DH = DHDECMP

b Average of three determinations ± standard deviation.

c Synergistic Factor = D value DHDECMP + TBP

(D value DHDECMP) + (D value TBP)

Plutonium(IV) Polymer Extraction

It has long been known that the presence of plutonium(IV) polymer in

process samples leads to low plutonium results if ion exchange or most

solvent extractants are used for preanalysis separation and/or concen-

tration. We have investigated the extraction behavior of plutonium(IV)

polymer with DHDECMP and found that it is effectively extracted from

both 0.4 and 7.0M nitric acid. 12 Stripping the polymer is difficult,
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even with hydrofluoric acid. However, 1.OM sodium carbonate is a very

effective stripping agent. The extracted complex contains 1 to 2 mole-

cules of DHDECMP per plutonium ion and the plutonium(IV) maintains a

polymeric structure.

Table 6. DHDECMP Capacity of Various Support Materials

Support Material
DHDECMP

Capacity (g/ml)
Decrease in Capacity
After Washing (%)

Amberlite XAD-4

Amberlite XAD-7

Poly M Phenyl Ether
Chromosorb*

Amberlite XAD-1

Bio-Rad SM-2

Amberlite IRA-93

Amberlite XAD-2

0.34 ± 0.03 18

0.32 ± 0.04 59

0.29 ± 0.01 37

0.24 ± 0.04 39

0.24 ± 0.02 31

0.22 ± 0.02 52

0.22 ± 0.02 40

* 80 to 100 mesh beads; all others 20 to 50 mesh beads.

Extraction Chromatography

Extraction chromatography, which has the advantage of utilizing the ver-

satility of solvent extraction systems with the less expensive operation

of ion exchange equipment, was evaluated for use with DHDECMP. Table 6

shows the capacity results for several supports. Over 30 support mate-

rials were tested, but only the materials with the highest capacities

are shown in the table. The supports were prepared by rinsing with

15 ml of CCL4 followed by 30 ml of water. The supports were then equil-

ibrated with 7M HNO3, washed with 30 ml of water, and allowed to dry at

60 °C under vacuum for 3 days. Next, the columns of support material

were tared and equilibrated with a 50 vol % DHDECMP-CC14 solution for

73



3 days. Excess extractant was removed under vacuum and the DHDECMP

loaded support washed with 7M HNO 3 until no visible extractant was

observed in the wash. Finally, the residual 7M HN03 was removed by

washing with water and the DHDECMP loaded support was dried and

weighed. The capacity of the support for DHDECMP was taken as the grams

of DHDECMP sorbed on a milliliter of dried, loaded material. Each

result is the average and standard deviation of three determinations.

Amberlite XAD-4 had the highest capacity.

Seven of the supports exhibited a high enough capacity to warrant fur-

ther testing and thus were tested for extractant losses (by solubil-

ity). The extractant losses were determined by passing 300 column

volumes of 7M HN0 3 over the DHDECMP loaded materials. The residual 7M

HN03 was removed by washing with water and the DHDECMP loaded support

material was dried and weighed. The extractant losses from the support

materials were reported as the percent decrease in the DHDECMP capa-

city. Amberlite XAD-4 has the lowest extractant losses.

Solid-Supported Liquid Membranes

Actinide separation and concentration is being investigated using solid-

supported liquid membranes.13 Thus far, americium behavior was studied

using laboratory-built hollow-fiber membrane modules sorbed with

DHDECMP. Two different hollow-fiber material were used: Celanese Cel-

gard® and Armak Accurel®. The Celgard fibers (ten per module) were

11.5 cm long and 0.04 cm inside diameter with a 0.0025 cm wall thickness

and 45% void volume. Because of continuing problems with leaks, the

Celgard fibers were replaced with thicker Accurel fibers (two per

module) the same dimensions as the Celgard fibers. The activity of

americium as a function of time was followed by an on-line NaI(T1) gamma

detector in conjunction with a multichannel analyzer operating in the

multiscalar mode.

The feed and strip solutions were recirculated through the membrane

module until no further change in the feed americium concentration was

observed (Figure 10). The initial and final actinide concentrations

were determined radiometrically.
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Figure 10. Experimental Setup for Membrane Experiments

Figures 11 and 12 show the results of data treatment for membrane

modules using two different hollow-fiber materials, Celanese and

Accurel. Most of the curves show some deviation from linearity, but

given the very long times involved, linear fits of the initial sections

are satisfactory. The concentrations refer to the nitric acid concen-

tration of the feed. The total nitrate concentration is 7.OM made up

with NaN0 3.

ThM. Min.

Figure 11. Americium Transfer Data for a Module Containing
Celanese Hollow Fibers
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Preliminary results to date show americium can be removed from low-acid/

high-nitrate feeds using hollow-fiber membrane modules; americium can be

concentrated in the stripping solution (maximum observed concentration

was a factor of 3.1); and Accurel hollow fibers are less prone to

leakage problems.

Summary

In summary (Table 7), bifunctional organophosphorus extractants could

have utility in analytical chemistry separations. Since one of the

advantages of this class of extractants is to extract tri-, tetra-, and

hexavalent actinides, they could be used for the collection and concen-

tration of actinides from low-level samples. However, there is enough

of a separation factor to permit separations of plutonium(III) and ura-

nium(VI), plutonium(IV) and americium(III), and thorium(IV)-pluto-

nium(III)-uranium(VI), as well as separations of actinides from numerous

other elements. Mixtures of DBDECMP-TBP and DHDECMP-TBP are synergistic
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for plutonium and americium. The extractants can also be used in an

extraction chromatographic mode.

Table 7. Potential Analyticla Chemistry Uses of Bifunctional
Organophosphorus Extractants

* Coextration of tri-, tetra-, and hexavalent actinides for collection
and concentration.

· Separation of Pu-U, Pu-Am, and Th-Pu-U.

· Separation of actinides from most other elements.
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DISCUSSION

T. BRAUN: You mentioned the work with the membranes but as far as I

remember you didn't tell us about the nature of the membrane. The hollow

fibre membranes - what are they made of?

J.D. NAVRATIL: I wish we knew. These are commercial products. This

particular one is an acryl-membrane but they won't tell us the composition,

except that it is a polypropylene type of material.

T. BRAUN: When you load them with your extractant, are they porous

membranes or are they compact?

J.D. NAVRATIL: They are porous membranes.

T. BRAUN: You in fact load the extractant into the pores. It's not a

swelling type loading, they don't swell?

J.D. NAVRATIL: No.

W.J. McDOWELL: Where do these membranes come from; are they from Bend

Research?

J.D. NAVRATIL: The first type we got was from Bend but they leaked a

lot, so these are acryl, but I can't recall the manufacturer's name now.

F. MACASEK: But you have complete modules?

J.D. NAVRATIL: Yes, but in our experiments we have been breaking apart

the modules, since they contain thousands of hollow fibres, and sometimes you

get one of them leaking and you don't know which one. So we have a single

fibre for our testing. That way if there is any volume change we can tell

right away it's leaking.

T. BRAUN: When you load your extractant on the fibre you don't have

bleeding? Because you have a heavy circulation of different solutions, you

have different flow rates of the feed and the other solution. It could wash

out the extractant from the surface because it is simply by a physical

sorption that the extractant is held on the fibre. There is no bleeding? You

don't have to reload it after a certain time.

J.D. NAVRATIL: For an experiment we have not done so, simply because we

use one fresh fibre per experiment. But Phil Horowitz has run longer

experiments and he told me that he did not notice any significant loss in

capacity over longer term experiments. But that's one thing that we have to

explore of course.

T. BRAUN: If you have a certain surface you can use a certain amount of

extractant and then you have a layer of a certain thickness. Now if you load

it with more extractant you have a thicker layer. Probably you will have to
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optimize that amount, that is, the thickness of the layer you load on the

membrane.

J.D. NAVRATIL: When we load the membrane it is in the presence of a

diluent. If we use 100 percent extractant the kinetics are slowed down too

much, it is just too viscous. It's loaded such that it is passed through the

feed side of the membrane and Phil feels that this gives a couple of orders of

magnitude less loss of extractant than you would experience in a regular

extraction chromatography mode. The extractant is more or less protected from

the main flow of the aqueous stream and it does more or less act as a shuttle

back and forth. He is convinced that there is not a large loss of extractant

and this is what the Bend Research people also say.

T. BRAUN: I suppose there is another operation mode - that is to find a

hollow fibre made from a plastic material which can be swollen with

extractant. That is for example polyurethane, not foamed, but sheets or

fibres. Now polyurethane is not porous but it can be swollen with many

extractants, and then the extractant is held firmly within the membrane

backbone, not in the pores. Perhaps you could try this. They are available

on the market.

J.D. NAVRATIL: Yes there is a lot of work to be done in this area. I

think it's a new technology and the membrane area is where the work is needed.

J. FARDY: The interesting purification cycle in which you are using

these bifunctional extractants - what motivated you to shift from solvent

extraction to extraction chromatography?

J.D. NAVRATIL: Well, as you saw in our plant we are very ion excl

oriented. They have ion exchange columns and there is only a small Pure

process operating which is liquid/liquid. So the plant people are very

anxious to use the same equipment.

J. FARDY: It wasn't a case of separation factors being too close

together for some of your impurities?

J.D. NAVRATIL: No.

J. FARDY: You could almost get away with a single stage solvent

extraction type process.

J.D. NAVRATIL: Right.

hange

eX

W.J.McDOWELL: Is the objective to retain pure plutonium and reject

everything else or do you also want to save the pure americium?

J.D. NAVRATIL: The americium thing is on and off again all the time.

We have enough americium now for supplying it for smoke detectors and oil well

logging. But on the other hand the waste people do not want it in their waste

drums because then it's a radiation hazard for the people handling the drums.
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W.J. McDOWELL: I think I've suggested this before but I talked about

our analytical separation of plutonium. That tertiary amine separation is

very, very selective for plutonium. The distribution coefficient for

plutonium is between 3000-4000. Neptunium IV is the same but you rarely have

that much neptunium and you rarely have it in the 4-valent state so that

really isn't a problem. The distribution coefficient for uranium is 1, and

the distribution coefficient for almost everything else is less than 0.01. So

if you only want to retain plutonium that's the process you ought to use.

J.D. NAVRATIL: Isn't there some trouble with water stripping of the

plutonium though?

W.J. McDOWELL: If you reduce the acidity you can strip the plutonium

back out. You have a point there, I don't really know exactly what conditions

would be required for effective stripping.

J.D. NAVRATIL: Anion exchange is also very selective for plutonium,

it's just that the polymer - in our waste we have enough polymer, we are

sorbing everything out but the polymer.

J. FARDY: You have no problem in your nitric acid anion exchange plant

with explosions etc.?

J.D. NAVRATIL: No, no. They just learned not to leave the plutonium on

there too long, not to let it go dry, and also to have pressure relief valves

on the columns.

F. HACASEK: May I ask you the reason for the recirculation in the

membrane process, Is that the slow kinetics or just low interfacial area?

J.D. NAVRATIL: It's probably a combination of both. In a plant

operation we could have more modules. I think actually the way to operate

would be to have several modular membranes operated in parallel. That way if

one of them sprang a leak you would not spoil the whole operation, and with

each module you would have a stripping loop.

F. MACASEK: I am interested about the quaternary ammonium ions. The

nitrogen should obviously be protonized. I think you should be very careful

about nitric acid transfer to the strip solution. Did this occur?

J.D. NAVRATIL: Yes, there is some.

N. MISAK: What is the maximum amount of plutonium you can load on the

resin from 7 molar nitric acid, and what is the type of resin?

J.D. NAVRATIL: The resin is Amberlite IRA-938, a macroporous resin.
-2 -1

The effluent streams are usually between 10 and 10 g/l of plutonium,

so it varies depending on how they operate it.
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J. FARDY: How far do they load the resins, does this vary?

J.D. NAVRATIL: Yes.

T. SATO: How is the solubility of your phosphine oxide?

J.D. NAVRATIL: It's about like tributylphosphate, about half gram per

litre.
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Abstract

The membrane extraction consists in transport of solutes
through a mobile liquid membrane formed by organic solvent in
double water (strippant) / oil (extractant) / water (feed) emul-
sions. This work was undertaken to evaluate the advantages and
drawbacks of membrane extraction in preconcentration of radio-
nuclides from water solutions to use it in radiochemical
analysis, hydrometallurgyof uranium leach solutions and radioac-
tive waste water treatment. The approach involved : (a) theory
development, (b) search for stable emulsion systems, (c)
techniques of absolute preconcentration, (d) suppressing a
contamination of the feed with strippant, (e) development of
hybrid analytical and radioanalytical methods. The extraction of
cesium, strontium, cobalt(II), uranium(VI), cerium (III) and
technetium(VII) was investigated with chelating agents (di-2-
ethylhexylphosphoric acid, 8-hydroxyquinoline, KELEX 100, LIX
64N and ABF) and in ionexchange systems (e.g.with quaternary
ammonium salts and bis(1,2-dicarbollyl)cobalt(III) ).

1. INTRODUCTION

The membrane extraction is a relatively new separation

technique [1,2] which consists in transport of solutes through a

mobile liquid membrane formed by organic phase in double

water/oil/water emulsions. Its application has been restricted

to simple acids or bases (phenol, ammonia), anions (nitrates,

phosphates, chromates) or metal complexes of Cu(II), Zn(II),

Ni(II), Cd(II) and Hg(II) [3,4]'.

A theory of the process has been developed for various

models of simple and activated permeation processes and diffe-

rent engineering conditions [5-8] but little attention was paid

to membrane extraction (further: MX) as analogue of solvent ex-

traction (further: SX) separation and preconcentration tech-

nique.
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No reference has been made in literature to the problems

of an overall transport of the components of internal (stripp-

ing) and outer (feed) solutions in the double emulsions which

were used in separation systems.

2. THEORY

To compare the membrane and solvent extraction methods

simple parameters can be introduced [9-12]. Considering a che-

mical equilibrium can be achieved in a system, the comparable

parameters are as follows.

SX MX

feed volume VI V

organic phase volume VM V

stripping phase volume 0 VII

distribution ratio

for extraction DI 

for stripping - D

recovery fraction RSX RMX

where

RSX = D I rI / (1 + DI (1)

RMX =p I rI / ( 1 + p DI r ) (2)

p = 1 + 1 / Dr (2a)

rI M I' ri V/VII

The parameter p given by Eq.(2a) can be considered as an en-

hancement factor for pertraction of a solute from outer into an

internal solution, comparing with the conventional solvent

extraction - a p e r t r a c t i o n f a c t o r . The num-

ber of repeated SX operations (repeated extractions) leading to

the same recovery of solute as achieved in a single MX step (si-

multaneous extraction and stripping) is given by the ratio
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log (1-R )

N = ------ (4)

log (1-R X)

which can be called m u lt i p l i c a t i o n f a c t o r

of membrane extraction at a given composition of outer solution

and membrane.

The values RMX and N should be considered as the maximal

efficiency parameters based on the three-phase equilibrium di-

stribution, because all non-chemical processes in double emul-

sions (breakage of the emulsion, emulsification of feed, permea-

tion of strippant and conditioning agents etc.), diminishing the

standard chemical potential difference between the outer and

inner phase for the permeant, lead to a decrease of efficiency.

Nevertheless, both the parameters provide criteria for optimiza-

tion of the process. Especially the multiplication factor N

prevents the membrane extraction efficiency to be overestimated,

as it often occurs. The third parameter which should be taken

into account to find optimal conditions for separation is an e-

f f e c t i v e r a t e c o n s t a n t oversimplified in

the equation [11,12]

log (1 - R/RM) = - k t (5)

where the constant

k = 0.43 a P D 2 p (5a)
RMX(2p - 1)

depends upon hydrodynamic conditions (P - mass transferr coeffi-

cient of permeant through the membrane layer, a - specific

interfacial area between external aqueous phase and emulsion

globule). Further mathematical modelling was performed in this

work using numerical methods for diffusional equations [13].

The evident dependance of the kinetics on DI value

provides kinetical limit not only for the membrane extraction

performed at a low extractant concentration, but also a limit

for mutual separation of extracted elements. It excludes a back

step of separation because the removal of elements from inner to

outer solution would need an extraordinally strong stripping

agent. Instead of the back extraction, the emulsion is to be
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destroyed and inner solution conditioned for further separation.

In a complex o p t i m i z a t i o n c r i t e r i o n

F = w1 R + w2 N + w3 k (6)

the weights (w) must be formulated for each actual task separa-

tely, stressing a high recovery and/or economy of extractant,

extraction (loading) capacity, acceptable breakage and swelling

of emulsion etc. By neglecting the rate of the process (w 3=0),

REGION OF INTEREST FOR
MEMBRANE EXTRACTION

AS A PRECONCENTRATION METHOD
(three-dimensional plot)

C- .0

C)

a -1.5 <V

o 1 so m o

C-

0 0 0 

I! 

outer solution log (D r )
I I

FIG. 1. Plot of the membrane extraction recovery fraction

(R = RMX %) and multiplication factor N .
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the area of interest (FIG.1) may be restricted by the following

approximate limits [12] :

log(DIIrII ) 1 < log(DIr ) < -1/2 [log(DIIrI) + 1] (7)

i.e. 0.01 <. D rI < 10. It means, in particular, that the sepa-

ration may be efficient in the systems with a high preconcentra-

tion factor required (rI below 0.001) at a moderate extraction

distribution ratio DI (above 10). As for the strippant, a low

distribution ratio (DI < 0.01) in double emulsion systems

should be ensured only if D rI is below 0.1 because a

concentrated internal solution may cause a contamination of feed

solution with the strong strippant released and also an osmotic

swelling of emulsion in undesirable extent. A large enhancement

factor p is appreciable, however, even if DI itself is high

enough, when the preconcentration is to be performed in dynamic

conditions (from the reason of a suitable phase manipulation),

contacting the outer solution (VI ) continuously with a fixed

amount of emulsion (VE =V+VII) in apparatus with a working

volume smaller than a feed (V < VI). Then the yield of the

differential preconcentration at the working phase ratio r=V /V

can be obtained as follows

pDIr 1 - VI/V

Rd= 1 Dr exp ( -1 ) (8)d 1 + pDIr 1 + PDIr

which for "static" conditions (V = VI, r = rI ) gives a maximal

yield equal to RMX in Eq.(2). It means, that a high preconcen-

tration is ensured only when the exponent is close to zero,

practicaly Rd is greater than 90 % if PDir I > 10. Therefor,

at the ratios rI below 0.01 (an absolute preconcentration above

100:1) it is difficult to reach this condition by most of common

solvent extraction systems and the introducing of the more capa-

ble liquid membrane systems necessarily comes into consideration

for dynamic preconcentration techniques.

Thus, from the theory of three-phase distribution it

ensues that the main advantage of liquid membrane systems

consists in very high preconcentration factor achievable at

various conditions : (i) at low extraction distribution ratios

caused either by small extraction constants, low extractant
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concentrations or high concentration of competing ions, (ii) at

both static and dynamic preconcentration techniques at high feed

to product ratio.

The main drawbacks of the double emulsion systems appear

evidently from their thermodynamic instability and the permeabi-

lity of the liquid membranes towards many components of the sys-

tems used for the conditioning and stripping of water phases.

These phenomena are still difficult to be predicted by a theory

and various experiments must be done to find proper and optimal

formulations of the emulsion systems.

3. EXPERIMENTAL

The surfactants SPAN (ARLACEL) and RADIASURF were the

products of Atlas Chemical Industries N.V. and Oleofina S.A.

respectively. Other chemical used were of analytical grade.

A turbine type impeller of our own construction [14] was

used for preparation of the liquid membranes with volume ratio

r = 0.8-1.2 and at mixing rate 4000-6000 rpm for 3-5 min. For

special purposes, homogeneous emulsions (inner drops 1-2 pm)

were prepared in ultrasonic bath (UG-160/320 TA, Tesla) from the
-2

rough dispersions at energy flux about 0.5 W.cm for 10 min.

The emulsions were considered to be usable when the percentage

of their rupture was less than 2 % vol after 1 hr standing, but

some emulsions remained stable for days and even weeks and

months. When an immediate breakdown of the emulsion was desired,

higher ketones or alcohols (methyl isobutyl ketone, n-octanol

etc.) were added. The extraction in multiple W/O/W emulsions was

performed in a glass vessel by stirring with a magnetic bar

(50x10 mm) stirrer at 300-600 rpm, usually with 20-50 ml of

outer (feed) solution, or by shaking in calibrated analytical

flasks (500-1000 ml) to enable the separation of a small emulsion

amount after separation by gravity. A microprocessor operated

laboratory column (75 x 800 mm) was under construction for rapid

separation of solutes from large volumes (10-50 litres) of

analysed solutions either by membrane or solvent extraction

[T5].

Radionuclides Mn-54, Co-57, Tc-99m, Cs-137 (Cs-134) and

Ce-144 (Ce-141) were used as tracers for metals at concentration
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-3 -3
about 1x10 mol.dm in feed solutions. Uranium was determined

by Arsenazo III method [18].

The separation was followed by sample taking (0.2-0.5 ml)

from outer solution and measuring gamma activity on MODUMATIC

III (Packard) automatic counting device which was connected on-

line with HP 9825 B (Hewlett-Packard) computer and 9872C Plotter

[9]. Transport of protons in double emulsions was followed

potentiometrically by a glass electrode and Precision pH-meter

0P205/1 (Radelkis) with line recorder TZ 21S (LP Praha).

Cesium salt of bis(1,2-dicarbollyl)cobalt(III) was obtain-

ed from Institute of Inorganic Chemistry of Czechoslovak Academy

of Sciences, Rez. It was transferred to its 8,8'-dibromoderiva-

tive as described earlier [16] and subsequent acid (further :

DCC) solution in nitrobenzene was prepared by washing with 8 M

HN03·

Optimal conditions for a liquid membrane separation

process were found also in planned experiments using simplex

optimization at the criterion (6) given above.

4. RESULTS AND DISCUSSION

Much effort was made to find the emulsions of solvent with

stripping agents which would be more efficient (in respect of

the multiplication factor N ) than the solvent alone. Formula-

tions of stable emulsions were worked out at the systems listed

in Table I

Serious problems were met due to the unexpected transport

of electrolytes in the double emulsions. For instance, agitation

of the emulsions of tri-n-octylphosphineoxide (TOPO) in which

sodium carbonate solution, as a strippant for uranium, was

encapsulated with acidified (pH 2 with HNO 3 ) external solution

resulted in a fast breakdown of the emulsion due to generation

of carbon dioxide bubbles within inner droplets. The emulsion

prepared from tri-n-octylamine ( TOA ) and 0.5 M NH4OH, when

agitated with acidified outer solution, alkalised the feed

solution rapidly, without a significant breakage of the

emulsion. After this experience, the carriers which could easily

transfer the protons from inner to outer solution and vice versa

were avoided. Many other systems under study, however,
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TABLE I. DOUBLE EMULSION SYSTEMS INVESTIGATED

feed solvent membrane/carrier stripping
water phase water phase

Cs+

pH 2 nitrobenzene / picric acid HNO
," / dipicrylamine KNO

/. DCC NH NO3

HCo04
3

KC1

K3[Fe(CN6)]

Sr 2+

pH 2 nitrobenzene / DCC + PEG 300 HNO
sodium citrate

pH 5-6 hexane / D2EPA HNO
cyclohexane / " sodium citrate

EDTA
dodekane / " sodium citrate

EDTA

H2SO 4

O2+UO
pH 2 benzene / TOPO Na CO

cyclohexane / TOPO Na 3
hexane / D2EHPA sodium citrate

- / oxine H S0
/ KELEX 100 EDTA

pH 7,DCTA cyclohexane / oxine Arsenazo III
.. / KELEX 100

Co2+, Mn2+ toluene / LIX 64N HC1
pH 7-8 dodekane / LIX 64 N H SO

, / ABF HRO
EDTA, DTPA

Ce3

pH 2 cyclohexane / TOPO HNO
sodium oxalate
EDTA
sodium tartrate

TcO
pH hexane / TOA HC10

dodekane / " KNO

cyclohexane/ "NH H
dodekane / Aliquat 336 

N2H2 + NaOH
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exhibited the general shape of kinetic curves of pertraction

which was typical for the emulsion breakage or indicated no

pertraction in receiving phase at all [9,11,12]. For the systems

based on ion-exchange mechanism, involving dissociation and ion

pair formation in organic phase, a charging of membrane inter-

face or influence of neutral detergent layer was supposed [11,

12] to be a reason of the hindered pertraction. However, the

transport of electrolytes is typical not only for the membranes

containing such solvating agents as TOPO or TOA. In the

experiments with n-dodekane liquid membranes stabilized by 4 %

SPAN 80/85 (2:1 mixture), the pertraction of various inorganic

acids from inner 0.1 M H+ solution (r =1) to 0.1 M NaC1

proceeded with following half-times : T(HNO 3 ) = 70 min, T(HC10 )

= 120 min, T(HCl) = 240 min and T(H2SO4 ) = 4000 min, i.e.

sulfuric acid can be recommended as the less permeable compo-

nent. As for the salts and complexing agents, their permeation

coefficients are to be found as well.

Thus, neutral and basic carriers for facilitated transport

of ions are less convenient in liquid membranes systems than in

the devices using supported liquid layers. More over, the nitric

acid solutions, widely used both in radioanalytical practice and

nuclear technology, probably suit least of all for double emul-

sions technique.

The most successful systems for preconcentration of the

investigated elements are listed in Table II

The systems with nitrobenzene membrane containing DCC were

restricted by the inner phase strippants listed in Table I. and

therefor sulfuric acid in internal solution is to be investigat-

ed. Though any increase of separation efficiency would be appre-

ciable, considering the high price of DCC carrier, a rapid

kinetics of acid transport [12] makes the system not very prom-

ising.

The systems with chelating agent, d-2-ethylhexylphosphoric

acid (D2EHPA) as carrier in hydrocarbon membranes are extremaly

effective also in conditions where the solvent extraction of

strontium is negligible, e.g. in the presence of calcium [12],
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TABLE II. LIQUID MEMBRANE SYSTEMS FOR PRECONCENTRATION (PHASE RATIO r =0.1)

Element Feed solution Emulsion R N

(%)

Cs(I) 0.01 M HN03 0.1 M dipicrylamine in 70 3.2

nitrobenzene + 1 M KNO 3

Cs(I) 0.01 M HNO3 0.01 M DCC in nitrobenzene 92 2.3

+ 1 M KNO3

Sr(II) 0.15 M LiC1 0.025 M DCC,0.2 % PEG 300 in 96 1.2

pH 2 nitrobenzene + 0.05 EDTA,pH7

Sr(II) acetate buffer 0.013 M D2EHPA in dodecane 99.99 1900

pH 5.5,0.025 M Ca + 1 M HN03

U(VI) 0.1 M Na SO4 0.075 H2DEHP in cyclohexane 99.7 4.7

pH 2 +1.3 M H2s04

U(VI) 0.1 M Na SO4 5 % KELEX 100 in cyclohexane 46 10

pH 5.3 + 0.01 M H2SO4

U(VI) 0.02 M DCTA 0.01 M oxine in cyclohexane 92 

pH 7.5 + 0.036 Arsenazo III,pH 3.8

Co(II) borate buffer 0.36 % LIX 64N in toluene 98.8 43

pH 7.95 + 0.1 M DTPA, pH 4.5

Ce(III) 6 M NaN 3+0.1M HNO3 0.1 M TOPO in cyclohexane 98.5 8.7

+ 0.05 M sodium citrate,pH 8

Ce(ill) 0.1 M HN03 0.4 M D2EHPA in cyclohexane 89 2.5

+ 1 M HNO

Tc(VII) 0.1 M HNO3 0.5 % Aliquat 336 in cyclohexane 63 0.9

+ 0.1 M hydrazine in 0.1 M NaOH
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and very high multiplication factors N were found. Actually, the

relative preconcentration of strontium towards calcium does not

come into consideration, the D2EHPA carrier transfers both of

them into inner solution. This is, nevertheless, rather impor-

tant for absolute preconcentration in radiochemical analysis of

biological samples, the recovery remaining high at the ratio

Sr:Ca = 1 : 20. Even the emulsions containing H2DEHPA at such a

low concentration as 0.001 M (which is absolutely uneffective at

common solvent extraction) can extract strontium with 90 % yield

at volume ratio r =0.1.

For the radiochemical analysis of biological samples the

most important question seems to be the presence of surface ac-

tive components which could exert an influence on the stability

of double emulsion systems.

The emulsions of diluted sulfuric acid in D2EHPA/cyclohe-

xane solution are very good extractants of uranium and the in-

crease of recovery by encapsulation of sulfuric acid and sul-

fates into solutions of D2EHPA was proposed for hydrometallurgy

of uranium leach solutions [17]. The pertraction of uranium

through the membrane of 8-hydroxyquinoline or its alkyl deriva-

tive KELEX 100 (Ashland Chemical) into Arsanazo III solution is

suitable for selective preconcentration and extraction-photomet-

ric determination of uranium. Preconcentration factor of about

400 can be achieved in "static" regime and when the uranium con-

centration in the outer solution (0.02 M 1,2-diaminocyclohexane-

N,N,N',N'-tetraacetic acid, DCTA) is above 5 pg.dm - (5 ppb),

its spectrophotometric determination in the inner solution is

possible. Thorium practically does not interfere at the ratio

Th:U = 20:1 [18].

At the pertraction of cobalt(II), because of short resi-

dence time of cobalt(II) chelate in liquid membrane, cobalt can

be stripped into inner solution before it is oxidized. Together

with the high multiplication factor N , this fact can be used

for its preconcentration in dynamic conditions, passing the feed

solution through a column with liquid membrane emulsion [15]. At

different pH of feed, the cobalt/manganese separation can be

considered as well. The main problem consists in swelling and

emulsification phenomena at a prolonged mixing of the emulsion,

which becames rather viscous as a result of decreased rII ratio.
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Various mixing regime are to be investigated to minimize these

effects.

The recovery of cerium(III) by tri-n-octylphosphine oxide

and di-2-ethylhexylphosphoric acid can be remarkably increased

when using solutions of various complexing agents encapsulated

in liquid membranes. Mutual contamination of water phases,

namely a release of masking agents to feed solutions, still

deserves more attention. The perspective consists in obtaining

the systems capable to extract cerium by a selective oxidation

at the inner membrane boundary.

Against expectation, recovery of pertechnetate with the

membrane of quaternary ammonium salt (Aliquat 336) was not im-

proved by introducing various inner solution components, includ-

ing the reducing agents. The multiplication factor N less than 1

indicates an equilibration of the outer and inner phases due to

permeation of their components through the membrane.

5. CONCLUSIONS

The membrane extraction as a three-phase distribution and

preconcentration technique can compete with a conventional sol-

vent extraction at low concentrations of extractants, low volume

ratios of membrane solution to feed solution and high competing

ion concentrations. The most perspective systems for radioanaly-

tical and hydrometallurgical recovery of uranium, multivalent

cations of fission products and corrosion radionuclides are

those with chelating agents.
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DISCUSSION

W.J. McDOWELL: You have the same extractant and the same strippant as

conventional solvent extract systems. Do you get the same concentration

factor?

F. MACASEK: Yes.

W.J. McDOWELL: OK. The advantage of the emulsion system is that you

are able to use a much smaller amount of the extractant. Is that correct?

F. MACASEK: Yes.

W.J. McDOWELL: So that the emulsion system becomes an advantage when

you have to use an expensive extractant.

F. MACASEK: Exactly. In the case of dicarbolide its price is extremely

high, so if we can use instead say dipicrylamine which is quite cheap, it

would be an advantage. But unfortunately the nitrobenzene systems were not

very suitable. It is not so stressed in the systems of HDEHPA because I'm not

sure whether it is a real advantage to use on a laboratory scale. On a

technological scale the main calculation concerns the investment costs, which

indicate you should put a much smaller amount of extractant into the plant.

For example, I know of two industrial plants using emulsion membranes - in the

USA the EXXON plant for copper, and in Japan there is one plant for ammonia,

but I should stress again that ammonia is a very simple system in this respect

because it diffuses through the membranes without any chemical interactions

and you have just neutralisation of outer solution without contaminating it

with the inner solution. This is what people believe, but I still have not

heard about mutual extraction of strippants and acids in these systems.

Usually they don't check it; it is unbelievable but they don't. Therefore I

think many products which have been reported are not in fact realised.

W.J. McDOWELL: There is another problem associated with emulsion

extraction I don't hear much about, that in most process solutions that one

would encounter in industry, like ore leach solutions or organic derived

solutions, all contain colloidal material of one sort or another. All these

colloids are interface active, they go to the interface, and I haven't seen

much data on what happens to these systems when these interface active

colloids attach to the interface. They are the things that cause the problems

in ordinary extraction systems. Such "interfacial crud" is usually dealt with

mechanically simply by scooping it off or draining it off. What does it do in

these systems?

F. MACASEK: You're right. I should add to this that it really works

like a catcher for every particle in the solution.
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T. BRAUN: If you would allow me to add one more argument in favour of

membrane extraction, because you did mention its use for expensive

extractants. But I feel there is a difficulty here that is simply impossible

to overcome, when you think in terms of preconcentration, not separation.

Imagine that you have a huge separating funnel and you put in 20 litres of

solution and you want to extract it with perhaps 5 millilitres of extractant.

How do you do it? It is impossible, you shake and your extractant

disappears. That is one argument. The other one is that Nernst found out

that the extraction ratio depends on the volume ratio, so with such big

differences in volumes you won't have any favourable extraction. These are

the main arguments, with any extractant, not only with very expensive ones.

When you want to preconcentrate, the preconcentration ratio depends on the

volume ratio of the two phases. That is if you want to have one component of

this phase pass to the other one, if you are able to do that, then you divide

20 litre by 50 millilitre and that's the preconcentration ratio. In the

example you showed on the slide, it was uranium extracted with arsenazo III,

and if I calculated correctly you had a preconcentration ratio of 200, because

you began with 1 litre and finished in 5 millilitres.

F. MACASEK: Yes, we managed it just using analytical flasks, and after

shaking you have this tiny amount in the narrow part so you can separate them

very easily. On the second reason you are right. That is why we constructed

this column because we have very high throughput, a diameter of about 80 mm,

and therefore we can really pass large amounts through, and the losses are

very small.

J. FARDY: How do you physically hold that emulsion in the column?

F. MACASEK: Because of the large diameter there is a low linear

velocity. It is kept just by the difference in specific gravity, density.

W.J. McDOWELL: The comparison with a single separatory funnel is not

quite fair because in the membrane extraction you have two steps going on, and

in the separatory funnel you have only one step. If you put in a reasonable

amount of extractant in the separatory funnel so that you can do the

extraction and the separation, then you can gain the additional concentration

that you are looking for in the second step, which is a stripping step. You

are doing both of those steps in your membranes.

F. MACASEK: Yes. I think there are two different points on this

problem of preconcentration. If we have a very high distribution ratio, a

very small amount, about say one piece of ion exchanger... I have read one

example in a textbook which said this one species has such huge possibility to

sorb the tiny amounts of substance from many litres of solution. Of course,
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but not in the case of low distribution ratio. So, the mechanical separation

in this case is very easy, but not the distribution ratio. On the other hand,

if you use emulsion extractant, you can have much more problem with mechanical

separation but not the problem with distribution ratio. So the problem of

mechanical separation of phases still remains, maybe they are even stressed

because of surface behaviour of species, but still the main advantages are

that it behaves like having a D of the order 10 .

S. SIEKIERSKI: From the thermodynamic point of view, if we assume that

we have an equilibrium, or quasi equilibrium, than the extractant doesn't play

any role. Because it is only a medium which pumps the ion from feed to the

strippant, and practically it is not important what is its composition and

what is the distribution ratio, because the preconcentration depends only on

the activity of the ion in the feed and in the strippant. So in your case it

is practically dependant only on the ratio of the acid concentrations to the

appropriate powers, depending on the valence, the charge on the cation. I

think this dependence on the extractant is due to the fact that different

organic phases behave differently with respect-to acid and to the cation.

Some organic phases transfer the acid more rapidly and then you have the

concentration of acid, if it is much greater in the strippant as it should be

just to strip the cation, the acid is transferred from the strippant to the

feed and the process acts. This adds to the process, because when you have

equilibrium, I mean the same hydrogen ion concentrations, then you see no

process at all. The only reason for the process is that you have different

hydrogen ion concentrations. But the extractant doesn't play any role.

W.J. McDOWELL: I think that your thermodynamic reasoning is correct as

long as you assume that the same species exists in all three phases.

S. SIEKIERSKI: I mean both, feed and strippant; it's not important what

is in the extractant.

W.J. McDOWELL: I'm not sure about that, but you can apply that

reasoning as long as you don't change species as you go from one phase to

another. If you have different species in two phases then that's not true

anymore.

S. SIEKIERSKI: What you transfer is a cation and you can write an

expression for its activity depending in which form it is. If it is complexed

in the strippant then its activity will be very low.

T. SATO: I would like to add a comment on membrane techniques.

Although membrane techniques are very useful to separate various metals, the

uptake of metal ions by a membrane is slower than that by solvent extraction.
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At present therefore, the membrane technique is more important for application

to industrial problems than to the field of analytical chemistry. As an

example, in Japan the Society of Chemical Engineers has a research group for

membrane techniques, but the Society of Analytical Chemistry has no such

group. Accordingly I expect that the reaction rate of membranes for the

uptake of metal ions will be improved to become much faster.
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Abstract

The extraction of uranium(VI), thorium(IV) and rare

earths like lanthanum(III) and cerium(III), are extracted

from aoueous solutions at low pHI, with dialkyldithiophos-

phoric acids, as neutral complexes II(dtp)n where

I = UO 2 , n = 2 ; M, = Th , n = 4 and M = La, Ce , n = 3.

The mechanism has been established by using slope analysis

of extraction curves. Oxygen-containing solvents are better

diluents for the extraction than hydrocarbons or chloro-

carbons. The addition of neutral donor ligands, like

tributylphosphate, triphenylphosphine oxide, trioctyl-

phosphine oxide produce strong synergic effects and these

oxophosphorus compounds were found to participate in the

formation of the extracted species, which are adducts of

the type l(dtp)n yS . The factors influencing the

extraction were investigated in detail and the extraction

effectivity was determined for most promising systems.

1. INTRODUCTION

The use of dialkylditiophosphoric acids, (RO)2P(S)SH,

as extraction reagents for uranium is of certain interest

in view of a possible comparison with dialkylphosphoric

acids, (RO)2P(O)OH (also reffered to as dialkyl phos-

phates). A recent volume of Gmelin Handbook of Inorganic
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Chemistry /1/ reviews many examples of the use of di-

alkylphosphoric acids, but very little information was

available about the solvent extraction of uranium with

dialkyldithiophosphoric acids. /2,3/. This is surprising

since the same sulfur-containing reagents were much used

for the extraction of other metals /4-6/. Their powerful

extracting ability is illustrated by the fact that long

chain alkyl derivatives are able to extract even alkaline

earth metal ions from aqueous solutions /7/.

The anions (A) of dialkyldithiophosphoric acids (B)

almost invariably act as bidentate ligands (C):

RO, /S - RO, ~SH RQA 'S

gR"' SkR S pRO n

A B C

to form metal chelates which are soluble in organic

solvents and insoluble in water, which makes them useful

in the solvent extraction of many metal ions.

The work carried out in our laboratory aimed to

investigate the extraction properties of dialkyldithio-

phosphoric acids towards uranium, rare earths and

thorium, i.e. metals involved in the use of nuclear energy.

2. OPERATING PROCEDURE

2.1. Reagents and Equipment

The reagents used were of analytical grade purity

and were supplied by Leico Industries Inc., New York

( uranium and thorium salts), Aldrich-Chemie and Ventron
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AG, Germany (rare earth salts, phosphorus pentasulfide,

Arsenazo reagents, tributyl phosphate, tributylphosphine

oxide, trioctylphosphine oxide ).

Stock solutions of metal salts (usually perchlorates

if not otherwise stated) 0.1 M, standardized by a gravi-

metric method, were used to obtain the different concen-

trations of metal in aqueous phase. The dialkyldithio-

phosphoric acids (Table I ) were prepared by the reac-

tion of phosphorus pentasulfide, P 4So1 , with the

appropriate alcohol /8/. The lower members of the series

(0 - 4 ) were purified by vacuum distillation.

Di-2-ethylhexyldithiophosphoric acid was purified by

the procedure described by Levin et al. /9/.

Table I Dialkyldithiophosphoric acids used as

extraction reagents (RO)2P(S)SH

Alkyl group in Composition Abbreviation

(R0)2P(S)SH

Ethyl (C2H50)2P(S)SH HEtdtp

n-Propyl (C3H70)2P(S)SH HPrdtp

iso-Propyl (iso-C3H70)2P(S)SH HPridtp

n-Butyl (C4H90)2P(S)SH HBudtp

2-Ethylhexyl (C8H1 70)2P(S)SH HEhdtp

Triphenylphosphine oxide was synthesised by oxidation

of triphenylphosphine with potassium permanganate ,

and was purified by recrystallization from acetone.
e

A Spekol-Carl Zeiss Jena (DDR) spctrophotometer
A

was used for the colorimetric determinations of the

metals. The concentration of hydrogen ions in the
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aqueous phase was determined potentiometrically with

an IlIV-ll pH-meter (made in DDR) and with an ORION

Model 611 pH-meter (made in USA).

Infrared spectra were recorded with an UR-20 Carl

Zeiss Jena (DDR) spectrometer.

2.2. Preparation of the Aqueous and Organic Phases

From freshly prepared and purified dialkyldithiophos-

phoric acids, 1M solutions in organic solvents were pre-

pared. These were used to prepare, by successive dilution,

the solutions of desired concentration, for use in the

extraction measurements. Stock solutions of O.M tribu-

tylphosphate, tributylphosphine oxide, triphenylphosphine

oxide, trioctylphosphine oxide wx in organic solvents

were used for the preparation of ternary extraction

systems.

The aqueous phases, with variable metal content

were prepared from absolution of dioxouranium or thorium

salts 0.1 M (standardized gravimetrically) by successive

dilution up to the desired concentration. The 0.05 M

rare earth solutions were standardized by titration with
t.

ethylenediaminet eaacetic acid /10/ and were diluted as

necessary for the preparation of the aqueous phases.

Various pH values were ensured by adding perchloric

acid and sodium perchlorate, or nitric acid-sodium nitrate

and hydrochloric acid-sodium chloride, in such a ratio as

to give a constant ionic strength. When necessary, the

pH of the solutions was adjusted with sodium hydroxide.
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2.3. Determination of the distribution ratio of

the extracted metal

Equal volumes (10 ml ) of organic and aqueous phases

were shaken together in 100 ml. separation funnels. Pre-

liminary experiments have shown that, at room temperature

(20-21°C) distribution equilibrium is attained in

2-3 minutes. After the phases were separated the

concentration of the metal in the aqueous and organic

phases was determined photometrically, using Arsenazo III

as color reagent for uranium(VI) /11/, Arsenazo I

for the rare earths /12/ and Thoron for thorium(IV) /13/.

From these data the ditribution ratio D was calculated

for each case.

3. TREATMENT OF DATA

3.1. Extractions involving the acidic ligand orly

The extraction equilibrium of a metal ion with a

dithiophosphoric acid as organophilic reagent (Hdtp)

can be described by equation (1) if the coordination

of water or of the solvent is ignored s

Mn+ + x[Hdtp]o [M(dtP)n(Hdt)x_n]o + n H+ (1)

where the index "o" indicates the species present in

the organic phase. Equation (1) assumes that both the

anion (dtp-) and the undissociated acid molecule

(Hdtp) could be coordinated to the metal.
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The extraction equilibrium constant is given by

the relation :

[M(dtp)n(Hdtp)xnl H+] (2)

[Mn+][Hdtp] o

The ratio s

[M(atp)n(Hdtp)(x-n] D (3)

[ na q

is the distribution ratio of the metal, defined as

the ratio between the total concentration of the

metal in the organic phase and the total concentration

of the metal in the aqueous phase. Introducing the

distribution ratio D in equation (2) it follows that:

log D = log K + n pH + x log[Hdtp]o (4)

The equation (4) expresses the dependence of the

distribution ratio vs. different parameters of the

extraction system, namely the pH of the aqueous phase, and

the ligand concentration in the organic phase, under

/equilibrium condi tions ; these can be easily

measured.

Equation (4) can furnish information concerning

the nature of the species formed in both phases as

shown below. A plot of logD vs. the pH of the aqueous
pHj

phase will give curves which in a certain range, at

least, will be linear. The slope of the linear part

will give the value of n, i.e. the number of ligand

anions dtp- involved in the formation of the extracted

species.
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At the pH values for which 50% of the metal was

extracted ( pH50 % ) the value of the distribution

ratio D becomes equal to 1 and therefore log D = 0 ;

under these conditions equation (4) becomes :

PH5 = - n log K - logHdtp] (5)

From relation (5) the x/n ratio can be determined as the slope

of the straight line obtained by plotting pH50 % against

the concentration of the acid in the organic phase,

provided the metal concentration is kept constant. Thus,

knowing n from the previous plot, the total number of

acid molecules, x, involved in the extraction process,

can be determined.

'when one can assume that the dissociation of the

acid is negligible, i.e. :

[Hdtpo - ([Hdtp] + [dtp- ) =[Hdtp]o (6)

the initial concentration of the complexing acid

can be used instead of the equilibrium concentration.

If the equation (6) is not valid, but the concen-

tration of the metal is much smaller and can be neglected

in respect with the total concentration of the chelating

acid CHdtp , the equilibrium concentration [Hdtp]o can

be calculated from the following relation / / :

log[Hdtp]o = log C Hdtp- logl + K(l + K H+-1) (7)lg loHdtp { d a( 

where Ka is the dissociation constant, Kd =lHdtpo/[HdtP3aq ,

i.e. the partition constant of the acid, CHdtp is the

initial concentration of the acid expressed in mol/liter.
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Equation (7) is valid for a monobasic acid.

The variation of the logarithm of distribution ratio

against pH, at constant .. concentration of the acid

and for different concentrations of the metal, can give

information about the presence of polymeric species

in the system. An increase of the distribution ratio

with an increase of the metal concentration may be

due to polymerization of the complex in the organic

phase or to a salting-out effect, whereas a decrease

may be due to polymerisation in the aqueous phase.

Equation (1) neglects the interactions which

may take place in the aqueous phase. If the distri-

bution of the acidic complexing agent in the two phases

results in complex formation in the aqueous phase,

a correction B should be introduced in equation (4),

which can be expressed as follows /15/t

log B = - logl + > n(Ka/Kd)nCHdtpio/[+ ]n (8)

where &n is the formation constant of the complex in

the aqueous phase and K a and K d have the significance

mentioned above. Equation (4) thus becomes :

log D = log K + npH+ x log[Hdtp30 - logB (9)

According to equation (9) the complex formation in

the aqueous phase decreases the value of the dis-

tribution ratio ; therefore, the contribution of the

term B tends to decrease the value obtained for n.
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3.2. Extractions involving the acidic ligand

and an additional neutral ligand

If in the extraction system involving the formation

of a dioxouranium(or other metal)-Hdtp complex a

neutral ligand S is added, in the organic phase

mixed ligand complexes (synergic adducts) M(dtP)nSy

may be formed, according to the following equation 

n + + n (Hdtp) + y(S) M(dtP)nSy]o + n H + (10)

The equilibrium constant , also called "extraction

constant" is given by :

K' = SM(dtn),syl.[H J (ll)
[Mn+Hdtp Jg [j 

The distribution ratio, defined as D = [M(dtp)nSy /[Mn+]

has now the following expression :

log D = log K' + nlogiHdtplo + n pH + y logSSL (12)

Using this equation, an investigation of the distribu-

tionratio vs. one of the parameters of the system

(the concentration of Hdtp, the pH of the aqueous

phase and the concentration of the neuttral ligand)

while all other parameters are being kept constant ,

can furnish information about the extracted species.

In order to be . able to equate |Hdtpl0 and

[Sl with the total amount of chelating (acidic)

reagent and solvent, respectively, the amount of the
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metal in the extraction system should be kept negli-

gibly small.

It should be mentioned that K and D as determined

here are not thermodynamic constants, since they ignore

activity coefficients. These can be used only for com-

parison of various extraction systems under similar

conditions.

When necessary, the experimental data reported

below were computed and plotted by using the least

square method.

4. EXTRACTION OF URANIUMCI)

The investigation of the role of diluent in the

extraction of dioxouranium by dialkyldithiophosphoric

acids is of major importance because the solvent may

play a direct role in the extraction equilibria.

Measurements performed with several organic sol-

vents, listed in Table II , showed considerable

variations of the distribution ratios D /16,17,17a/.

It can be readily seen from Table II that when

a polar oxygen-containing solvent was used (as diluent)

much higher distribution ratios were obtained than

with a non-polar, non-coordinating (oxygen-free)

solvent.

In order to obtain efficient extraction systems,

in the work carried out here, we investigated in

detail the extraction of uranium(VI) with diethyl-,

di-n-propyl-, di-n-butyl- and di-2-ethylhexyl- dithio-
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Table II Extraction of uranium(VI) with

di-2-ethylhexyldithiophosphoric acid

= 5.10- 4 M ; CEdtp = 10- M ; pH = 1

Solvent Distribution ratio

D

Benzene 0.32

Cyclohexane 0.08

Chloroform 0.04

Carbon tetrachloride 0.02

n-Butanol 4.81

Isoamyl ether 2.82

Diethyl ether 5.89

Di-n-butyl ether 7.58

Methylisobutyl ketone 5.61

Methylphenyl ketone 10.49

Cyclohexanone 15.90

phosphoric acids in non-coordinating and in polar

oxygen-containing solvents.

4.1. Extraction of uranium(VI) in non-coordinating

(oxygen-free) solvents

The distribution of the metal was determined against

various parameters of the extraction systems, at constant

ionic strength ensured with perchloric acid and sodium

perchlorate.

4.1.1. Extraction in benzene

The extraction of uranium(VI) with different

dialkyldithiophosphoric acids in benzene has been

performed at constant 1M ionic strength. Fig. 1
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shows the curves reflecting the influence of the

aqueous layer acidity upon the uranium distribution

between benzene and water in the presence of diethyl-,

di-n-propyl-, di-iso-propyl-, di-n-butyl- and di-2-ethyl-

hexyldithiophosphoric acids /16/. It can be seen

that the distribution ratio increases with increasing

pH, and at lower pH values the dependence is linear.

2.0-

1.2

0.8

C4

0 5

-0.4

-0.8

-1.2

1 2 pH

Pig. 1. Extraction of uranium(VI) with dialcyldithio-

phosphoric acids in benzene

Curves 1 - ethyl 2 - n-propyl 3 - iso-propyl

4 - n-butyl 5 - 2-ethylhexyl

U = 10- 3 M Hdtp = 10- 1 M

The slopes of curves 1-4, representing the extraction

of uranium(VI) with C2-C 4 acids mentioned, are 1.0,

1.1, 1.6, and 1.7 , respectively. Only for di-2-ethyl-

hexyldithiophosphoric acid (curve 5) is the value of

the slope equal to 2. It follows that the extraction

of uranium(VI) with short chain dialkyldithiophosphoric

acids (C2-C4 ) apparently cannot be described by

equation (1). The reason for these lower values of the

slopes will be discussed bellow.
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Extraction with short-chain dialkyldithiophosphoric

acids. The deviation of the slopes of curves 1-4 in

Fig. 1, from the expected value of 2, which represents

the charge of the dioxouranium cation, could be explained

in two ways i) by formation of some species involving

anions other than dithiophosphates in the organic

phase, or ii) by complexation of dioxouranium in the

aqueous phase, which produces a decrease of the dioxo-

uranium concentration available for the formation of

the extracted species.

Since the only other anion present was perchlorate

the participation of the C10 4 anion in the formation

of the extracted species was considered, as shown in

equation (13):

U022+ +(Hdtp) + C104- -[U02(C10 4 )(dtp)1o + H+ (13)

In this case the distribution ratio is :

£ 2 ( C104) (dtp)o (14)
D= 2 (14)

and

log D = log K + pH + logEHdtpl + logIClO04 ] (15)

According to equation (15), if the C10 4 anion is

involved in the formation of the extracted species,

there should be a first order dependence of the distri-

bution ratio on the concentration of uranium(VI) at

different sodium perchlorate concentrations in the

aqueous phase. The slopes of the linear part of the
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log D vs. C10 4 concentration plots are 0.52-0.0 ,

0.66-0.0, 0.65-0.0 and 0.6-0.0 for diethyl-,

di-n-propyl-, di-iso-propyl- and di-n-butyldithiophos-

phoric acids, respectively. These data suggest some

minor dependence of the distribution ratio on the

concentration of Cl04, , but their small values (less

than 1 ) cannot account for the participation of this

anion in the formation of the extracted species. A

slight increase of the distribution ratio with

increasing concentration of C10 4 observed in these

experiments, is better explained by a salting-out

effect of sodium perchlorate.

Equation (1) suggests a second-order dependence

of the distribution ratio on the hydrogen ion concen-

tration at constant Hdtp concentration, if in the

2+aqueous phase the uncomplexed U022+ species is predo-

minant. Since the short-chain dialkyldithiophosphoric

acids (C2-C 4 ) are somewhat soluble in the aqueous

phase, their distribution between the two phases must

be taken into account /18/. The cation U02 + can

form some complexes with the dtp- anion, thus decreasing

2the concentration of the free U02 + available for

extraction.

Equations (8) and (9) show that the distribution

ratio decreases with increasing [Hdtplo/lH+J ratio ;

maintaining the value of this ratio constant, the

decrease of D is larger if the value of an or Ka/Kd

becomes larger. This explains the variation of log D

as a function of pH, observed in our experiments. It
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can thus be concluded that the extraction of uranium

(as U02 2+ chelates) with short-chain (C 2 - C )

dialkyldithiophosphoric acids takes place according to

equation (1) but one should take into account the

complexation in the aqueous phase.

Extraction with a long chain dialkyldithiophos-

phoric acid. Di-2-ethyldithiophosphoric acid was

selected as typical example of long-chain dialkyl-

dithiophosphoric acid. The slope of curve 5 in Fig.l,

which is equal to 2, shows that the extraction of ura-

nium with this reagent occurs with negligible complex-

ation in the aqueous phase. In this case the dependence

of log D on pH at different concentrations of the acid

was studied at constant metal concentration. In Fig.2

the curves 1-3 exhibit a slope of 2 for their linear

part, which shows that in the corresponding concen-

tration range two HEhdtp molecules are involved in the

ion exchange process.

By plotting the PH50 % values vs. acid concentra-

tion (Fig.3 ) a straight line of slope 1 is obtained.

In agreement with the mathematical treatment discussed

above, this indicates that the total number of acid

molecules involved in the extraction process is 2.

Therefore in the extraction process participate only

the acid molecules involved in the ion exchange and no

other acid molecules are coordinated to uranium (as it

happens, for example, with oxygenated organophosphoric

extraction reagents).
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pH

Fig. 2. Extraction of uranium(VI) with di-2-ethylhexyl-

dithiophosphoric acid in benzene

Curve 1 CHEhdtp -5.5x10- M

Curve 2 CHEhdtp = 1.1xO- 1 I

Curve 3 OCTUA-, = 5x10 - 3 Il'I

.5xlOL3 M
5x10O3 MC a=

I
0.

log CEhdEp

Fig. 3. The variation of pH50 ,r with the concentration

of di-2-ethylhexyldithiophosphoric acid in

benzene (curve 1), cyclohexane (curve 2) and

chloroform (curve 3). u = 5.10 - 3 M .
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The dependence of the distribution ratio on the

metal concentration at various pH values and constant

concentration of the acid in benzene has also been

investigated. The data shown in Fig. 4 suggest that

in the concentration range from 5.10- 4 to 1.10-2 M

no polymeric species are formed in the system.

1.6

12o

0.4

-0.4 -

-0.8
1H 2

Fig. 4. Extraction of uranium(VI) with di-2-ethylhexyl-

dithiophosphoric acid in benzene (curve 1),

cyclohexane (curve 2) and chlroroform (curve 3)

at various metal concentrations.

cu = o12 (A) , 5.10-4M ()

Hehdtp 101M

The results indicate that the extraction takes

place via an ion exchange mechanism, according to

the following equilibrium :

U022+ 2[HdtpJ0 UO 2(dtp)21o + 2 H + (16)

Hdtp being here di-2-ethylhexyldithiophosphoric acid.
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The partition of uranium(VI) in the presence of

long and short chain dialkyldithiophosphoric acids

between an acidic aqueous solution and other non-coor-

dinating solvents such as cyclohexane, chloroform and

carbon tetrachloride also showed deviations of the

logD vs. pH curves from the expected value of 2, in

the case of C2-C 4 acids. Therefore, the extraction

constants for these systems cannot be calculated from

the distribution data without taking into account the

complexation which may take place in the aqueous phase.

Consequantly, we discuss here only the extraction of

uranium(VI) with di-2-ethyldithiophosphoric acid in

these solvents.

4.1.2. Extraction in cyclohexane

The extraction of uranium(VI) with di-2-ethyldithio-

phosphoric acid in cyclohexane was carried out for

acidic extractant concentrations varying from 0.15 M

to 0.01 M. The data are illustrated in Fig. 5. The

slopes 2.2, 2.2 and 2.1 of the log D vs. pH plots

show that two molecules of HEhdtp are involved in

the ion exchange extraction process. From the

dependence og pH50 % against the concentration of

HEhdtp it follows that these two are the only dithio-

phosphoric acid molecules involved in the extraction

process. Therefore, the extraction in cyclohexane

also follows the equation (16) found for the benzene

solvent.
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0

12 

Fig. 5. Extraction of uranium(VI) with di-2-ethylh,-xyl-

dithiophosphoric acid in cylrclohexane

CHehdtp = 4.6x10 2 M (curve 1), 1.lxlO- 1 (curve 2),

1.56x10- 1 M (curve 3)

Cu = 5x10- 4 M

4.1.3. Extraction in chlorocarbons

Halogenated methanes such as chloroform and

carbon tetrachloride were also used as diluents in

the extraction with di-2-ethyldithiophosphoric acid

in order to compare the possible effect of solvent

polarities ( chloroform - polar , carbon tetrachloride

- nonpolar ).

The composition of the complex prevailing in the

organic phase was determined again by slope analysis

and the experimental data are presented in Fig. 6.
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0

-0.4 

-0.8

-12

1 2 3
pH

Fig. 6. Extraction of uranium(VI) with di-2-ethylhexyl-

dithiophosphoric acid in chloroform (curves 1, 2

and 3) and carbon tetrachloride (curve 4 ).

CHEhdtp 4.6x10-2 M (curves 1 and 4)

CHEhdtp = 1.12x10- 1 (curve 2)

CHEhdtp = 1.68x10 -I (curve 3)

CU = 5x10- 4 M

The slopes of the curves suggest that the extraction

again takes place according to equation (16), the

extracted species being the complex UO2([dtp )2

4.2. Extraction of uranium(VI) with oxygen-contain-

ing solvents

The extraction of uranium(VI) with the same di-

alkyldithiophosphoric acids (ethyl-, n-propyl-,

iso-propyl-, n-butyl-, 2-ethylhexyl- ) in polar,

oxygen-containing organic solvents was found to occur

with high distribution ratios . The extraction in

n-butanol is discussed here in more detail as it will
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serve as a basis for comparison in further extractions

with other oxygen-containing solvents.

4.2.1. Extraction in n-butanol

The pH dependence of log D at different concen-

trations of the dithiophosphoric acids in the organic

phase, for ethyl- and n-butyl- Hdtp is illustrated in

Fig. 7 and 8, respectively. The slopes of the linear

parts are 1.7 and 1.85, respectively]j.Similarly, for

the n-propyl acid (Figure not given) the slope was

found as 1.8. The deviation of these values from the

expected slope 2.0, is probably due to the use of con-

centration rather than activity, and to some extent to

the complexation of uranium(VI) in aqueous solution,

due to the distribution of the acid between the two

phases. This deviation is most pronounced in the case

of diethyldithiophosphoric acid, whose partition constant

K d is much smaller than that of di-n-propyl- and di-n-

butyldithiophosphoric acids /48/.

0 -I

0 Pi/ Fg. 7.

-02- / Extraction of uranium(VI) with diethyldithio-

phosnhoric acid in n-butanol.

CHEtdtp = 5x10- (curve 1 ), 10 1 M (curve 2)

and 1.5xlO10 (curve 3)
-0.6 05 pH = 10- 3 M
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GB

-ig. 8.

o ' /Extraction of uranium(VI) with di-n-butyldithio-

phosphoric acid in n-butanol 

f4 - G0 AHBudtp = 5x10 2 MI (curve 1), 10 -1 M (curve 2)

17_ , ~~~and 1.5xO1- 1 M (curve 3) ; C = 103 M.
1 pH

These results show that, within experimental errors,

we have a second order dependence of log D vs. pH , and

thus, two acid molecules are involved in the ion-exchange

reaction. In order to determine whether Hdtp molecules

other than those participating in the exchange reaction

are involved in the extraction process, plots of pH50 %

against the acid concentration were recorded. Slope

analysis shows that x = n = 2 , therefore no undissoci-

ated Hdtp molecule is coordinated to dioxouranium (see

equations (1) and (4)).

The variation of log D against pH for different

metal ion concentrations (at constant 0.1 M Hdtp con-

centration) was measured in another series of experi-

ments. In this case a single linear plot was obtained

(figure not given) , i.e.a single value for PH50 % for

each of the three acids, indicating that in the concen-

tration range of uranium(VI) from 5.10 4 Mto 10-2 M no

polymeric species are formed in either the aqueous or

the organic phase. It follows that the extraction of

uranium(VI) with diallryldithiophosphoric acids in
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n-butanol can be described by equation (16), as found

for benzene solvent. The participation of two acid

molecules in the ion-exchange process excludes the

involvement of the perchlorate (present in the aqueous

phase) in the formation of the extracted species. At

this stage the role of the solvent and its possible

participation (which may explain the higher distribu-

tion ratios observed ) is not taken into account. It

will be discussed in Chapter 4.5.

The investigation was extended to the extraction

of uranium with acids containing a branched alkyl chain,

i.e. di-iso-propyl- and di-2-ethylhexyl- dithiophospho-

ric acids. The data obtained indicate that equation (16)

holds for these systems as well.

A comparison of the distribution ratios for dif-

ferent acids investigated, shows that an increase of the

alkyl chain length results in a significant increase of

the extraction degree of uranium, under similar condi-

tions. In Fig. 9 are presented the comparative results

obtained in the extraction of uranium with various

dialkyldithiophosphoric acids. It can be notied that the

2.C

t1.~~~~~2 ?3 F~~ig. 9.

Extraction of uranium(VI) with diethyl- (curve 1),

di-n-propyl- (curve 2), di-iso-propyl- (curve 3),

A0.4 1 di-n-butyl- (curve 4) and di-2-ethylhexyl- (curve 5)

dithiophosphoric acids.

pH 2 CHdtp = 1.1x10 M ; U = 5xl0- 3 1,
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differences observed in the magnitude of the distribution

ratios are- more significant in the pH range between

1 and 2.

Although the dissociation constants of the acids

do not differ markedly (which is also reflected in the

pH50 % values given in Table ]E ), the distribution

ratios of uranium(VI) increase according to the following

sequence :

ethyl 4 n-propyl < iso-propyl( n-butyl K 2-ethylhexyl

The extraction of uranium(VI) parallels the order of

partition constants of the free acids in the same

solvent systems /48/.

Table III PH50, values in the U02
2 +-Hdtp-butanol system

Alkyl group in Hdtp pH50O

Ethyl 0.18

n-Propyl 0.45

iso-Propyl 0.25

n-Butyl 0.53

2-Ethylhexyl 0.56

The data presented here, although limited as far

as the number and diversity of the acids investigated

is concerned, suggest that the branching of the alkyl

chain in the dialkyldithiophosphoric acids favours an

increase of the uranium distribution ratio.
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4.2.2. Extraction in ether solvents

In view of the results obtained with n-butanol,

the investigateion of various ethers as solvents

(diluents) seemed attractive, due to their donor

ability, which may influence strongly the extraction

mechanism. The investigation was limited, however, to

di-2-alkyldithiophosphoric acid, and the results

obtained in diethyl ether are shown in Fig. 10.

8 1

t2

0.6

1 2 pH 3
pH

Fig. 10. Extraction of uranium(VI) with di-2-ethylhexyl-

dithiophosphoric acid in diethyl ether.

CHEhdtp = 2.3x10-2 M (curve 1), 5.6x10- 2M (curve 2),

and 1,12x101M (curve 3 ) ; CU = 5x10 3M

Slope analysis indicates that two acid molecules are

involved in the formation of the extracted species,

equation (16) thus being valid also in this solvent.

The influence of the metal ion concentration was alx

studied in a series of experiments in which the ura-

nium(VI) concentration varied from 5.10 4 M to 102 L.
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A single straight line was obtained (Figure not shown)

suggesting that polymeric species are absent in this

concentration range.

Extraction experiments were performed in this

work with some other ethers, such as di-n-butyl ether

and di-iso-amyl ether. The shapes of the curves were

similar to those obtained in diethyl ether, and even

the distribution ratios differ only slightly for the

three ethers.

4.3. Comments about the mechanism of extraction

and the role of the solvent

From the data discussed above it can be concluded

that in the extraction of uranium(VI) with dialkyldi-
neutralj

thiophosphoric acid, a complex between dioxouranium

and the anion of the dialkyldithiophosphoric acid is

formed, regardless of the nature of the solvent

(diluent) used, according to equation (16). This

complex is extraced in the organic phase. It can be

assummed that these complexes are chelates of uranium

with the following structure:

RO S 0 S OR

R< S a', N\OR

This is supported by infrared spectral examination of

the organic phase extracted, saturated with the dioxo-

uranium complex. The absorption bands due to the

stretching vibrations of the SH groups (at ca. 2500 cm1 )

have dissappeared, and obvious changes are
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observed also in the range of yas PS2 and symPS2

(450-700 cm ) ,) suggesting that the P-S bonds are

involved in coordination.

In all cases the chain length strongly influences

the distribution ratios. The longer chains decrease

the solubility of the complex in the aqueous phase and

increase the solubility in the organic phase, thus

favouring the extraction. It seems that the branching

of the alkyl chain has also a favourable effect.

When the extraction was carried out with oxygen-

containing solvents (n-butanol, various ethers) the

distribution ratios were found to have higher values

than those obtained in oxygen-free solvents (hydrocar-

bonb, chlorocarbons). This strongly suggests that the

oxygen-containing solvent participates in the formation

of the extracted species, which can possibly be adducts

of the type U02(dtp)2.yS ( S = donor solvent). This

was confirmed by the synergic effects (discussed

further) and by the isolation of triphenylphosphine

oxide adducts U02 (dtp) 2 .OP(C 6H 5) 3 /19/ as solid

compounds, soluble in organic solvents and insoluble

in water. In the case of oxygen-free solvents, water

may coordinate to the U02(dtp)2 complex, as demonstrated

by Fischer titrations by Fittoussi and Musikas /20/.

The different behaviour of the various solvents

investigated is also reflected in the values of the

extraction constants determined for equation (16), as

shown in Table IV , for the extractions performed

with di-2-ethylhexylditiophosphoric acid. The values
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Table IV Extraction (equilibrium) constants for

reaction (16)

Solvent log K

Carbon tetrachloride -0.92

Chloroform -0.79

Cyclohexane -0.28

benzene 0.37

Isoamyl ether 0.68

n-Butanol 1.20

Diethyl ether 1.42

Dibutyl ether 1.55

of logK were calculated from the extraction data

discussed above, by averaging in each case the values

obtained at different acid concentrations and pH.

4.4. The influence of foreign anions

present in the aqueous phase

In order to establish the influence of the counter

ion, the extraction of uranium(VI) with di-2-ethylhexyl-

dithiophosphoric acid from aqueous solutions containing

nitrate, chloride, sulphate and phosphate anions was

investigated, and the results are presented in this

section.

In a first series of experiments the extraction of

uranium(VI) from nitric acid solutions was investigated,

using benzene as solvent. The ionic strength of 1M was

maintained constant by using sodium nitrate and nitric
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acid mixtures. The distribution coefficient D was

measured as a pH function at various concentrations

of di-2-ethyldithiophosphoric acids and the results

are presented in Fig. 11. Slope analysis shows that

two dithioacid molecules are involved in the exchange

reaction, as found before for perchlorate media.

Therefore, the nitrate anion is not a component of

2+the extracted species, the positive charge of UO2

cation being neutralized only by the anion of the

dialkyldithiophosphoric acid.

The shape of the extraction curves and the

magnitude of the distribution ratios measured in
are

nitrate media also similar to those observed in

perchlorate solutions.

The same mechanism was observed in the extraction

from chloride solutions at M ionic strength ( KC1 +

HC1 ) in benzene, using di-2-ethylhexyldithiophosphoric

acid, as illustrated by the data shown in Fig. 12

curve 3.

Fig. 11.

0.5/ / / Extraction of uranium(VI) from aqueous nitric

solutions with di-2-ethylhexyldithiophosnhoric
0

acid in benzene

-0_5 - / J/ CHEhdtp = 5x10 - 2 (curve 1), 10 LI (curve 2)

1' [ 2 pH and 2xl-1 M (curve 3) ; CU = 5x0l- 4
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hexylj

Fig. 12. Extraction of uranium(VI) with di-2-ethyIdithio-

phosphoric acid in benzene, in the presence of

various counter ions : C104 (curve 1) ,

NO3 (curve 2), C1 (curve 3) and S02- (curve 4).

However, the complexation of uranium(VI) in the aqueous

phase by chloride anions lower the distribution ratios

appreciably. This is demonstrated by comparing the

data with those presented in Fig. 12, curve 1, for

perchlorate media. With anions like sulphate further

suppresion of the distribution ratio was observed

(Fig. 12, curve 4 ).

Similar experiments have shown that uranium(VI)

is poorly extracted from phosphate aqueous solutions

with di-2-ethylhexyldithiophosphoric acid (Table V ),

although this is the best extracting reagent of all

dialkyldithiophosphoric acids investigated. Decreasing

the concentration of phosphoric acid in the aqueous
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phase improves somewhat the distribution ratio. In

1 M solutions of H3P04 uranium(VI) is practically not

extracted.

Table V The influence of the H3P04 concentration

upon the extraction of uranium(VI)

CU = 5.10- 4 ; CHEhdtp = l0-1M; pH = 1.2-1.3

3 PO4 Distribution ratio

C(XM~) C~(D)

1.0 0

0.2 0.14

0.02 0.34

In order to establish the extraction mechanism

for phosphate solutions, the variation of the distri-

bution ratio against pH under equilibrium conditions

was investigated, at constant ionic strength 1M ensured

with sodium perchlorate and perchloric acid. The concen-

tration of H3P04 added was 0.02 M, since at higher

values the extraction degree is small. Slope analysis

indicated again that two dithiophosphoric acid molecules

participate in the exchange reaction during the extrac-

tion process. The solvent used was benzene. Without

changing the extraction mechanism the presence of

H3PO4 ( even at such small concentrations as 0.02 M)

determines low values for the distribution ratios (Fig.13).

131



0
0
02

pH

Fig. 13. Extraction of uranium(VI) with di-2-ethylhexyl-

dithiophosphoric acid . from phosphate

aqueous solutions .with benzene

(curve 1) and with TOPO-benzene solutions (curve 2 )

C = 5x10 - 4 M , CHEhdtp = l - 1 M CH3O 2x10-2 M,

CTOPO = lxl-3 M (curve 2).

The extraction data discussed above illustrate

the influence of the inorganic counter ions (anions)

present in the aqueous phase upon the extraction of

uranium(VI). The use of di-2-ethylhexyldithiophosphoric

acid was preffered over other alkyl derivatives, since

in the present research it became obvious that this is

the best extractant of all members of this series.

The influence of various anions can be compared

with the aid of Fig. 12. The curves for perchlorate

and nitrate solutions practically overlap.

The effect of the counter anion can be explained

in terms of complexation effects in the aqueous phase.

Charged complexes are probably formed and these are not
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extracted by the organic solvent ; the power of the

dialkyldithiophosphoric acid to displace the inorganic

ligand (C1 , S42 or HS4 , H2P04 , etc.) will be

influenced by their stability constants. A direct com-

parison is not possible, because the stability constants

of complexes between dialkyldithiophosphoric acids and

dioxouranium are not available. Species such as

[U02(S04)212 , observed in aqueous solutions containing

sulphate anions /21/ may account for the lower D values

observed. It can be assummed that sulphate is a stronger

complexing agent for dioxouranium than the dialkyldithio-

phosphate anion.

In the case of pho sphate media the effect of complex-

ation phenomena is still more dramatic. Phosphoric acid

is a relatively weak acid and only its first dissociation

constant K = 7.5xlO- 3 is really important ; therefore

the ligand complexing the dioxouranium ion is H 2P04

Thus, formation of species such as[U02(H 2 P04).+ ,

TU02(H2P04)2j or U02 (H 2P04) - were observed in aqueous

solutions /22,23/. Their formation depends upon the

concentration of phosphoric acid and at relatively high

concentrations these species may seriously hinder the

extraction, since the complexes between uranium(VI) and

phosphate anion are known to be strong.

4.5. Synergic effects in the extraction

It was suggested above that the effect of oxygen-

containing solvents upon the distribution ratios might

be caused by the solvent participation in the formation

133



of the extracted species. To gain further insight into

this matter, extraction experiments were performed

with mixtures of dialkyldithiophosphoric acids and

oxygen-containing compounds in non-coordinating (oxygen-

free) inert solvents, in particular benzene. Thus, the

influence of n-butanol, tributylphosphate, triphenyl-

phosphine oxide (TPPO) and trioctylphosphine oxide (TOPO)

was investigated ; a synergic effect of these compounds

upon the extraction with benzene was observed indeed.

4.5.1. The synergic effect of n-butanol

When n-butanol was used as extraction solvent the

distribution ratio D was found to be higher than with

benzene and the participation of butanol in the for-

mation of the extracted species was suspected. In

order to elucidate the effect of n-butanol, extraction

experiments were performed using a non-polar non-coordi-

nating solvent as diluting agent for dialkyldithiophos-

phoric acids ; n-butanol was introduced in the system

in variable but controlled amounts.

Measuring the distribution ratios at constant acid

and butanol concentrations it was found that two Hdtp

molecules are involved in the formation of the extrac-

ted species and no other anion is coordinated to
A4/

the metal equation (10)). n-Butanol exerts a synergic

effect, which is illustrated in Fig. 14. The shift of

the extraction curves obtained by adding n-butanol,

compared to those recorded without n-butanol, clearly
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show an increment of the distribution ratio, of a

significant value.

2.4-

0

S1.

-16
1 2 3

pH

Pig. 14. Extraction of uranium(VI) with dialkyldithio-

phosphoric acids in benzene, in the absence and

in the presence of n-butanol.

Hdtp alone: ethyl (o), n-propyl (A) , n-butyl (n);

Hdtp + butanol : ethyl (e), n-propyl (A), n-butyl (S).

CU = 5x10-3M; Cp - O1M; C = M 1.09 M

The variation of the log D, at constant pH, as a

function of n-butanol concentration in benzene, was

measured. A plot of this dependence, shown in Fig. 15,

gives for the linear portions of the curves the fol-

lowing values for the slope: 1.70, 1.75 and 1.80 for

diethyl-, di-n-propyl-, and di-n-butyl- dithiophosphoric

acids, respectively. Taking into account that concen-

trations rather than activities were used in all calcu-

lations, these values are, within experimental error,

suggesting the formation of a di-adduct, i.e. two

butanol molecules are involved in the formation of the
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extracted species. The lower value of the slope can be

due to the presence of some mono-adduct in the

benzene phase (that is y = 1 and 2 in equation (10)).

Therefore, the extraction of dioxouranium with dialkyl-

dithiophosphoric acids in benzene, in the presence of

n-butanol, occurs mainly through species like

LU02(dtP)2(BuOH)2] with some EU0 2 (dtp)2 (BuOH)l species

possibly present in the organic phase.

The data shown in Fig. 15 indicate that the distri-

bution coefficient has a maximum value at butanol

concentrations in benzene of 40%, 30% and 20% (in

volumes) respectively for diethyl-, di-_-propyl- and

di-n-butyl- dithiophosphoric acids. In the case of

di-n-propyl- and di-n-butyl- dithiophosphoric acids,

after attaining a maximum, the distribution ratios

decrease (antisynergism or antagonism) ; this may

be explained by the interactions occuring between the

acidic extractant and the n-butanol molecules.

24

1.6 / Fig. 15.

X8 _ /p . The influence of n-butanol concentration upon the

1/ /extraction of uranium with dialkyldithionhosphoric

acids in benzene.
0

Curve 1 : ethyl

-i0.8_ Curve 2 : n-propyl
-0.8 - '/

/ Curve 3 : n-butyl

-. 8 0 logqC CU = 10 3 M ; CHdtp = 10 1 M ; pH =1.5
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4.5.2. The synergic effect of tributylphosphate

The particular importance of tributylphosphat in

the extraction of uranium has stimulated much theore-

tical research in recent years. Tributylphosphate (TBP)

is known to exhibit a synergic effect in rather various

systems, involving the solvent extraction of uranium

(and of many other metals).

The data presented in Table VI illustrate the

effect of TBP upon the distribution of uranium between

water and benzene, at pH = 0.65. It can be seen that

Table VI Extraction of uranium from anueous solution

at pH 0.65 in benzene, with a 0.1 i TBP +

Hdtp mixture (NaC1O 4 + HC104 = M )

Concentration Distribution ratio (D)

of TBP (6)
HEtdtp-TBP HPrdtp-TBP HBudtp-TBP

0 0.063 0.159 0.219

10 1.41 24.0 50.1

20 3.55 50.1 107.2

30 5.62 63.1 134.9

40 6.03 60.3 129.4

50 5.41 50.1 103.4

60 5.20 41.3 89.1

70 3.55 20.0 39.8

80 2.00 15.9 24.0

90 0.89 8.9 6.0

100 0.01 0.01 0.01
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tributylphosphate alone in benzene, extracts very poorly

uranium from aqueous solutions. 'With O.1M Hdtp-TBP

mixtures, when 30-40 % of Hdtp was replaced by TBP, the

magnitude of the distribution coefficients for diethyl-,

di-n-propyl- and di-n-butyl- dithiophosphoric acids is

6.03, 60.3 and 134.9, which represent synergic increases

of 95, 398 and 617.times, thus demonstrating that TBP

exhibits a rather strong synergic affect. Figure 16

illustrates grafically this effect /25/.

Fig. 16.

Extraction of uranium with Hdtp-TBP mixtures (0.1M)

0.20.i40. 8 | Curve 1 : ethyl ; curve 2 : n-propyl 
0.2 0.4 0.6 0.8

Molar fraction of 7TP curve 3 : n-butyl

2

Pig. 17.

- f /'~ ~The dependence of distribution ratio vs. TBP

concentration.

-4 _-3 -2 -13l- U = 5xlO 3 M, CHdtp = 10- 2 M (curve 1 ),
bg CTBP 2x2(curve 2) and (curve 3).

2xO 2M(curve 2) and 10-1 M (curve 3).
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A plot of log D vs. log[TBP]0 shown in Fig. 17

for diethyldithiophosphoric acid (similar curves were

obtained for other acids) with a slope eoual to 1 (in

the linear part) indicates the formation of a 1: 1

complex U02 (dtp)2 (TBP) in the organic phase.

For small concentrations of TBP, [TBP]o 44 U022+

and a deviation of the slope from the unit value is

observed, because the amount of TBP present in the

system is not enough to transform all uranium

into a 1 1 complex.

4.5.3. The synergic effect of triphonylphosphine

oxide (TPPO) and trioctylphosphine oxide (TOPO)

Since tertiary phosphine oxides are known as good

extraction reagents for many metals, the effect of

triphenylphosphine oxide was also investigated. Similar

investigations to those described above showed that

when mixtures of Hdtp and triphenylphosphine oxide

(TPPO) are used, the distribution ratios are enhanced

considerably. For a 0.3 - 0.4 molar fraction of TPPO

extraction increases of 3000, 7100 and 7800 times

were observed for diethyl-, di-n-propyl- and di-n-butyl-

dithiophosphoric acids /26/. The treatment of data

indicates the formation of mixed compounds of the

type U02(dtp) 2 (TPPO) in the organic phase as the

extracted species. The coordination of TPPO through

the oxygen atoms of 0=P(C6gH) 3 is supported by

infrared spectroscopic data, which indicate a shift
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of the P=O stretching vibrations. These adducts can be

isolated in solid state, as crystalline solids /19/.

Trioctylphosphine oxide (TOPO) was used for the

extraction of uranium(VI) with di-2-ethylhexyldithio-

phosphoric acid, from aqueous solution containing

H3PO 4 (0.02 DI). The extraction worked much better in

the presence of TOPO, as shown by tho data given in Fig. 13.

4.5.4. Comments about the synergic effects.

The data presented show that oxygen-containing

compounds added to an inert non-coordinating solvent,

produc clear and sometimes very strong synergic

effects in the extraction of uranium(VI) with dialkyl-

dithiophosphoric acids. These effects are due to the

coordination of the oxygan-containing compound at

uranium, according to the following equation :

U022+ + 2(Hdtp)o + n SO = U [o 2(dtp))2 nSo + 2 iI+ (17)

where n = 2 for n-butanol and n = 1 for TBP and TPPO,

thereby contributing to the increase of the coordina-

tion number of the uranyl group from 4 to 5 or 6.

Indirect support for this conclusion comes from the X-ray

structure determination of some dioxourrnium dithio-

phosphinate adducts, U02(S 2PR2) 2.Et0H ( R = C6 H 5 and

6Cg 1 ) and U02(S 2PP 2 )2 .OP(CI3 )3 (R = CH3 ) /27/.

5. EXTRACTION OF THORIUM(IV)

The solvent extraction with diallyldithiophos-

phoric acids was extended to thorium, another element

140



of nuclear interest. This metal is knolm to form

complexes of the type Th(S2PR2) 4 , which were isolated

in solid state and characterized even by X-ray structure

determination /28/. The formation and stability of

such complexes in solution and their extraction with

organic solvents was not investigated.

Preliminary experiments /29/ showed that thorium(IV)

is extracted from acidic aqueous solutions with dialkyl-

dithiophosphoric acids in various organic solvents. As

it can be seen from the data presented in Table VII, in

systems containing diethyldithiophosphoric acid, when

Table VII Extraction of thorium(IV) with dialkyl-

dithiophosphoric acids

CTh = .-10- 3 M; CHEtdtp 0.2M ; pH = 0.8

CHBudtp 0.1 M

CHEhdtp 0.1 M

Solvent Distribution ratio (D)

ethyl butyl 2-cthylhexyl

Hexane 0.49-

Cyclohexane 0.50 37.66 35.8

Carbon tetrachlor- 0.54 43.60 2.95
ide

Chloroform 0.53 45.40 3.50

Benzene 0.48 37.60 12.6

Toluene 0.47 -

Diethyl ether 0.81 0.63 0.27

Dibutyl ether - 1.15 0.27

n-Butanol 2.46 3.48 0.84

Cyclohexanone - 7.96 4.88

.~~~~ · 8
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n-butanol was used, significantly higher extractions

were achieved than with carbon tetrachloride or other

non-coordinating solvents like the hydrocarbons. Vice-

versa, in systems with di-n-butyl- and di-2-ethylhexyl-

dithiophosphoric acids, the highest values of the

distribution ratio were obtained in non-polar non-

coordinating solvents.

The partition of thorium(IV) in different extrac-

tion systems was studied comparatively, using di-.lkyl-

dithiophosphoric acids in a polar, oxygen-containing

solvent (n-butanol) and non-polar solvents (benzene,

cyclohexane, chlorocarbons).

5.1. Extraction of thorium(IV) with non-coor-

dinating solvents

5.1.1. Extraction in benzene

The extraction of thorium(IV) with benzene gave

the results presented in Fig. 18. It can be seen that

the distribution ratio increases with increasing pH.

The slopes of curves 1-4, representing the extraction

with diethyl- (curve 1), di-iso-propyl- (curve 2) ,

di-n-butyl- (curve 3) and di-2-ethylhexyl- (curve 4)

dithiophosphoric acids are 1.9, 3.2, 3.9 and 4.0,

respectively. If it is assummed that the extraction

takes place via an ion-exchnmge mechanism (equation (1)),

then, according to equation (3) there should be a

four-order dependence of the distribution ratio on pH

of the aqueous phase. This was obtained only for
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di-n-butyl- and di-2-ethylhexyl- dithiophosphoric

acids. For the two other dithioacids (diethyl- and

di-isopropyl- derivatives) significant deviations were

observed. The behavior of the last two acids can be

explained by their higher solubility in water, which

may favor the formation of water soluble, unextractable

species. Thus, the concentration of thorium(IV)

available for extraction is decreased.

According to equation (10) the complex formation

in the aqueous phase decreases the value of the distri-

bution ratio, which explains the deviations of the

slope of curves 1 and 2 in Fig. 18. The less significant

deviation observed for di-iso-propyldithiophosphoric

acid is supported by equation (9). The extraction of

thorium(IV) with di-n-butyl- and di-2-ethylhexyl- dithio-

phosphoric acids occurs with negligible complexation in

the aqueous phase, as the slope values of curves 3 and 4

(Fig. 18) clearly suggest.

1t2

0.8

0 4

0

Pig. 18.

/~-0.4 //~ The extraction of thorium(IV) with dialkyldithio-

phosphoric acids in benzene.

Curve 1 : ethyl ; curve 2 : iso-propyl ;

~-1.~2-C/ _curve 3: n-butyl ; curve 4 a 2-ethylhexyl

_ Oa--10-1 1C h = 4x10 - 3 C = 10-1 M
05 1 1.5 p Th p
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The experimental data presented in Fig. 18 show

that the extraction of thorium is significantly

influenced by the length of the alkyl chain in the

dithioacid molecule. An increase in the chain length

causes an increase of the thorium extraction in non-

polar solvents. The effect of the diluent used in the

extraction also depends upon the nature of the acid

used, as illustrated by the data given in Table VII.

The extraction with long chain dialkyldithiophosphoric

acids was investigated in some more detail. The dis-

tribution ratio was determined as a function of the

aqueous phase acidity for three different acid con-

centrations in benzene. The results shown in Fig. 19

and 20 indicate a four-order dependence on the pH of

the aqueous phase. This indicates an ion exchange

mechanism, in which four molecules of the dithioacid

participate by neutralizing the positive charge of

the cation. This excludes the participation of the

perchlorate anion in the formation of the extracted

species.

Oh 

- 0 34

0 F / / ig. 19.

~-0.4 E ts~xttraction of thorium(IV) with di-2-ethylhexyl-
-0.4

dithiophosphoric acid in benzene.

-C8- / 1 CHEhdtp = 3xlO 2 M (curve 1) ,

6x10 - 2 (curve 2), and 10 1 (curve 3)

-12 05 pH 0
05 1 pH ch = 4xlO - 4 M .
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1.6

o 1.2f-
:1 //

0.84

°0" Fig. 20.

-a.4 The extraction of thorium(IV) with di-n-butyl-

dithiophosphoric acid in benzene.

-0.81 [ / CHBudtp = 3xlO-2 M (curve 1) , 5x10-2 M (curve 2)

-1.2 i and 101 M (curve 3)

1 Ch =- 5x10- 4 MpH Th

A plot of pH50% (determined- from Fig. 19 and 20)

against the concentration of the dithioacids (Fig.21)

was linear and the slope equal to 1, representing the

x/4 ratio, suggests that only four dithioacid mole-

cules participate in the formation of extracted species

in benzene, without coordination of any undissociated

acid molecule.

In the concentration range investigated ( 5.10 - 4

to 1.10 2 ) the distribution ratio is not influenced

by the thorium concentration in the aqueous phase. It

follows that no polymeric species are formed 

Q8
a .X
8'

Pig. 21.

The dependence of PH50/ on the concentration of

0.2- \ \ di-n-butyldithiophosphoric acid (curve 1 ) and

di-2-ethylhexyldithiophosphoric acid (curve 2).

-1.6 -1 .-1.2 -1.0 = 5xlO M.
.J'j ~ h XL-4 8

" ,-lidt
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The high values of the distribution ratio observed

with di-n-butyl- and di-2-ethylhexyl- dithiophosphoric

acids are explained by the high solubility of the

[Th(dtp)4] complex formed according to the exchange

reaction :

Th4+ + 4 (Hdtp)o. 5 [Th(dtp) 4 ] o + 4 H + (18)

5.1.2. Extraction in c-rclohexane

The results obtained in the extraction with di-2-

ethylheexylditiophosphoric acid from perchlorate solu-

tions (ionic strength 1 M ), at various acid concen-

trations, are shown in Fig. 22. The magnitude of the

curve slope, equal to 4 , shows that equation (18)

is also valid in cyclohexane. Plots of pH5 0/ against

12

Pig. 22.

0.4 / 7 7 tThe extraction of thorium(IV) with di-2-ethyl-

hexyldithiophosphoric acid in cyclohexane.

0 CHEhdtp = 3x10 - 2 L (curve 1), 5x10 - 2 M (curve 2)

and 10 1 M (curve 3).

0.5 1 pH CTh= 5xlO- 4 !

dithioacid concentration again show that only four

molecules participate. -n the concentration range from

5.10- 4 to 1.10- 2 thorium does not influence the distri-

bution ratio, thus suggesting that no polymeric

species are nresent in the aqueous phase.
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5.1.3. Extraction with chlorocarbons

0
0h

For extraction with di-2-ethylhexyldithiophosphoric

acid, using chlorocarbon diluents (chloroform, carbon

tetrachloride), slope analysis of extraction curves

(Fig. 23) indicates, as before, the formation of

Th(dtp)4 as extracted species , with only the magni-

tude of the distribution ratios differing from other

systems.

.2 -

Pig. 23.

0° / Extraction of thorium(IV) with di-2-ethylhexyl-

*0.4- ^ dithiophosphoric acid in chloroform (curve 1)

and carbon tetrachloride (curve 2).

0. 10-3 a= 10-! -
°08 _ . C 0T Th CHEhdt 1 0

1 pH

The extraction constants for various systems

investigated are collected in Table VIII.

Table VIII Extraction (equilibrium) constants

for equation (18) (with di-2-ethylhexyl-

dithiophosphoric acid)

Solvent log K

Carbon tetrachloride 1.28

Chloroform 1.50

Cyclohexane 4.01

Benzene 3.40

n-Butanol 0.21
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5.2. Extraction of thorium(IV) with

oxygen-containing solvents

The extraction with diethyl-, di-n-butyl- and

di-2-ethylhexyl- ditiophosphoric acids in n-butanol

was investigated in more detail . The results shovn
25,

in Fig. 24 and ndicate that the extraction mechanism

is the same as in hydrocarbons, involving the formation

of a Th(dtp)4 complex. The distribution ratios obtained

with di 3thyl dithiophosphoric acid in n-butanol

are higher than those in benzene. Due to favourable

Q~4 _ ~304- »^*.

0-

ig. 24.

-a4 / / ExFtraction of thorium(IV) ."rith diethryldithio-

-G / / /phosphoric acid in n-butanol.

aQ8 / -2 CHhdtp = 5xl 2 , (curve 1) , 10- 1 ( curve 2)

and 2x10 - 1 (curve 3) 

0- 0.5 1 1.5 CTh = 10- 3 M
pH

2,5p -124

- 1.4

.3P . /8 P.ig.25.
0.8

Extraction of thorium(IV) with di-n-butyl-

/ dithiophosphoric acid (curves 1,2 ) and

0 di-2-ethylhexyldithiophosphoric acid (curves 3-5)

in n-butnool

/ / HBudtp = 5x10- 2 M (curve 1) and 10-l1* (curve 2)

-Q8 CHEhdtp = 3x10- 2 M (curve 3), 5xl - 2 M (curve 4)

and 10 -M ( curve 5).
Th = 5x10- 4 M

pH
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geometry of the ligand and the large coordination

number of thorium(IV), the participation of n-butanol

can be expected, with formation of extracted species
Et.

like Th(fdp )4.nBuOH , causing a higher extraction

than in hydrocarbons,. if diethyldithiophosphoric acid is used.

In polar solvents,the smaller values of the

distribution ratios observed for di-n-butyl- and

di-2-ethylhexyl- dithiophosphoric acids may be

explained by a lower solubility of Th(dtp)4 . The

extraction curves are situated in a less acidic range,

in which an increased concentration of the dtp anion

/18/ may cause complexation of thorium(IV) in the

aqueous phase.

5.3. The influence of foreign anions

present in the aqueous phase

The partition data listed in Table IX show that

Table IX Influence of the inorganic anions upon

the extraction of thorium(IV) with

di-2-ethylhexyldithiophosphoric acid

in benzene and diethyldithiophosphoric acid

in n-butanol

CTh = 1.10-3M CHdtp = 101 M ; pH = 0.8

Distribution ratio (D)
Inorganic anion

Ethyl 2-Ethylhexyl

Perchlorate 2.09 12.60

Chloride 1.23 4.80

Nitrate 0.98 2.74
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the inorganic anion present in the aqueous phase

does influence the extraction of thorium. The dis-

tribution ratios in the extractions carried out from

chloride and nitrate media are smaller than from

perchlorate media.

Slope analysis of the results obtained in the

extractions from nitrate and chloride solutions (Fig. 26)

suggests that the extracted species is Th(dtp)4 ,

and the participation o itrate or chloride ions in

12 
02 1

i //
0.8-

04 t Pig. 26.

0- yExtraction of thorium(IV) from aqueous nitrate

(curve 1) and chloride (curve 2) solutions with

'O ( di-2-ethylhexyldithiophosphoric acid in benzene.

-X -Q5- - CIhdtp = 10-1 M ; Ch = 5xlO- 4 M

the formation of the extracted species is unlikely.

The lower values of the distribution ratios obtained

for chloride and nitrate media (compared to those

measured for perchlorate media) are due to complexation

of thorium(IV) in the aqueous phase by these anions,

thus decreasing the concentration of thorium available

for extraction. Both chloride and nitrate anions are

known to form stable complexes in solution with

thorium(IV) /30-32/ and this behaviour is no surprise.
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5.5. Synergic effects

It was shown that with dialkyldithiophosphoric

acids containing long alkyl chains (n-butyl, 2-ethyl-

hexyl) a good partition of thorium(IV) in nonpolar

solvents is observed. This is due to the formation of

a neutral chelate complex Th(dtp)4 in which the dithio-

phosphate anion acts as a bidentate ligand and the

metal achieves eight-coordination, which is the most

common for thorium /33/. However, thorium can exhibit

coordination numbers larger than eight, e.g. 10, in

some of its complexes. In the long alkyl chain complexes

the probability of hydration (solvation) seems rather

unlikely, for steric reasons But if a short allkyl chain

is present in the coordinated dithioligand, this may

leave more room around the central thorium ion, affording

additional coordination of a second ligand. This is

suggested by the fact that the extraction of thorium(IV)

with dialkylditiophosphoric acids containing a short

alkyl chain, i.e. diethyldithiophosphoric acid,

is favoured by polar solvents containing oxygen in

their molecule, which may act as donors, like alcohols,

ethers, ketones. It is also possible that these short

chain complexes are hydrated, thus making the extrac-

table species less hydrophobic and therefore leading

to the observed decrease of the solubility in the

nonpolar solvent. An oxygen-conatining solvent may

replace the solvation water, thus increasing the

hydrophobic character of the complex, and therefore
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its solubility in the organic phase. This will lead

to increased distribution ratio in the extraction

process, as observed with such donor solvents for

diethyldithiophosphoric acid. With these ideas in

mind we investigated the influence of tri-n-octyl-

phosphine oxide (TOPO), a neutral ligand with good

donor properties, upon the extraction of thoriumn(IV)

with diethyldithiophosphoric acid in benzene.

Thorium(IV) was extracted from aqueous perchlo-

rate solutions, at constant ionic strength lMI, using

a mixture of diethyldithiophosphoric acid and

tri-n-octylphosphine oxide (TOPO) in benzene. The

concentrations of the ditioacid and TOPO in the

organic phase was maintained constant and the distri-

bution ratio was measured as a function of the aqueous

phase acidity. The results are illustrated in Fig. 27.

4 PFig. 27.

-0.4
Curve 1 : TOPO = 0

-0.8 - ,; |Curve 2 : CpP =10-2 M

-1-2 ' e CTh = 5x10 0 CHEtdtp = 10 M
pH
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The data show a significant increase of the distribution

ratio ; thus, curve 1 represents the extraction in

the presence of TOPO and curve 2 the extraction without

TOPO. The slope of curve 1 is equal to 4, confirming

the participation of four diethyldithiophosphate anions

in the formation of the extracted species.

To determine the number of TOPO molecules (if any)

involved in the formation of the extracted species,the

distribution ratio was also measured as a function of

the TOPO concentration in benzene, for diethyl- and

di-2-ethylhexyl- dithiophosphoric acids. In this case

the acidity of the aqueous phase and the concentration

of diethyldithiophosphoric acid were maintained

constant. The results are shown in Fig. 28. The

distribution ratio increases with increasing concen-

2D0

C8 ~~// P~~Fig. 28.

0.4 i Extraction of thorium(IV) with diethyl- (curve 1)

^*r / and di-2-ethylhexyl- (curve 2) dithiophosphoric

1.6

0 / acids and TOPO in benzene.

Hdtp lO-;O M= pH = 0.7 (curve1)
. -2 -22 -20 -1.6 0 (cure 

CTpO a ACl'PO
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tration of TOPO in benzene, and the dependence is

linear. The slope of the linear part of the curve is

equal to 1, thus indicating the participation of one

TOPO molecule in the formation of the extracted species

( a mixed complex or adduct ). At TCPO concentrations

higher than 10 2 Ma second order dependence is observed.

This suggests that in this concentration range the

mixed complex extracted (adduct) contains two TOPO

molecules. The results of these experiments show that

indeed in the extraction of thorium(IV) with diethyl-

dithiophosphoric acid in benzene, a synergic effect is

observed in the presence of an additional donor like

TOPO, with the formation of Th(Etdtp)4.TOPO and

Th(Etdtp) 4.2TOPO ; these adducts are strongly hydro-

phobic and therefore more soluble in benzene than the

simple complex Th(Etdtp)4 .

E. EXTRACTION OF RARE EARTHS (L.UTTHA.OIDS)

This research project also included the investigation

of rare earth (lanthanoide ) extraction with dialkyl-

dithiophosphoric acids. Previous literature data showed

that the rare earths form unexpectedly stable complexes

with dithiophosphinato and dithiophosphato lipgnds /34/.

In addition to the formation of neutral tris chelates,
tJ

Ln(S2PR2) 3 (R = cyclohexyl) /34,35/, anionic terlakis

chelates [Ln(S2PR2 )4- (R = CH3 , C6Hll , 0C2I5)

/34,36,37/ and triphenylphosphine oxide adducts, like

fI3 S2P(oC 2 IIs)2a 3 (OPPh3 )21 /38/ have been prepared.
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The molecular structures of some of these compounds

were determined by X-ray diffraction /35-38/ and confir-

med the coordination of the dithio ligand as a bidentate

group. On this basis the investigation of rare earth

extraction looked promising, although the formation of

anionic tetracis complexes may reduce the extractability

of these metal ions.

The results presented in Table X show that in the

extraction of lanthanum and cerium(III) with diallcyldi-

thiophosphoric acids, investigated so far, the distri-

Table X Extraction of lanthanum(III) and cerium(III)

with di-2-ethylhexyldithiophosphoric acid

CX = 1.103M ; CHEhdtp = 10M ; pH= 3.2

Distribution ratio
Solvent

La(III) Ce(III)

Cyclohexane 0.58 0.62

Benzene 0.62 0.74

Carbon tetrachloride 0.60 0.50

Chloroform 0.63 0.66

Diethyl ether 0.63 

Dibutyl ether 0.65 

n-But nol 1.50 1.64

Cyclohexanone 3.34

bution ratios are, generally, small. However, in polar

oxygen-con aining solvents the distribution ratios are

larger. The extraction of lzanthanum(III) and cerium(III)

was investigated comparatively in benzene (as nonpolar

solvent) and n-butanol (as polar, donor solvent),
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6.1. Extraction with benzene

The results obtained in the extraction of lanthanum(III)

with different acids are illustrated in Fig. 29. The

dependence of the extraction on the aqueous phase

acidity suggests that an ion exchange mechanism is

ivolved. The slopes of the extraction curves in the

extraction of La(III) with diethyl- (curve 1),

.di-n-butyl- (curve 2) and di-2-ethylhexyl- (curve 3)

dithiophosphoric acids are 2.0, 2.5 and 3.0, respecti-

vely. The value of 3 indicates that in the extrac-

tion participate three dithioacid molecules, and the

lower values suggest a decrease of La(III) concentra-

tion available for extraction, caused by complexation

in the aqueous phase, probably due to formation of the

tetrakis anionic complexes[La(dtp) 4 1- cited above. The

complex formation in aqueous solution is more pronounced

0'

-04

-1.2 -

I I I I I
0.5 1 1.5 2 2.5

pH

Fig. 29. Extraction of lanthanum(III) with dialkyldithio-

nhosphoric acids in benzene.

Curve 1 - ethyl ; curve 2 - n-butyl ;

curve 3 - 2-ethylhexyl

CLa = 10- 3 ; CHdtp = 10-1 L
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with diethyldithiophosphoric acid, whose anion is more

soluble in water , at pH higher than 1.

In the extraction with di-2-ethyldithiophosphoric

acid, the variation of the distribution ratio was

measured for different acid concentrations. The slope

equal to 1 of the curve representing pH5 0 %, shows that

in the formation of the extracted species participate

only the dithiophosphate groups involved in the ion-

exchange process, and no additional acid molecules are

coordinated. The extraction data obtained for varying

metal concentrations, in the range from 5.10- 4 Mto

1.10-2 M ,show that no polmeric species are formed

in the aqueous phase.

c

U.4

n

0

%------ I ---- I __ I __

-Q 

0.5 1 1.5 2. pH

Fig. 30. Extraction of lrcthanum(III) with di-2-ethylhexyl-

dithiophosphoric acid in benzene.

CHEhdtp = 1,5xlO- 1 M, (curve a) , 10~1 E (curve 2)

and 5x10 2 M (curve i)

CLa = 10 3 M

In the extraction of cerium(III) the extraction

curves are very similar to those obtained for lantha-

num(III) and the distribution ratios have close values

(Fig. 31).
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O _

-0.4 

5 1.5 2 250.5 1 15 2 5
pH

Pig. 31. Extraction of cerium(III) with di-2-ethylhexyl-

dithionhosphoric acid in benzene.

Ce = 1 ; CHEhdtp = 10 1

The extraction of La(III) and Ce(III) with

dialkyldithiophosphoric acids can be described by

equation (19), according to the experimental data

obtained:

in 3+ + 3[Hdtplo = [Ln(dtp)3i o + 3 HI (19)

Ln = La, Ce

Further investigation of other lanthanoids is in
/

progress.

6.2. Extraction with n-butanol

n-Butanol was chosen as oxygen-containing diluent

in the extraction with di-2-ethylhexyldithiophosphoric

acid, and two shorter chain re.gents. The data are

presented in Fig. 32. The slopes of the linear part

of the extraction curves are 2.5, 2.7 and 2.8, res-

pectively, suggesting, w:hithin experirental errors,
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that the extraction process involves three dithiophos-

phate ligand groups. No polymeric species wSere detected

0

0.4
a

0o

-Wa

-12
0.5 1 15 2

pH

Fig. 32. Extraction of lanthanum(III) with dialyldithio-

phosphoric acids in n-butanol.

Curve 1 - ethyl ; curve 2 - n-butyl

curve 3 - 2-ethylhexyrl

CLa = 10- 3 ; CHdtp = 10- 1 M

in the aqueous phase by investigating the influence of

metal ion concentration.

6.3. The influence of foreign anions

present in the aqueous ha.se

The influence of foreign anions was investigated

for nitrate and chloride solutions of ionic strength

1M , as a function of acidity. The results are pre-

sented in Fig. 33, and show an ion exchange mechanism

similar to that obtained in perchlorate systems; even

the magnitude of the distribution ratios is similar.
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0 A - - 0°

-08- */ -- Q8

0.5 1 1.5 2 2.5
pH

Fig. 33. Extraction of lonthanum(III) from chloride (curve 1)

and nitrate (curve 2) solutions.

Ca = 10- 3 ; CEhdtp = lO- 1

6.4. Diluent effects

The extraction data obtained for various extraction

systems show that the extraction is depenedent on the

nature of the diluent (solvent) used. Thus, polar solvents

containing oxygen (n-butanol, cyrclohexanone) produce

higher distribution ratios than non-polar solvents,

thus suggesting that the donor properties of the solvent

are important. This can be understood in terms of

a process which commonly occurs with bidentate ligands.

Not all the coordination sites around the rare earth
the

cation are occupied byvf hree donor ligand groups

required to neutralize the positive charge ; additional

water molecules or other donho ay occupy these sited,

making the chelate complex less well or not at all

extractable into an inert or non-polar solvent. If these

residual sites in the chelate complex

are occupied by a hydrophobic neutral ligand with
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good donor properties, the extractability can be

improved. This was tested with tributylphosphate (TBP)

and tri-n-octyphosphine oxide (TOPO), and the synergic

effects observed are described below.

6.5. Synergic effects

The extraction of lanthanum(III) from perchlorate

solutions of 1 M ionic strength ( NaClO4 + HC104 ) with

a mixture of di-2-ethylhexyldithiophosphoric acid and

TBP was investigated, using benzene as diluent ; the

distribution ratio was measured for different concentra-

tions of TBP, at constant acidity and dithioacid concen-

tration. The data are illustrated in Fig. 34 and show

3

21

0.4

0 */-- 

-28 -2.4 -2 -1.6 -12 -0/
log CS

Fig. 34. The influence of TBP and TOPO upon the

extraction of lanthanum(III) and cerium(III)

with di-2-ethylhexyldithiophosphoric acid.

Curve 1 - La(III)-HEhdtp-TBP system

Curve 2 - Ce(III)-HEhdtp-TOPO system

Curve 3 - La(III)-HEhdtp-TOPO system

CLa = 10- 3- CCe = 10- 3 , ; pH = 3.2

-28 ~ ~ ~ C -2`-0 -. 1 0
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that increasing concentrations of TBP increase the

distribution ratio. The linear part of the curve has

a slope equal to 1, indicating the participation of

one TBP molecule in the formation of the extracted

species , i.e. a La (Ehdtp)3.TBP adduct.

Lanthanum(III) and cerium(III) were also extracted

with a mixture of di-2-ethylhexyldithiophosphoric acid

and TOPO, in benzene, the results being shown in Fig.

34 (curve 2). The dependence of the distribution ratio

on the TOPO concentration is linear and the slope is 2,.

suggesting the participation of two TOPO molecules in

the formation of an extracted adduct Ln(dtp)3.2TOPO.

This result is in agreement with the data cited in the

introduction of this Section, obtained in preparative

and structural studies.

The high values of the distribution ratios obtained

with a mixture of dithiophosphoric acid and TOPO indicate

a strong synergic effect, which can be easily understood

in terms of the formation of a strongly hydrophobic

adduct, with a structure similar to that reported in

the literature for triphenylphosphine oxide adducts /38/.

7. E2FECTIVITY OF THE EXTRACTION OF UR.TIUTI, THORIUM

AND RARE EARTHS WITH DIALKYLDITHIOPHOSPHORIC ACIDS

The knowledge accumulated during the investigation of

the extraction mechanisms can be ussed to explore the

possibility of separating the title metals from aqueous

solutions.
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The percent extractions, defined as effectivity of

the extraction, were calculated for various systems and

conditions used in these studies. Some of them, .ith

high distribution ratios, and consequently with high

effectivities of extraction, could present practical interest.

7.1. Uranium(VI)

From the experimental data discussed above it can

be concluded that dialkyldithiophosphoric acids are good

extracting reagents for uranium(VI). Long chain dialkyl-

dithiophosphoric acids ensure an extraction degree

(effectivity) higher than 99% if a polar oxygen-con.:.aining

solvent is used, or if a non-polar solvent is used (hydro-

carbon, chlorocarbon) the same result is achieved if a

neutral, oxygen-containing donor ligand ( TB9 TPPO, TOPO)

is added (Table XI and XII ). flixtures of solvents, e.g.

Table XI. Extraction of uranium with di-n-butyldithio-

phosphoric acid in n-butanol and butanol-benzene.

cU = 10 M ;CHBudtp o 0-1 

n-Butanol n-Butanol-Benzene

pH Extraction pH CtBOH (% volume) Extraction

1.40 49.5 1.6 0 54.3

1.55 65.0 0.5 89.5

1.80 74.4 1.0 95.4

2.25 92.0 2.0 98.4

2.60 96.0 5.0 99.5

3.00 97.34 10.0 99.7

3.50 96.95 50.0 99.7

90.0 94.9

______100 90.7
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Table XII Extraction of uranium with di-2-ethylhexyl-

dithiophosphoric acid in n-but.nol and

kerosene-butanol

n-Butanol Kerosene-butanol

pH Extraction pH CBu( (<' volume) Etraction

0.65 50.0 2.5-3 5 97.0

0.86 67.4 10 99.84

1.10 83.4 20 99.60

1.30 91.9 30 99.76

1.79 99.2

2.08 99.7

2.21 99.8

C% 10 -2M I = 5xl10 4 M

CIEhdtp = 10-1M CIIhdt p = 2x10 2 M

benzene and butanol are also efficient. Thus, for example

in the extraction writh di-2-ethylhexyldithiophosphoric

acid the use of solvent mixtures containing n-butanol

was noted to be more useful since foaming is greatly

reduced. The addition of TBP or TOPO to the extraction

system produces a strong synergic effect, with 100'

extraction of the metal (Table XIII).
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Table XIII Extraction of uranium with mixtures of

di-n-butyldithiophosphoric acid and a

neutral oxophosphorus ligand.

C = 10o3 M ; HC104 + NaClO4 1 

HBudtp + TBP HBudtp + TOPO

pH Extraction pH Extraction

0 75.12 0 61.24

0.5 96.93 0.33 87.35

0.7 98.75 0.50 94.04

1.0 99.68 0.90 99.00

1.2 99.87 1.30 99.84

1.5 100 1.50 100

2.0 100 3.00 100

3.0 100

aHBudtp = 10 1 CHBudtp = 5x102 2

CTBp = 102 CTppO = 2x10- 2 M

7.2. Thorium(IV)

Thorium(IV) can be extracted from perchloric or nitric

aqueous solutions at pH 2 with di-2-ethylhexyldithiophos-

phoric acid in benzene, leading to an extraction effectivity

of more than 99 ( Tables XIV and XV ). With a mixture of

the acid and TOPO high efeectivity is achieved even at lower

pH of the aqueous phase (Table XVI).
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Table XIV Extraction of thorium with di-2-ethylhexyl-

dithiophosphoric acid in benzene and n-but.nol

CTh = 10 - 3 CIdtp= 10-

HC104 + alOC104 1 i

Benzene n-Butanol

pH Extraction pH Extraction

0.30 28.00 0.80 29.00

0.40 45.38 1.0 60.15

0.54 73.40 1.12 75.96

0.77 89.39 1.20 87.62

1.20 98.54 1.25 90.29

.1.64 99.22 1.32 94.06

2.35 99.84 1.80 98.29

2.20 98.60

Table XV Extraction of thorium with di-n-butyldithio-

phosphoric acid in benzene and n-butanol

CHBudtp = 10 M CTh = 10 3 M

Benzene n-Butanol

pH Extraction pH Extraction

0.2 50.0 0.40 10.31

0.3 71.5 0.46 24.12

0.35 76.8 0.58 32.34

0.43 88.81 0.60 42.56

0.54 95.21 0.67 54.75

0.72 97.71 0.80 78.40

1.05 98.12 1.20 91.87

1.50 98.37 1.60 94.05

2.1 99.5 2.00 95.51

----------------------- i---------------------- --~~~~
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Table XVI Extraction of thorium with diethyl- and

di-2-ethylhexyl- dithiophosphoric acids

and TOPO.

CTh = 5x10 4 M CHdtp = 10 M

HEtdtp + TOPO HEhdtp + TOPO

pH 07 = 0.7 = 

aCTOPO Extraction CTOPO ixtraction

0.002 38.71 0.002 46.12

0.003 51.22 0.003 55.82

0.004 57.98 0.005 67.67

0.005 66.77 0.007 81.68

0.010 78.40 0.010 88.14

0.012 86.32 0.0125 90.73

0.015 90.91 0.015 98.10

0.020 95.23 0.020 98.57

7.3. Rare earths

The results obtained with two rare earths (lanthanum

and:' cerium) show that in non-coordinating solvents dialkyl-

dithiophosphoric acids are poor extractants. The percent

extraction degree (Table XVII ) barely attains 40o in

the extraction of lanthcnum and cerium with di-2-ethylhexyl-

dithiophosphoric acid in benzene. The use of an oxygen-con-

taining solvent, n-butanol , improves the effectivity of

extraction up to 80 5 (Table XVII ). The lanthanoids

167



Table XVII Extraction of rare earths with di-2-ethrlhexyl-

dithiophosphoric acid

CCe = 10 3 a 10-3 HEhdtp = CCe .10 r: CHdp=lo- ly.

NaC104 + 1CO104 1 M

Cerium Lanthanvum Lanthanum

nH Extraction pH Extraction pH Extraction

0.20 13.64 0.22 12.5 0.1 17.36

0.40 15.90 0.30 16.6 0.22 26.20

0.55 24.10 0.40 26.20 0.34 29.40

0.70 30.89 0.58 29.60 0.62 42.00

0.81 27.60 0.95 37.68 1.06 44.30

0.95 38.70 1.08 38.65 1.52 65.20

1.50 42.40 1.45 39.00 1.68 72.97

2.00 39.00 1.75 38.90 2.00 80.10

2.51 38.9 2.30 39.79

3.00 40.2 3.10 39.70

Solvent benzene Solvent benzene Solvent biltanol

are better extracted with a mixture of di-2-ethylhexyl-

dithiophosphoric acid with TOPO, when an effectivity of

98.6 ;/ for lanthanum and 97 %o for cerium, is achieved,

as illustrated by Table XVIII.
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Table XVIII. Extraction of lanathanum(III) and cerium(III)

with HEhdtp (0.1 1M) + TOPO (0.025 M)

a = 103 M; CCe = 1 0 - ; CHEhdt = 10-

NaCl04+HC104 = 1 M PH = 3

Lanthanum(III) Cerium(III)

CTOPO Extraction 0TOP Extraction
oTOPO

0.001 53.48 0.002 25.76

0.002 57.10 0.005 31.48

0.004 61.39 0.008 35.76

0.006 74.29 0.010 ' 61.38

0.015 93.10 0.015 76.70

.0.020 97.30 0.020 85.80

0.025 98.63 0.025 96.86

From the data thus far obtained it can be hoped that

right conditions for the separation of uranium, thorium

and lanthanoids from each other, can be found. Research

along these lines is in progress.
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PHYSICO-CHEMICAL BASES OF YTTRIUM - LANTHANIDES -
ACTINIDES SEPARATIONS

S. SIEKIERSKI, T.J.M. ALZUHAIRI, L.FUKS
Institute of Nuclear Chemistry and Technology,
Warsaw, Poland

Abstract

The positions of yttrium, americium(III) and

plutonium(III) within lanthanides with respect to

Gibbs energy, enthalpy and entropy of complex

formation have been determined for a number of

ligands. It was found that with respect to dG°

yttrium and the two actinides shift in opposite

directions across the lanthanide series with the

change of the ligand. For soft ligands yttrium is

a slightly heavier and americium(III) and
plutonium(III) are slightly lighter pseudolanthanides

with respect to enthalpy than with respect to

entropy. For hard ligands the opposite holds. Changes

in the positions of yttrium and actinides(III) within

lanthanides have been explained in terms of a

contribution from covalency to bonding increasing in

the order yttrium < lanthanides < actinides.

1. INTRODUCTION

Yttrium, lanthanides and actinides(III) are

elements of very similar properties. Therefore, the

separation of individual elements as well as yttrium -
lanthanides and lanthanides - actinides(III) group

separations present certain difficulties. Many

procedures have been developed in order to separate

yttrium from lanthanides. All these procedures are

based on the fact that the position of yttrium in the

lanthanide series depends on the ligand. Apparently,
the same is valid for actinides and is the basis of
the Talspeak and Tramex processes which are used to
separate heavy actinides(III) from lanthanides. It
is very probable that the itinerant character of

yttrium and actinides(III) in regard to the lanthanide
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group is due to the participation of 4f and 5f orbitals
in bonding. In order to check this hypothesis the
positions of yttrium C1i and americium £23 in the
lanthanide series with respect to unit cell volumes
of isostructural compounds have been determined from
literature data. The positions of yttrium and americium
within lanthanides were defined by the respective
relative or apparent atomic numbers which can be
calculated from the following expression based on
linear interpolation:

V * - VY(n A VM (1)
ZM(V) = ZA +

V *'- VLA*

where M stands for yttrium or an actinide, V is the
unit cell volume and Ln and Ln are two lanthanides
encompassing yttrium or the actinide, ZIi < ZL, .

The results obtained are presented in Fig. 1 where
the (mean) apparent atomic number is plotted against
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PIG.1. Relationship between the apparent atomic number

of Y, Am and Pu and the difference between the electro-

negativity of the X atom and the electronegativity of

lanthanide atoms.
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the difference between the electronegativity of the

counteratom in the lattice and the electronegativity

of the lanthanide metals, AEX M. Fig. 1 includes also

the recently obtained data for Pu. It is seen from

this Figure that yttrium and actinides shift across

the lanthanide series with the change of bEX M in

opposite directions. The correlations obtained can be

explained in the following way, see Fig. 2. Let us

assume at first that there is no contribution from

1.0 r

_I 
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U 
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FIG.2. The positions of Y and Am within lanthanides

with respect to unit cell volumes in the absence and

presence of covalency.
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covalency to both Ln-X and Y-X bonds (upper curve

in Fig. 2). If so, then Zy(V) would be practically

independent of the counteratom (X) and most probably

near to 68. The inclusion of covalency in the case

of lanthanides (lower curve in Pig. 2), but not

yttrium, will shorten the M-X distances and decrease

the unit cell volumes of lanthanide compounds,

leaving the respective values for yttrium unchanged.

According to Eq. (1) and Pig. 2 the decrease in VLn

and the constancy of Vy will result in the decrease

in Zy(V). If it is assumed that because of greater

spatial extent of 5f as compared with 4f orbitals the

contribution from covalency to bonding is greater in

the case of actinides than lanthanides, then the

decrease in VAn will be greater than in VLn, and

according to Pig. 2,ZAn(V) will increase. Since the

increase in covalency or delocalization of f orbitals

should be related to the decrease in 4A M,, the

observed changes of Zy(V) and ZAn(V) with bX-M can be

accounted for.

It is reasonable to assume that the reason for

the change in the positions of yttrium and actinides (III)

in the lanthanide series with respect to AGO of complex

formation may be the same as that with respect to V,

i.e. different contributions from covalency to bonding

in yttrium, lanthanide and actinide complexes. In order

to check this hypothesis the positions of yttrium, Am(III)

and Pu(III) in the lanthanide series with respect to

thermodynamic functions of complex formation or

extraction have been studied from existing literature
data and own measurements. The following systems have

been investigated experimentally in this work:

- Extraction with TBP from NH4SCN solutions.

- Extraction with Adogen-464SCN from NaSCN solutions.

- Extraction with Adogen-464N03 from NH4NO3 solutions.

- Extraction with Adogen-464C1 from LiCl solutions.

- Complexation with HEDTA (by indirect extraction

method).
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2. EXPERIMENTAL

Experimental details concerning the determination

of distribution ratios ,D, of yttrium, lanthanides and

americium(III) are given in papers U3,4] . Plutonium(III)

was stabilized by addition of hydroxylamine hydrochlo-

ride. The content of plutonium in the aqueous phase was

determined using the extractive scintillator method.

The enthalpy of extraction was determined from the

logD vs. 1/T dependence in the temperature interval

10-50 °C.

3. RESULTS AND DISCUSSION

3.1 Yttrium and Americium(III)

The apparent atomic numbers of yttrium and

americium(III) with respect to dG, AH and aS of

complex formation or extraction are shown in Table 1

and Figures 3-6. In addition to ovn results Table 1

contains also some values of apparent atomic numbers

TABLE I. APPARENT ATOMIC NUi;3ERS OF YTTRIUM ANffD MbRICIUTi

gnd costanility Zy(G) Zy(H) Zy(S) Z.(G) ZAm(H) Z. m(S)

extraction
NO,, 2 Adoger.464N0 69.5 69.5 69.5 59.3 59.8 59.8

3, hi Adogen-464NOCl 63 0 630 630 53 53 59
extraction

| 'C ~ Adogen-464SCN 60.0 63.0 68.0 52. 59.3 59.8

extraction
SC,3 Adogen-464SCN 60.4 65.9 65.1 69.0 61.0 62.1

extraction
3CN-,3M TBP 57.5 71 71.0 6,.0 61.0 61.2

Acetate 57.0 67.? 66.7 64.3 -

1

H'.DTA ^ 59.2 67.8 66.8 69.0 3 64.6

DTPA ^1 61.2 70.3 63.7 67.0 - -

L F- 70.5 63.7 68.5 53.3 61.3 61.6
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464SCN in o-xyjlene from 3M NTH4SCN.

calculated from published stability constants and

enthalpies of complex formation. More results and

references can be found in papers [3,4] . ZM(G),

ZM(H) and ZM(S), where M denotes Y or Am(III) have

been calculated from equations analogous to Eq.(1).
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In case of extraction the thermodynamic functions

calculated from distribution ratios and their changes

with temperature contain terms due to complex for-

mation in both aqueous and organic phase and due to

the transfer process. Since stability constants of

complexes appearing in the aqueous phase differ only
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slightly for Y or Am(III) and the two encompassing

lanthanides (the complexes in the aqueous phase are

mostly of the outer sphere type) and the transfer

of the complex from aqueous to organic phase is

probably independent of the cation, the apparent atomic
numbers refer to stability constants of complexes

appearing in the organic phase only.

Prom results presented in Table 1 and Figs. 3-6

the following conclusions can be drawn:

(a) For all ligands studied Zy(H)f 68 and ZAm(H)Z 60.

Thus, the positions of Y and Am with respect to
enthalpy of complex formation are similar to those
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with respect to unit cell volumes of isostructural

MmXn compounds, provided X is an F or 0 atom, see

Fig. 1.

(b) Zy(S) is changing from about 65 to 69 and Z.m(S)

from about 60 to 64. However, the most important

conclusion is that the difference 4ZAm = Zm(H) -
ZAm(S) is positive for systems for which

AZy = Zy(H) - Zy(S) is negative and vice versa.

For nitrates and chlorides both differences equal

zero.
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(c) With respect to AG° of complex formation both

yttrium and americium shift across the lanthanide

series with the change of the ligand but in opposite

directions. For example, when Cl-ions are replaced by

SCN-ions then yttrium and americium almost exactly

interchange their places. Thus, withrespect to Gibbs

energy of complex formation yttrium and americium

behave in the same way as with respect to unit cell

volumes, Fig. 1. It is seen from Figs. 3-6 that the

positions of yttrium and americium with respect 0G°

depend on the magnitude of the difference

A , = ZM(H) - Z(S), where M = Y or Am and on the

positions of the aH° and T AS° plots (r stands for

relative in regard to lanthanum). Is XZM negative

and is the plot T bS vs. Z above that ofdHr vs. Z

(which is the most frequent case) then M is a heavy

pseudolanthanide with respect to AG°. Is, however,

AZ, positive then M appears as a light pseudolantha-
nide.

The itinerant character of yttrium and americium

with respect to AG° of complex formation, which is

very similar to that with respect to unit cell volumes,

suggests that also in the case of lanthanide and

americium (III) complexes there is a certain contribu-

tion from covalency to bonding due to 4f and 5f

orbitals. This conclusion is corroborated by the fact

that for fluoride ions which are to the left of water

in the nepheloauxetic series aZM is positive for

americium and negative for yttrium, whereas for

thiocyanate ions which are softer than water and are

to the right in the nepheloauxetic series the opposite

is true. Since softness-hardness and the position

in the nepheloauxetic series of ligands are correlated

with the ability to form covalent bonding, it is con-

cluded that the contribution from covalency to bonding

in complexes increases in the order yttrium <lanthanides<

americium(III) and is mainly due to greater participation

of 5f than 4f orbitals in bonding. However, the question

why covalency effects the correlation between the
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enthalpy and entropy of complex formation i.e. changes

the difference AZM = ZMi(H) - ZM(S) remains to be answered.

3.2 Plutonium(III)

The position of plutonium(III) within lanthanides

with respect to thermodynamic functions of extraction

was studied on the example of the NH4SCN - TBP system.

In order to keep plutonium on +3 oxidation state the

aqueous phase was 0.01M in hydroxylamine hydrochloride.

It was found that the presence of NH2 0H-HC1 changes

slightly the distribution ratios of lanthanides and

Am(III), but the apparent atomic numbers of americium

remain unchanged. The apparent atomic numbers of Pu(III)

in the NH4SCN - TBP system calculated from eq.(1) are

as follows: ZpU(G)>71, Zpu(H) = 66.0 ard Zpu(S) = 66.8,

Fig.7.
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PIG.7. The positions of Y and Pu(III) on the G r, r4

and TdS r vs. Z plots. Extraction with 0.2M TBP in

heptane from 3M NaSCN.
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It is seen that with respect to aG of complex

formation with SCN' ions and TBP molecules pluto-

nium(III) is a heavier pseudolanthanide than ameri-

cium(III). Such a behavior is expected from data in

Fig.1 if it is assumed that the contribution from

covalency to bonding is greater in plutonium compounds

than in americium compounds. It is also seen from

Pig.7 that Zpu(H)> ZAm(H), which means that. the

An - NCS bond length is smaller for Pu(III) than for

Am(III), provided there is a correlation between

enthalpy and bond length. A smaller bond length means

a greater contribution from covalency to bonding in

the case of plutonium thiocyanate complexes.
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DISCUSSION

T. SATO: We use the equilibrium constant more than D.

S. SIEKIERSKI: Under our experimental conditions we can not determine

the equilibrium extraction constant; what we can measure is only the

distribution because the distribution ratio is the sum of all the

concentrations of lanthanide species in the organic phase divided by the sum

of all the complex species contained in the aqueous phase. We don't know the

stability constants for the formation of the, let's say, thiocyanate

complexes. There are several stability constants. Stability constants are

quoted in many works but they differ by one order of magnitude so it is

impossible to determine anyway. The only value we can measure and calculate

is simply the distribution ratio.
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DILUENT EFFECT ON THE EXTRACTION OF URANIUM (VI)
FROM HYDROCHLORIC ACID SOLUTIONS
BY LONG-CHAIN ALIPHATIC AMINES
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Faculty of Engineering,
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Hamamatsu, Japan

Abstract

The extraction of uranium(VI) from hydrochloric acid solu-

tions by trioctylamine (TOA) and trioctylmethylammonium chloride

(TOMAC) have been examined using various diluents such as

benzene, chlorobenzene, o-dichlorobenzene, toluene, m-xylene,

nitrobenzene, carbon tetrachloride, chloroform, 1,1-dichloro-

ethane and 1,2-dichloroethane. It is found that by assuming a

regular solution, the distribution coefficient and the enthalpy

change associated with the metal extraction can be expressed in

terms of the'solubility parameter of TOMAC, diluent and the com-

plex formed in the organic phase and their molar volumes, and in

contrast that a parabolic dependence of the distribution coeffi-

cient on the solubility parameter of diluent is not observed in

the extraction by TOA in organic solvents, although the enthalpy

change associated with uranium extraction exhibits a parabolic

dependence on the solubility parameter. Further the results for

the extraction of divalent copper, zinc and cadmium from hydro-

chloric acid solutions by TOA and TOMAC are investigated in

comparison with those of uranium(VI).

1. INTRODUCTION

Although the influence of diluent on solvent extraction of

metal has been investigated by a number of researchers, the role

of diluent in the extraction process of metal has not yet been

clarified to correlate the distribution of metal between organic

and aqueous phases with the physico-chemical properties of

organic solvent [1-8]. Accordingly we have reported the results

on the dependencies of the distribution coefficient and the

change in enthalpy estimated from the distribution data by using

the van't Hoff plot on the solubility parameter of diluent for

the extraction of uranium(VI) and divalent manganese, cobalt,
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copper, zinc and cadmium from hydrochloric acid solutions by tri-

octylmethylammonium chloride (TOMAC, R3R'NC1) in various diluents

[9,10]. However, it has been proposed that the extraction of

metal by TOMAC is given by an ion-exchange reaction [11-14],

while trioctylamine (TOA, R3N) extracts metals by a solvating

reaction [15-17]. Therefore, we extend the work to investigate

the extraction of uranium(VI) by TOA in various organic solvents

in comparison with the results for uranium by TOMAC.

2. EXPERIMENTAL

2.1. Reagents

TOA and TOMAC (> 99 %, Koei Chemical Co., Ltd., Osaka) used

without further purifiaction were diluted in various organic

solvents such as benzene, chlorobenzene, o-dichlorobenzene,

toluene, m-xylene, nitrobenzene, carbon tetrachloride, chloroform,

1,1-dichloroethane and 1,2-dichloroethane. Some physico-chemical

properties (dielectric constant, cd; dipole moment, p; solubility

parameter 6d) are illustrated in Table I. The concentration of

TOMAC in organic solvents was determined by Volhard's method.

TABLE I SOME PllYSICO-CIIEMICAI. PROPERTTES OF DI.UENTS

No. Diluent ed a) U 6d

1 Benzene 2.28 0 9.1

2 Tolene 2.38 0.39 8.9

3 m-Xylene 2.37 0.39 8.8

4 Chlorobenzcne 5.62 1.56 9.6

5 o-Dichlorobenzene 9.93 2.26 10.0

6 Nitrobenzene 34.8 3.99 10.9

7 Chloroform 4.8 1.15 9.3

8 Carbon Tctrachloride 2.2 0 8.7

9 1,l-Oichloroethane 10.0 1.95 9.1

10 1,2-Dichloroethane 10.4 1.43 9.9

a) at 25 'C

Aqueous solutions of uranium(VI) and divalent copper, zinc and

cadmium were prepared by dissolving their chlorides (UO2C12-2H20,

CuC12'2H20, ZnC12 and CdC12 2.5H2 0) in hydrochloric acid at

selected concentrations. The chemicals used were of analytical

reagent grade.
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2.2. Extraction and analytical procedures

Equal volumes (15 cm3) of organic and aqueous phases, placed

in 50 cm3 stoppered conical flasks, were shaken for 10 min (pre-

liminary experiments showed that equilibration was complete in

10 min) in a water-bath maintained at a required temperature.

The initial concentration of uranyl chloride in aqueous phase

was 0.01 mol dm 3 . After equilibrium, the mixture was centri-

fuged and separated, and then the aliquots of both phases were

pipetted to determine the distribution coefficient (the ratio of

the equilibrium concentration of uranium in the organic phase to

that in the aqueous phase, D). Uranium and cadmium in the

organic phase were stripped with 1 mol dm 3 HNO 3 and copper and
-33

zinc with 0.0-1 mol dm 3 HC1. The concentration of uranium in

the aqueous solutions was determined by EDTA titration using

Xylenol Organge (XO) as indicator [18]. Similar EDTA titration

was carried out using XO for copper and zinc [18] and Cu-PAN (1,

2-pyridylazo-2-naphthol) for cadmium [19].

2.3. Spectrophotometry

Absorption spectra were obtained on a HITACHI Model 340

spectrophotometer, using matched 1.00 cm fused silica cells for

the u.v. and visible ranges.

3. RESULTS AND DISCUSSION

3.1. Extraction isotherm

The extraction of uranium(VI) with TOA and TOMAC in 0.1 and
-3

0.05 mol dm , respectively, in various solvents from uranyl

chloride solutions at 0.01 mol dm- 3 containing hydrochloric acid

of varying acidity at 20 °C gave the results indicated in Tables

II-III. It is seen that the shape of the extraction curves is

not influenced by the kind of diluent: the distribution coeffi-

cients by TOA and TOMAC rise with increasing aqueous acidity to

maxima which occur at initial hydrochloric acid concentrations

in the range of 6-8 and 3-5 mol dm , respectively, for all

solvents except chloroform, and then fall again, as shown in

some respective curves (Figs.l-2). The distribution coefficient

by TOA in chloroform increases with aqueous acidity in the region

of hydrochloric acid concentration indicated in Fig.l, while the

distribution coefficient by TOMAC exhibits a maxmum at 8 mol

dm HC1. It is assumed that the decrease in the distribution
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TABLE II THE DISTRIBUTION COEFFICIENT FOR URANIUM(VI) IN THE EXTRACTION FROM HYDROCHLORIC ACID

SOLUTIONS BY TOAHCL IN VARIOUS DILUENTS a)

Distribution coefficient

Diluent

0.5b) 0.8 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0

C6H6 0.718 0.164 0.288 1.93 9.79 18.6 20.0 32.8 39.2 16.3

C6H5CH3 0.105 0.243 0.390 2.18 8.45 14.2 19.6 20.5 24.7 14.3

m-C6H4 (CH3)2 0.126 0.314 0.561 3.15 9.87 14.5 36.2 44.1 38.8 34.0

C6H5C1 0.0638 0.106 0.146 0.832 4.21 13.4 14.6 20.8 19.1 17.3

o-C6H4C12 0.0781 0.132 0.209 0.873 7.24 19.3 23.4 30.1 29.0 28.8

C6HNO2 0.185 0.454 0.722 4.49 15.2 28.0 43.0 59.1 75.1 32.5

CHC13 0.0291 0.0340 0.0419 0.0511 0.0621 0.0751 0.0549 0.154 0.483 1.12

CC1 4 0.0305 0.0454 0.107 0.653 3.05 11.1 24.3 27.0 27.5 19.3

I,1-C 2H4C12 0.0108 0.0182 0.0280 0.180 0.768 3.38 11.6 19.1 24.9 23.4

1,2-C2H4C12 0.0573 0.121 0.262 0.773 03.64 10.4 23.9 29.9 40.4 24.0

a) The extraction of aqueous solutions containing 0.01 mol dm'3 U02C12 with 0.1 mol dm- TOAHC1 at

20 °C

b) [HC1]initiaL aq, mol dm 3

TABLE III THE DISTRIBUTION COEFFICIENT FOR URANIUM1(VI) IN THE EXTRACTION FROM HYDROCHLORIC ACID

SOLUTIONS BY TOMAC IN VARIOUS DILUENTS a)

Distribution coefficient

Diluent

0.3 b) 0.5 1.0 2.0 3.0 4.0 5.0 6.0 8.0 10.0

C6H6 0.530 1.63 7.90 38.5 75.0 88.5 82.6 75.5 61.0 50.4

C6H5CH3 0.309 1.26 7.60 39.0 71.0 73.8 64.4 54.0 37.0 26.9

m-C6H4 (CH3)2 0.283 1.16 6.15 45.0 100 131 131 120 82.0 46.3

C6H-C1 1.27 3.14 13.0 48.5 67.0 66.0 62.5 58.5 50.0 43.4

o-C6H4C12 1.33 3.66 16.5 51.0 70.2 85.0 80.8 79.0 78.0 77.7

C6H5NO2 2.90 6.95 22.7 70.0 89.5 82.0 68.5 66.0 55.5 46.0

CHC13 0.0180 0.0263 0.0479 0.298 1.26 4.77 14.1 27.0 35.5 33.4

CC14 0.154 0.571 4.43 38.2 88.2 130 144 135 108 88.4

1,2-C 2H4C12 1.76 4.05 13.8 107 162 157 149 140 120 105

a) The extraction of aqueous solutions containing 0.01 mol dm'3 U02C12 with 0.05 mol dm TO.AC at

20 `C

b) [HCl]initiaZ aq, m0ol dm ' 3
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FIG.1. Extraction of U(VI) from HC1 solns. with 0.05 mol

dm'3 TOMAC in various diluents at 20 °C (o benzene,®

chlorobenzene, o chloroform, A carbon tetrachloride).

coefficient appears at higher acidity in chloroform than in

benzene.

Thus, the extractions by TOA and TOMAC are expressed by the

reaction similar to other metals [11-17], viz.

UO2C12(a) + 2R3NHCl(o) (R3NH)2U02C14 (o) (1)

and

U02C14 (a) + 2R3R'NCl(o) -

(R3R'N)2U02C14(o) + 2Cl'(a) (2)

where (a) and (o) represent aqueous and organic phases, respec-

tively. This is supported by the results for the dependency of

distribution coefficient on the extractant concentration and the

loading test for the variation of uranium concentration in the

organic phase as a function of initial aqueous uranium concentra-

tion [13,15]. On the other hand, although the result that most
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FIG.2. Extraction of U(VI) from HC1 solns. with 0.1 mol

dm '3 TOAHC1 in various diluents at 20 °C (o benzene, *

chlorobenzene, @ chloroform, & carbon tetrachloride).

or all of hydrochloric acid dissolves in the organic phase in the

form of a 1 : 1 compound, R3NHC1.HCl or R3R'NCl-HCl, from aque-

ous solutions at higher acidities, according to

R NHCl(o) + H (a) + C1 (a) R=- R3NHCl-HCl(o) (3)

or

R3R'NCl(o) + H (a) + C1 (a) ^ R R3R'NClHCl(o), (4)

has been already suggested with TOA [20] and TOMAC [11,13] in

benzene, similar phenomena are also observed in the other

diluents. Accordingly, the distribution efficiencies of TOA and

TOMAC for uranium(VI) depending on the nature of diluent are

surveyed using the data at low aqueous acidity in order to

avoid the reduction on the distribution of uranium resulting
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from the competition between the reactions (1)-(4): the extrac-

tion efficiency is in the order C6H11NO 2 > m-C6H4(CH3) 2 > C6H5CH3

> C6H6 > - > C H6Cl > 1,2-C2H4C 2 > CC-C > , -C2H4C12 >

CHC1 in 2moldm I HC1 by TOA; C -1 NO > 7,2-CH4C12 > o-C H C12

> C6HC1 > C6H > C6H5CH > m-C6 H4(CH3)2 > CC14 > CHC1 3 in 0.5
mol dm HC1 by TOMAC. From this it is deduced that the extrac-

tion efficiency of TOMAC in aromatic solvent with electron-

accepting radical such as C1 or NO2 is higher than that with

electron-danating one like CH3, and contrary that the extraction

efficiency of TOA for uranium in aromatic solvent is reduced

with halogen-substituted hydrocarbons [S1b].

Although similar phenomena are also observed in the extrac-

tion of divalent metals, there is no simple relationship between

the distribution coefficient and the dipole moment and dielec-

tricconstant which represent the polarities of molecule and

solution, respectively [9]. As the order of the extraction

efficiencies of TOA and TOMAC seem to be independent of the kind

of metal, it is inferred that the effects of diluent on the

distribution coefficient arises from the interaction of the

organic solvents to the extractant itself more than the complex

of metal extracted into organic phase.

3.2. Effect of solubility parameter

From Hildebrand-Scatchard equation [21] for the excess free

energy of a regular solution, an expression for the distribution

coefficient in terms of the solubility parameter has been deve-

loped by Vdovenko et al. [22]:

log D = (2/2.3RT)(Vc6c - nVede)dd +

{(nVe -Vc/2.3}(6d2 /RT - 1/Vd) + const (5)

where V and 6 represent molar volume and solubility parameter,

respectively, and the subscripts c, e and d are the complex

formed in the organic phase, extractant and diluent, respec-

tively. Assuming that the composition in aqueous phase and the

concentration of extractant in various diluents hold constant,

and that the molar volumes of diluents are not different from

each other, the following relation can be derived:

{l/(Cd - 6s)} log (D/Ds) =

{(nVd - Vs)/2.3RT}(dd - 6s) + 2(Vcc - nVede)/2.3RT (6)

in which the subscript s refers to the diluent chosen
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FIG.3. Dependence of {l/(dd - 63)} log (D/Ds) on (Sd + ds)

by using nitrobenzene as a standard solvent in the extrac-

tion of uranium(VI) from 0.5 mol dm 3 }HC1 solution with

0.05 mol dm 3 TOMAC in various diluents at 20 °C (1)

benzene, 2) toluene, 3) m-xylene, 4) chlorobenzene, 5) o-

dichlorobenzene, 6) nitrohenzene, 7) chloroform, 8) carbon

tetrachloride, 10) 1,2-dichloroethane).

as standard. By Eq.(6) using nitrobenzene as standard a plot of

{l/C(d - 6s)} log (D/Ds) us. (6d + as) gives the values of -0.210

and 4.57 for (nVe - Vc)/2.3RT and 2(Vc6c - Vede)/2.3RT as the

slope and intercept, respectively, obtained in Fig.3. These

values are thus put into Eq.(5), and the curve

log D = -0 .2 1 0 Sd2 + 4.575d - 24.0 (7)

is written as shown in Fig.4, suggesting that the parabolic de-

pendence of distribution coefficients on the solubility para-

meter exhibits a good estimate for the values of distribution

coefficients in the extraction of uranium(VI) from hydrochloric

acid solutions by TOMAC. In the extraction with chloroform, it

is considered that the negative deviation from the parabola

results from the non-random interaction due to hydrogen bonding

between chlororoform and TOMAC.
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FIG.4. Dependence of the distribution coefficient on the

solubility parameter of diluent in the extraction of
uranium(VI) from 0.5 mol dmi3 HCl soln. with 0.05 mol
dm'3 TOMC or 1 mol din3 HCi soln. with 0.1 mol dm 3

TOAHC1 in various diluents at 20 QC (1) benzene, 2)

toluene, 3) m-xylene, 4) chlorohonzene, 5) o-dichloro-

o7

benzene, 6) nitrobenzene, 7) chloroform, 8) carbon

0.01 -

tetrachloride, 9) 2,1-dichloroethane, 10) 1,2-dichloro-

ethane; T0C, TAHC1.

6d

Similar parabolic curves (Figs.5-7) are also derived from

the results for the extraction of divalestribution coefficient on theydro-

solubility parameter of diluent in the extraction of

uranium(VI) from 0.5 mol dm'3 H(C1 soln. with 0.05 mol
dm-3 TOMAC or 1 mol dm"3 HC1 soln. with 0.1 mol dm"3

chloric acid solutions by TOMAC in various diluents [9at 20 C (1) benzene, 2)

toluene, 3) m-xylene, 4) chlorobcnzene, 5) o-dichloro-

benzene, 6 nitrobenzene, 7 chloroform, 8 carbon- 39.6, (8)

tetrachloride, 9) dichlooethan- 21.2, -di(9)oro-

ethane; TOAC, TO ).

Similar parabolic curves (Figs.5-7) are also derived from

the results for the extraction of divalent metals from hydro-

chloric acid solutions by TOMAC in various diluents [9]:

log D = -0.3706d2 + 7.646d - 39.6, (8)

log D = -0.2006dS2 + 4.226d - 21.2, (9)

and

log D = -0 .2 1 0 Sd2 + 4.276d - 19.6 (10)

for copper, zinc and cadmium at 2, 0.05 and 0.02 mol dm 3 HC1

with TOMAC concentrations in 0.025, 0.05 and 0.03 mol dm 3 for

copper, zinc and cadmium, respectively.

However, since a parabolic dependency of the distribution

coefficient on the solubility parameter of diluent is not

observed in the extraction of uranium(VI) and divalent metals
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FIG.S. Dependence of the distribution coefficient on the

solubility parameter of diluent in the extraction of

copper(II) from 2 mol dm'3 HC1 soln. with 0.025 mol dm' 3

TOMAC or 2 mol dm'3 HC1 soln. with 0.05 mol dm'3 TOAHC1

in various diluents at 20 °C (1) benzene, 2) toluene,

3) m-xylene, 4) chlorobenzene, 5) o-dichlorobenzene, 6)

nitrobenzene, 7) chloroform, 8) carbon tetrachloride, 9)

2,1-dichloroethane, 10) 1,2-dichloroethane; o TOMAC, * TOAHC1).
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FIG.6. Dependence of the distribution coefficient on the

solubility parameter of diluent in the extraction of

zinc(II) from 0.05 mol dm 3 HC1 soln. with 0.05 mol dm 3

TOMAC or 0.1 mol dm 3 HC1 soln. with 0.05 mol dm '3 TOAHC1

in various diluents at 20 °C (1) benzene, 2) toluene, 3)

m-xylene, 4) chlorobenzene, 5) o-dichlorobenzene, 6)

nitrobenzene, 7) chloroform, 8) carbon tetrachloride, 9)

1,l-dichloroethane, 10) 1,2-dichloroethane; 0 TOMAC,· TOAIC1).
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FIG.7. Dependence of the distribution coefficient on the

solubility parameter of diluent in the extraction of

cadmium(II) from 0.02 mol dm3 HC1 soln. with 0.03 mol

dm 3 TOMAC or 0.1 mol dm 3 IIC1 soln. with 0.03 mol dm' 3

TOAHC1 in various diluents at 20 'C (1) benzene, 2)

toluene, 3) m-xylene, 4) chlorobenzene, 5) o-dichloro-

benzene, 6) nitrobenzenc, 7) chloroform, 8) carbon

tetrachloride, 9) 2,2-dichloroethane, 10) 1,2-dichloro-

ethane; 0 TOMAC, * TOAHC1).

(cooper, zinc and cadmium) by TOA (Figs.4-7), it is presumed

that the solutions of TOAHC1 in organic solvents are not regard-

ed as regular solutions.

3.3. Temperature effect

The equilibrium constant in the reaction(l) and the distri-

bution coefficient are given by

K = [(R3R'N)2UO2 C 4l[C1 ]/[UO2C1- ][RR'NC1]2 (11)3 2 2 4][C1 2 C 4 3

and

D = [(R3R'N) 2UO2C14]/[UO ](1 + Wi[Cl]) (12)

where Bi refers to the overall stability constant in the reaction

2+ (_( Mcm(2 - i)+uo2 (a) + iCl-(a) ? MC1 (a). (13)2 z-
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From Eqns.(ll) and (12), the following relationship can be

derived:

K = D(1 + Ei[Cl] i)/Bs[C ]2 [R R'NC1] 2 (14)

By assuming that the values of overall stability constant 64 and

the term (1 + Ei[C1-] ) do not change significantly in the range

of temperature studied, the change in enthalpy, AH, associated

with reaction(l) can be estimated by using the van't Hoff's

equation. The distribution coefficients for uranium(VI) from

aqueous hydrochloric acid solutions with the solutions of TOMAC

in various diluents, measured in the range of temperature from

10 and 40 QC, are compiled in Table IV in comparison with the

values of AH.

TABLE IV TEMPERATURE DEPENDENCE OF DISTRIBUTION COEFFICIENT FOR THE EXTRACTION OF

URANIUM(VI) FROM HYDROCHLORIC ACID SOLUTIONS BY TOZAC IN VARIOUS DILUENTS a)

Distribution coefficient
AH

Diluent 
kJ mol

'1

10oC b) 20OC 300C 40'C

C6H6 1.88 1.63 1.61 1.61 -3.67

C6HCH3 1.26 1.26 1.33 1.36 2.24

m-C6H4(CH3)2 1.13 1.16 1.23 1.48 4.31

C6H5 C1 2.98 3.14 3.55 4.12 10.6

o-C6H4C12 3.61 3.66 3.65 3.68 0.815

C6H5NO2 7.81 6.95 4.70 3.67 -20.4

CHC13 0.0240 0.0263 0.0310 0.0360 10.5

CC14 0.548 0.571 0.707 0.877 18.9

1,2-C2H4C12 5.33 4.05 3.15 2.53 20.4

a) The extraction of aqueous solutions containing 0.01 mol dm 3 U02C12 in 0.05 mol

dm'3 HC1 with 0.05 mol dm'3 TOMAC

b) Temperature of extraction

The extraction process of uranium(VI) is considered by a

cycle of Born-Harber type. The change in enthalpy observed is

the sum of five terms which are of enthalpies for dehydration of
2-

the species U02C14 (AH1), for desolvation of R R'NCI (AH2), for
2 4 2-

the reaction of UO2C1 4 with R3R'NC1 (AH3), for hydration of C1

(AH4) and for dissolution of the complex (R3R'N)2U02C1 4 into

organic phase (AHs). Therefore the magnitude and sign of the

change in enthaly observed depend on the contribution from
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enthalpies in these processes. The values of AH1 and AH4 cor-

relate to the composition of aqueous acidity, because the water

activity decreases as hydrochloric acid concentration increases,

while the value of AH3 is independent of the kind of diluent.

If the concentration of hydrochloric acid in the aqueous phase

remains constant, therefore, the change in enthalpy observed can

be expressed as

AH = -2AH 2 + AHs + const. (15)

Since partial molar enthalies for dissolution of TOMAC and the

complex (R3R'N)2U02C14 into organic solvent are expressed by
2 3 2 2 4 2 2

Vetd (6c - 6e) and V^'d (6d - 6c) , respectively from regular

solution theory, Eq.(15) leads to the equation

AH =-2Ved2(6d - 6e)2 + VSt'd2(6d - 6)2 + const (16)

in which td and i'd refers to the volume fraction of diluent.

This provides the equation

AH = (Vct'd2 - 2Ved 2 ) 6 d2 + 2(Vepd2 de - V 'd 2 6c) 6d

+ const. (17)

It is thus expected that when AH is plotted against 6d, its shape

depends on the magnitude of the term (Vca'd 2 - 2 Vetd2). For

VYu'd < 2Ved 2 or VAc'd 2 > 2Ved2, the plot should exhibit a

parabola with a maximum or minimum at 6d = (VcO'd26c - 2Vetd2 e)/

(Vcp'd2 2Ved ). In contrast, a linear relationship is expect-
2 2 2 2

ed for V^'d 2 = 2Ved 2 . The value of (VcO'd2 - 2VeAd2 ) is

determined by using

(AH - AHs)/(Sd - 6s) = (V ,'d - 2 Ve(d2 (6d + 6s) +
2 ( 2Ved d2e - Vc'd 26c). (18)

When (AH - AHs)/(6d - 5s) is plotted as a function of (6d + 6s),

the (Vc 'd2 - 2Ved 2 ) and 2( 2 Vetd2 e - Vo 'd24c) are obtained as

the slope and intercept of the line. The plot for uranium

extraction cxhibits a linear relationship as presented in Fig.8,

although the data for chloroform and 1,2-dichloroethane are off
2

the lines in the stuied cases. The obtained values of (Vct'd -

2Ved 2 ) and 2(Vecd26e - Vc 'd26c) indicate that Vo^'d 2 > 2Ve 2d2

is satisfied by the relation curve

-AH/4.18 = - 4 . 4 0 5d 2 + 8 4 .56 d - 403 (19)

as shown in Fig.9. This fact suggests that the change in en-
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thalpy for the extraction of uranium(VI) by TOMAC in various

diluents depends in the solubility parameter of diluent, the

molar volume of the complex formed in the organic phase and

TOMAC, and the volume fraction of diluent.

Similarly, the following relations are estimated for the

extraction of divalent metals from aqueous hydrochloric acid

solutions by TOMAC in various diluents [9]:

AH/4.18 = -3 .10 d2 + 57.16d - 257 (20)

AH/4.18 = -2.706d 2 + 50.86d - 239 (21)

and

AH/4.18 = -3.206d 2 + 6 2 .96d - 311 (22)

for copper, zinc and cadmium, respectively, with TOMAC concent-

rations in 0.025, 0.05 and 0.03 mol dm 3 for copper, zinc and

cadmium.

Furthermore it is known that the change in enthalpy for the

extraction of uranium(VI) by TOA-IC1 in various diluents depends

on the solubility parameter of diluent, the molar volume of the

complex formed in the organic phase and TOAHC1, and the volume

fraction of diluent, according to the relation

AH/4.18 = -1.306d2 + 53.16 d - 397. (23)

However, since the dependence of distribution coefficient on

solubility parameter does not exhibit a parabolic curve accord-

ing to Eq.(5) (Fig.4), it is presumed that this discrepancy arises

from the dispersion of the value of the entropy change associated

with uranium extraction which should be constant by assuming re-

gular solution (Table V).

3.4. Absorption spectra

The absorption spectra of the organic phases in the extrac-

tion of uranium(VI) from aqueous solutions containing 0.01 mol

dm3 uranyl chloride in hydrochloric acid were examined with TOA

and TOMAC in 0.1 and 0.05 mol dm 3 , respectively, in various

organic solvents. The patterns of those spectra are almost

similar ro each other. Accordingly the molar extinction coeffi-

cients of the organic solutions in the extractions of uranium(VI)

by TOAHC1 and TOMAC were determined in order to investigate the

influence of diluent on the distribution coefficient. Although

there are no simple relationship between the distribution coef-
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TABLE V TEMPERATURE DEPENDENCE OF DISTRIBUTION COEFFICIENT FOR THE

FROM HYDROCHLORIC ACID SOLUTIONS BY TOAHCL IN VARIOUS DILUENTS a)

EXTRACTION OF URANIUM(VI)

Distribution coefficient
AH, AS,

Diluent ---------------- 1
,Diuent kJ mol '1 kJ mol '1

10oC b) 200 C 300 C 40°C

C6H6 0.316 0.288. 0.240 0.199 -13.1 -17.1

C6H5CH3 0.453 0.390 0.315 0.281 -12.6 -10.0

m-C6H4 (CH3)2 0.630 0.561 0.513 0.456 -8.83 4.4

C6H5C1 0.151 0.123 0.117 0.104 -9.58 -10.8

o-C6H4Cl2 0.233 0.209 0.192 0.187 -6.86 2.7

C6H5NO2 0.792 0.722 0.705 0.568 -9.54 5.86

C{C13 0.0489 0.0419 0.0359 0.0320 -11.0 25.3

CC14 0.0674 0.107 0.137 0.134 21.7 -95.4

1.1-C 2H4C12 0.0304 0.0321 0.0337 0.0371 3.3 21.4

1,2-C2H4C12 0.288 0.262 0.240 0.213 -7.28 2.8

a) The extraction of aqueous solutions containing 0.01 mol dm'- U02C12 in 1 mol dn 3 HC1 with

0.1 mol dm 3 TOAHC1

b) Temperature of extraction

ficient and the molar extinction coefficient of the organic solu-

tion for the extraction of uranium(VI) by TOAHC1 and TOMAC, it

is considered that the extracted complexes are not much influ-

enced by the kind of diluent.

4. CONCLUSION

A parabolic dependence of the distribution coefficeint on

the solubility parameter of diluent is not observed in the ex-

traction of uranium(VI) by TOAHC1 in organic solvents, although

the enthalpy change associated with uranium(VI) extraction re-

veals a parabolic dependence on the solubility parameter. This

indicates that Eq.(5) derived from the regular solution theory is

not satisified. For the extraction by TOMAC, in contrast, by

assuming a regular solution, the distribution coefficient and the

enthalpy change associated with the metal extraction can be ex-

pressed in terms of the solubility parameter of TOMAC, diluent

and the complex formed in the organic phase and their molar

volumes [9.10]. However, as the organic solvent solutions of

TOAHC1 are not regarded as regular solution, it is concluded that

the extraction of uranium(VI) from hydrochloric acid solutions by

TOIIC1 in organic solvents is not always explained in the view-
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point of a regular solution theory. This fact probably brings

the characteristic difference of metal extraction between solvat-

ing reaction by TOAHC1 and ion-exchange one by TOMAC.
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DISCUSSION

J. FARDY: In many of the curves you showed there were often flyers or

values which were a long way away. Carbon tetrachloride I noticed in many was

a long way off.

T. SATO: That's right. I think maybe especially with chloroform this

result arises from hydrogen bonding. We wanted to use a number of diluents

but sometimes amines and so on are not so good to use with a number of

solvents. Recently we used DEHPA and also PC-88A.

N. MISAK: If I correctly understood you, you normalise your delta Q

value to the amount of the element extracted. I understand that this value

will be different in the different diluents. So from a thermodynamic point of

view it would refer to a certain reference state which may be either infinite

dilution or a certain concentration in the organic phase. Doesn't this affect

your comparison of delta Q values with the solubility parameter?

T. SATO: Yes. Because of that we want to get more data. I suggest

that amines, especially TOHAC, follow regular solution theory but TOA does not

follow regular solution theory. If we want to use these data for practical

extraction of metals, especially uranium, then we need to analyse why each

solvent is different. Now we want to use this calorimetric data for this

analysis. We get data by varying the diluents and extractants. I am sorry we

do not yet have the answer to this question.

F. MACASEK: Usually benzene is used as a standard solvent in the

regular theory of amine extraction. Can you explain what were your reasons

for picking nitrobenzene?
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T. SATO: Nitrobenzene is more dense, and also its solubility parameter

is low. The solubility depends on the conditions, commonly we use 1 ppm.

F. MACASEK: I mentioned this because of the very high dissociation

which can make a strong difference, especially with quaternary amines.

S. SIEKIERSKI: The theory of regular solutions is based on the

assumption that, if you have two species A and B, that the energy of

interaction AB is the geometric mean between AA and BB, yes? But in the case

of amines, under your experimental conditions all the amines are highly

polymerised or aggregated, because only at very low concentrations do the

amines or amine chlorides exist in the monomeric form. So in fact there is no

AB reaction if A is the solvent and B the solute, but this is an A and B2 or

B3 or B4 interaction. So generally the extraction with amines cannot be

described in terms of the regular solution theory, at least in one part.

Because in your equations you have the regular solution theory applied to the

diluent/extractant mixture and secondly to the extracted species/diluent

mixture. Maybe in the second part you can apply the regular solution theory

because the extracted complex generally is in rather small concentration so

that maybe there is no aggregation. Although it happens very frequently that

this complex aggregates with the extractant molecules to form some adduct, but

let us assume for the moment that it can be described by the regular solution

theory. However, the first part I think cannot be so described, simply

because of the very high aggregation and that the species are quite different,

not a simple bis-species but an aggregate. Also perhaps it could be very

important if the aggregation would be the same in all diluents, but the

aggregation changes with the diluent. It is much smaller in hydrogen bonding

diluents such as chloroform or 1,2-dichloroethane which you used, and it is

much greater in aliphatic hydrocarbons. So I am a little afraid that you

cannot simply apply the regular solution theory to the extractant/diluent

system in the case of amines.

T. SATO: I don't agree with your opinion because in this case we got a

firm result - in the case of diluent and extractant this interaction is a very

important factor and some extracted species affect the extraction result. But

diluent and extractant interaction is the main factor for the extraction

result. Of course these amines have aggregated species. TOMAC is more

aggregated than TOA maybe. We compared both systems and checked the extracted

species in the organic phase by IR, ESR and so on. Sometimes we used low

concentrations but we couldn't detect these species at low concentrations.
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Abstract

To throw some light on the ion exchange beha-

viour of hydro us oxides, different samples were pre-

pared, heated at different temperatures and studied

for alkali cation exchange and in some cases halide

ion exchange. All the samples were subjected to

X-ray, infra-red, thermal and porous texture analyses.

Beside the acidity and capacity of the hydrous oxides,

the porous texture was found to have a profound effect

on both the kinetics and selectivity of exchange. The

decrease of porosity and pore size seems to lead to

the increase of hydrous oxide selectivity. Water struc-

ture effects seem to be of key importance, at least in

certain cases. Profound differences in crystallinity

have also a strong influence on selectivity, but the

nature of this influence is rather unclear.
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INTRODUCTION

The effect of various factors such as acidity,

capacity, porous texture and crystallinity on the

ion exchange behaviour of hydrous oxides are either

not studied or very little studied(l,2). The pre-

sent work aims primarily at the evaluation of the

effect of these factors and hence a better under-

standing of the ion exchange phenomena in this class

of inorganic ion exchangers, for which contradictory

selectivity patterns have been frequently reported(3).

This would eventually lead to a more rational use of

hydrous oxides in the various separations and analy-

tical determinations. To achieve the intended goal,

various samples of many hydrous oxides and of the

same hydrous oxide were prepared and studied. The

hydrous oxides or hydroxides used here are those of Al,

Fe, Ce and Sn.

EXPERIMENTAL

The methods of preparation of the samples and the

various experimental techniques are given elsewhere(4,5).

In summary, most of the samples were prepared by

addition of ammonia to metal salts. The differences

in the preparation methods involved the use of dif-

ferent salts (chlorides or sulphates), differences

in the concentrations of the reagents used, or in

the details of purification of the obtained hydrous

oxides from sorbed cations and anions. Samples of

the same hydroas oxide, prepared differently, are re-
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ferred to by the symbol of the metal atom followed

by a Roman number. Al-I was prepared by dissolving

aluminium metal in 5M NaOH and passing C02 in the

solution. Sn-I was prepared by the slow addition of

concentrated HN03 to tin metal, whereas Sn-II was

prepared by addition of nitric acid to sodium stan-

nate . Al-III is a ready chemical product (JUDEX)

designated as AJ(OH)3.

All the samples prepared were initially dried

at 50°C and stored in a nitrogen atmosphere over

saturated NH4C1. Portions of the samples were heated

at different temperatures. The surface characteris-

tics were measured by nitrogen adsorption isotherms,

and X-ray, thermal and IR analyses were performed.

Alkali cation and halide ion selectivity coeffi-

cients were measured at various loadings and the

value at 50% is taken as a basis for comparison

of the selectivity behaviour (4,5).

RESULTS AND DISCUSSION

The work on alumina and ceria has been given

in detail in a thesis (5). This work together with

the work on hydrous tin oxide and iron oxide gels is

in course of publication in a series of papers (6).

Besides, some results have been published (7) or

accepted for publication (8) elsewhere.

Since the detailed results of the various

analyses of samples and of the ion exchange experi-
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ments will require a large space and volume, many

results will be omitted. However, the main points

of the omitted results will be referred to so that

their omission will not affect the integrity of this

report.

1- Alumina and Alumina Hydrates

X-ray analysis of the various samples has shown

that all of them (Al-I, Al-II, Al-I, II, Al-IV, Al-V)

are semi-crystalline trihydroxides and that their

patterns are not or are little changed up to a heat-

ing temperature of 250°C. At 350°C,there is an

apparent loss of crystallinity due to transformation

to alumina. The infra-red spectra showed the presence

of several (hydrogen-bonded) OH groups (bands at about

3800-3300 cm- ) and of different minor amounts of an

oxyhydroxide or a little hydrated oxide (bands at

about 3000-2800 cm- 1 ) in the samples dried at 50°C.

A very little decomposition occurs at 250°C whereas at

350°C, the samples are decomposed to alumina. The de-

composed samples sorb water from the atmosphere, partly

as OH groups. The amounits of molecular sorbed water

(band at about 1600 cm- 1 ) is quite higher in the samples

heated at 350°C. The amount of such water in the

samples heated at 50-250°C is generally small but is

relatively higher in Al-III and Al-IV than in Al-I,Al-II

and Al-V. The molecular sorbed water represented by the

band at 1600 cm-1 may be considered as relatively

strongly sorbed water because the samples are degas-
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sed under vacuum before measuring the infra-red

spectra. Thermal analysis showed large endothermic

peaks at 275-290°C for all the samples, indicative

of decomposition to alumina. Some weakly sorbed

water, indicated by peaks at temperatures much below

200°C, are present in Al-III and Al-IV but not in the

other samples.

The surface characteristics of the samples are

given in Table I. In this table, SBET is the surface

area measured by applying the BET equation (9) and St

Table I

Surface characteristics of alumina samples

Drying SBET St Total pore Mean
Sample temp., 2 2 volume, radis

tpg mm/g m2/g /g. a

50 27.3 23.2 0.0774 57.3

A1- I 250 190.0 219.0 0.3404 35.8

350 437.0 396.0 0.8663 39.6

50 20.4 19.3 0.1160 116.0

A1-II 250 109.0 114.0 0.1655 30.2

350 486.0 425.0 0.6497 26.7

50 50.2 45.1 0.1036 41.2

Al-III 250 104.9 94.4 0.1346 25.6

350 273.0 275.0 0.2475 18.0

50 83.7 77.4 0.1856 44.3

A1-IV 250 168.0 157.0 0.2289 27.2

350 312.0 297.0 0.3481 22.3

50 16.2 17.2 0.0618 76.3

A1-V 250 50.0 48.3 0.1717 68.7

350 437.0 465.0 0.3739 17.2
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is the surface area obtained from the V -t plots of
a

de Boer (10). The latter plots of the volume adsor-

bed (V ) against the statistical thickness (t) of the

adsorbed molecule give straight lines passing by the

origin in the case of nonporous materials, an upward

deviation from the first linear portion for macropo-

rous materials and a downward deviation for micro-

porous materials. The total pore volume given in

Table I is obtained from the volume adsorbed at or near

saturation pressure (11). The mean pore radius is

obtained by considering that the pores are identical

cylinders open at both ends.

The Va-t plots (not given here) have shown thata

with the exception of Al-V, all the samples consist

mainly of wide pores at the heating temperature 50°C

and of narrow pores at 250°and 350°C. A1-V is macro-

porous at both 50 and 250°C and microporous at 350°C.

In qualitative agreement with this trend, Table I

shows that the mean pore radius is lower or much

lower at 250°C than at 50°C and is, mostly, still

lower at 350°C. However, even at 350°C, the mean pore

diameter is much higher than the value considered to

be generally the upper limit for the pore width of nar-
o

row pores, namely 20 A. The cylindrical idealization

of the pores may be far from reality. The pores may

be slit-shaped. Besides, it is possible that the

samples heated at 250 and 350°C contain also some wide

pores and/or that the pores have non-uniform widths

and are narrower at the necks. Table I shows generally
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that the porosity(total pore volume) increases with

increase of heating temperature, being much higher

at 350°C than at 50 and 250°C.

The values of the diffusion coefficients of Cs

(trace ion) in Al-IV and Al-V (Na-form) from O.1M

NaOH and NaCl solutions at different heating tempera-

tures are given in Table II. Considering these values

together with the values of mean pore radii in Table

I, it can be readily seen that for both samples, D

decreases with the decrease of mean pore radius.

Table II

Diffusion coefficients at 25°C of Cs in AI-IV

and Al-V

Drying temp., DxlO8 ,
Medium Exchanger 2

°C cm /sec

50 V. high

Al-IV 250 724.0

350 19.3

Chloride ------ -------------

50 V. high

Al-V 250 26.4

350 5.2

50 861.0

Al-IV 250 67.0

350 6.9

Hydroxide --- -----------

50 398.0

Al-V 250 43.3

350 9.4

__________________________________________________
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Since D does not depend only on pore size but also

on the capacity of the exchanger, the strength of

interaction with the exchange sites (site acidity)

and the degree of hydration of the diffusing species

(12), the above mentioned fact may show that pore

size is the main factor governing the rate of ion

diffusion in the exchangers.

It is worth mentioning here that the mean pore

radius may not be representative of the actual size

of pores. This may be the case due to differences

in the geometries of pores and perhaps also to the

restriction of exchange sites to pores of certain

dimensions. Such a reasoning may be behind the fre-

quent failure of comparison of diffusion rates in

samples of different preparations on the basis of

mean pore radius, even if the above-mentioned other

factors are taken into consideration.

The relation between the equilibrium uptake of

Na+ from O.1M solutions (NaCl+NaOH) and the equilib-

rium pH was found to be generally the expected one,

namely an increase of uptake with increase of pH, for

alumina hydrates heated at 50-250°C. At the heating

temperature 350°C, it was found that this relation

can be an anomalous one. Thus, the sorption first

decreases sharply and then increases with increase of

pH, for Al-I heated at 350°C (Fig. 1). This is re-

flected in the exchange capacity valueswhich are

much higher from NaC1 than from NaOH solutions of the

same concentration, for Al-I, Al-II and Al-IV (TableIII).
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Table III

Na-capacity values for aluminas heated at

350°C from 0.1M NaCI and NaOH

Capacity, meq/g

Sample-----------------

Chloride solu- Hydroxide solu-

tion tion

Al-I 4.36 1.01

Al-II 4.86 2.17

A-III 0.056 0.243

A-IV 5.15 3.37

A1-V 0.354 6.22
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The reason for such an anomalous behaviour at

the heating temperature 350°C may be connected with

the porous texture and water structure effects in the

samples heated at this temperature. Generally spea-

king, one may expect that water is more structured

at the solid/liquid interface than in the bulk of

liquid. Inside any pore, more water structure

occurs the stronger the water sorption on the solid

surface, the narrower the pore and the higher the

surface ionization. The latter factor leads to the

presence of more of the water-structure making pro-

tons in the outer plane of the double layer.

Considering the above-mentioned information

about the porous texture of samples and the strength

of water sorption (infra-red data), it can be concla-

ded that water structure in the samples heated at

350°C is much stronger than in those heated at 50 and

250°C. At a certain (higher) pH value corresponding

to an abrupt increase of surface ionization, the

strong water structure may extend over the whole pore

cross section resulting in an effective exclusion

from the pores of the ions that are water structure

breakers or less water structure makers than the pro-

tons. The sorption may therefore become much less

than at a lower pH value (anomalous behaviour) where

surface ionization is much less and water structure

effects are not enough to cause an effective exclu-

sion. Further increase of pH increases the sorption

due to more exchange in the wider pores. It is
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implicity understood that this picture occurs when

the relatively larger amount of sites correspondsto

more acidic sites present in the relatively narrower

pores.

The situation with regard to Al-III and A1-V,

which do not show such an anomalous behaviour (Table

III), may be explained if we assume that the exchange

site density in the narrower pores is less than the

value needed to cause an effective ion exclusion even

in the hydroxide solution, or that the relatively

narrower pores are already excluded from exchange in

the chloride medium. The first situation is probably

operative with A1-V whereas the second situation pro-

bably explains the stand of Al-III which has a rela-

tively low capacity in both the chloride and hydroxide

media (Table III).

The capacity of Al-I heated at 350°C from 0.1M

chloride solutions was found to be equal to 0.44,

4.36, 0.39 and 0.35 meq/g for Li + , Na+ , K + and Cs+

ions, respectively. From 0.1M hydroxide solutions,

the capacity is 1.01 and 0.7 meq/g, respectively,

for Na+ and Cs+ ions. The extent of exchange and

hence the value of the capacity in weak-acid exchan-

gers is presumably the outcome of the resultant of

the energetics involved in ion dehydration and elec-

trostatic interaction with the exchange sites. At

350°C, water structure effects may be expected to be

also an important factor in determining the capacity

values. With regard to the strength of electrostatic
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interaction of the alkali ions with the exchange

sites (0 ), it can be deduced from the principle of

local hydrolysis (13) that this strength decreases

in the order : Li>Na K> Cs.

The much higher capacity from neutral chloride

solution for Na, relative to K and Cs, may be there-

fore due to two effects, namely the strong water

structure breaking effects of K and Cs and their

weaker interaction with the exchange sites. The much

lower capacity for Li, relative to Na, should be attri-

buted to its high hydration energy and large hydrated

ion size. This is so because Li+ is a more water

structure maker than Na+ and it is expected to inter-

act more strongly with the exchange sites. The hydra-

ted Li+ may suffer from a sieve action in the narrower

porer. Besides, its high hydration energy may lead to

an unfavourable energy contribution, outweighing the

other mentioned favourable factors.

The much smaller difference between the Na and

Cs capacities in the hydroxide medium, compared to the

chloride medium, may be attributed to the situation

that in the former medium, the relatively narrower

pores are generally excluded from the exchange pro-

cess. The wider pores differentiate less between the

different ions due to less water structure effects.

From this reasoning, it may be concluded that in the

chloride medium, the much higher capacity for Na is

mainly due to these effects. It is worth mentioning
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here that the capacity of Al-I heated at 50 and 250°C

is little different for the different alkali ions.

The results of selectivity measurements (where

equivalent exchange was proved) are given in Table

IV for Al-I and Al-II and in Table V for Al-III and

Al-IV. K in these tables is the value of the
0.5

selectivity coefficient at 50% loading.

Table IV

K .5 for alkali ion exchange at 25°C on Al-I and Al-II

under different conditions

(M=alkali ion; the ion in the superscript is the ente-

ring ion).

10 » t a k.
ri K Q i KL. a s a KK K K

Ua 0 CQ C
M ____ _

pa pa 0 -- -- -- - - -- - - -- - - -- - - -- - - -- - - -- - - -- - - -- - -

Al-I

500C 0.01M MOH

50°C 0.10M MOH

250 0C 0.01M MOH

25000 0.10M MOH

500C O.10M MC1

(pH 8.3)

2500C 0.1QM MC1

(pH 8.3)

3500C 0.10M MC1

(pH 8.3)

35000 0.10M MOH

0.024

0.240

0.025

0.250

0.029

0.170

0.180

0.160

0.190

0.028

0.160

0.130

0.170

0.190

0.032

0.150

0.080

0.150

0.120

0.048

0.94

0.72

1.06

1.00

1.14

0.94

0.61

0.88

0.63

1.50

0.88

0.44

0.94

0.63

1.70

0.045 0.014 0.018 0.028 1.29 1.56 2.00

0.150 0.100 0.080 0.180 0.80 2.25 1.80

1.010 0.350 0.290 0.320 0.83 1.10 0.91

50°0

50°C
Al-II

250°C

2500C

0.01M MOH

0.10M MOH

0.01M MOH

O.10M MOH

0.0074 0.035

0.072 0.150

0.008 0.015

0.080 0.160

0.041

0.150

0.030

0.220

0.041

0.091

0.030

0.200

1.17

1.00

2.00

1.38

1.00

0.61

1.00

0.91

1.17

0.61

2.00

1.25
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Table V

K0.5 for alkali ion exchange at 25°C on Al-Illand

A1-IV under different conditions.

(M=alkali ion, the ion in the superscript is the

entering ion).

b A

4" ^ "t a Na a KLi K Lio$ ~ ~-. N Na aa Ka Li
0 O . 0 f 

0 0

500C 0.01M MOH 0.030 0.780 0.680 0.750 0.87 1.10 0.96

250°C 0.01M MOH 0.034 0.600 0.480 0.430 0.80 0.91 0.72

50°C 0.1c0 MC1 0.033 0.033 0.022 0.019 0.67 0.86 0.58

Al-III (pH 8.4)

250°C 0.10M MC1 0.032 0.023 0.018 0.016 0.78 0.89 0.70

(pH 8.4)

3500C 0.10K MC1 0.059 0.045 0.075 0.060 1.67 0.80 1.33

(pH 8.4)

500C 0.01M MOH 0.085 0.620 1.030 1.260 1.66 1.22 2.03

Al-IY 500C 0.1Ca MOH 0.390 0.170 0.190 0.250 1.12 1.32 1.47

500C 0.01M MC1 0.029 0.370 0.500 0.570 1.35 1.19 1.59

50 0C 0.1CM MC1 0.117 0.094 0.120 0.130 1.28 1.08 1.38

It is seen from Tables IV and V that a Na-selec-

tivity is displayed by almost all the samples in the

different conditions. In the presence of a large

amount of chloride ions (Al-I, Table IV, and Al-III,

Table V) and in pure chloride solutions (Al-IV, Table

V), the Na-selectivity, at the same heating tempera-

ture, is much higher than in the hydroxide solutions.

In O.O1M hydroxide solutions, no slectivity is dis-

played, however, by Al-IV dried at 50°C, and in this

case Cs is even preferred to Na. The much higher

222



selectivity (or affinity) to Na in the chloride

medium is difficult to explain. However, it is noti-

ced that for Al-I (Table IV) and Al-III (Table V),

this occurs at the same site density, which shows

that the sites involved in exchange in the chloride

and hydroxide media are present in different environ-

ments.

In the chloride medium, the exchange sites may

have a higher average acidity. Besides, Cl ions are

sorbed by exchange with surface OH- ions. This may

change the environment in which the counter ions are

present. The counter ions would be surrounded by

some C1 ions instead of the OH- ions. A higher site

acidity may be expected to decrease the role of elec-

trostatic interactions in determining selectivity,

leading to a lower affinity to Li and a higher one to

K and Cs, compared to Na. Considering the values of

the activity coefficients of alkali chlorides and

alkali hydroxides (13), it is seen that these coeffi-

cients decrease with the increase of alkali ion

radius for the chlorides whereas the reverse is true

for the hydroxides. Since a higher activity coeffi-

cient of an electrolyte indicates relatively weaker

electrostatic interactions between the cations and

anions of this electrolyte, it can be deduced that

relative to Na, the affinity to Li would decrease on

replacement of surface OH- by Cl1 ions, whereas the

reverse is true with respect to K and Cs. Therefore,

both the increase of site density and surface C1
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exchange can account forthe increase of Na-selec-

tivity in the chloride medium, relative to Li. For

K and Cs, other effects oiuweighing these effects

must be operative.

One may assume that relatively narrower pores,

not involved in the exchange in the hydroxide medium,

become involved in the chloride medium. This may re-

sult from a smaller ionization of surface protons in

the chloride medium having a lower pH. Besides, in

the chloride medium, the sorption of Cl1 ions in the

relatively narrower pores may make the water struc-

ture in them weaker due to the relatively large

volume of these ions. Hence, these pores become

more apt for participating in the exchange. In the

narrower pores, Na may be more preferred to K and Cs

due to the strong water structure breaking effects of

the latter ions. Since this occurs in Al-I dried at

50°C (Table IV), which is macroporous and contains a

very little amount of strongly sorbed water, as was

mentioned before, one may assume that this water is

present only or mainly in the relatively narrower

pores, leading to relatively strong water structure

effects in them. This may be supported by an obser-

ved increase of the hydrophilicity of the silica

surfaces with the decrease of pore size (14).

Besides, .strongly sorbed water may be present

in a relatively few number of pores inaccessible

to nitrogen and formed by the cracks and fissures

in the semi-crystalline samples. This may be the
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case with Al-II (Table IV). Al-II dried at 50°C is

highly macroporous (Table I) with a generally very

low capacity. The Na-selectivity, which is much

higher in the 0.01M hydroxide solutions than in the

O.1M hydroxide solutions, may be due to the involve-

ment of very narrow pores in the former solutions.

In the latter solutions, the wide pores enter into

play.

At the heating temperature 350°C, the Na-selec-

tivity of Al-I (Table IV) in the O.1M hydroxide solu-

tions greatly decreases. Besides, for the same equi-

libration solutions, the general magnitude of selec-

tivity decreases appreciably in most cases. From

Table I and the previously mentioned surface charac-

teristics, the porosity (total pore volume) increases

largely and progressively with the increase of heat-

ing temperature, whereas the pore size (mean pore

radius) is much lower at 350°C than at 50 and 250°C.

The decrease of pore size may be anticipated to inc-

rease the selectivity. The increase of porosity means

that the amount of water that can be present in the

structure increases and this is reported to decrease

the selectivity (15,16). Therefore, the decrease of

selectivity at 3500 C is due to the effect of increase

of porosity, outweighing that of a decrease of pore

size.

The above-mentioned fact and the fact that macro-

porous alumina hydrates dried at 50°C display a Na-

selectivity at different site densities in the hydro-
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xide medium where, as was mentioned before, the wider

pores are involved in the exchange shows that water

structure effects are not generally the primary reason

behind a selectivity to Na over K and Cs. The general

Na-selectivity displayed by the aluminas should be

attributed in the first place to a favourable siua -

tLCn for Na, relative to the other alkali ions, of

the resultant of ion hydration and electrostatic

interaction effects. Such a situation gives rise to

a selectivity sequence which is a non-monotonic func-

tion of ion size (17).

However, from the above-mentioned information,

it can be said that the Na-selectivity may be enhan-

ced in the narrower pores with respect to K and Cs,

presumably due to water structure effects. With res-

pect to Li, this may also occur in case of ion siev-

ing effects. Besides, a selectivity to Na over K and

Cs, not occurringunder all conditions, can occur in

tIho5e cO(TitLionsS that a-re avcurable for a more

role of water structure effects. This is the case

with Al-IV. Al-IV dried at 50°C (Table V) displays

in the 0.01M hydroxide solution the selectivity pat-

tern : Cs K>/ NaLi. This pattern which is pre-

sumably due to the highest acidity of this sample (the

acidity of the alumina hydrates dried at 50°C was

found to decrease in the order : Al-IV > Al-III > Al-I

NAl-II) is not observed in the chloride medium at

almost the same site density. In this medium, Na

becomes preferred to K and Cs presumably due to the
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involvement of narrower pores and hence a more role

of water structure effects.

It is worth mentioning here that a comparison

of Na-selectivity on the samples dried at 50°C

shows that the Na-selectivity in the larger number 

of cases increases with the decrease of sample aci-

dity. Besides, for Al-IV dried at 50°C (Table V), a

Na-selectivity occurs in the O.1M hydroxide solutions

but not in the 0.01M hydroxide solutions, which may

be due to the involvement of sites of lower acidity

in the former solutions. However, this deduced rela-

tion between Na-selectivity and site acidity is far

from clear.

With regard to the effect of pore size and poro-

sity on the general selectivity behaviour of the

samples it has been already mentioned that the much

larger porosity of Al-I heated at 350°C has decrea-

sed its selectivity and that this effect outweighs

the effect of a smaller pore size at this tempera-

ture. For Al-I (Table'IV), the increase of heating

temperature from 50 to 250°C leads in the O.1M

hydroxide solutions to the decrease of selectivity.

This may be due to a dominant effect of the higher

porosity at 250°C. In the chloride medium, the

selectivity of Al-I is higher at 250°C than at 50°C

presumably due to a smaller pore size at the former

temperature. For Al-II (Table IV) and Al-III (Table

V), the increase of heating temperature from 50 to

250°C leads to the increase of selectivity in the
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0.01M hydroxide solutions. This is presumably due

to a dominant effect of the decrease of pore size.

In some cases, little or irregular effects on

selectivity have been observed on increasing the

heating temperature from 50 to 250°C. This may be

due to the opposing effects of porosity and pore

size. Besides, though in the same solution, the

site density (in milli-equivalents per unit weight

of the exchanger) differs a little on increasing

the heating temperature from 50 to 250°C for all

the samples, the surface site density (in meq per

unit surface) is much lower at 250°C due to the much

higher surface area at this temperature. The change

of surface site density may affect the various ex-

change reactions in different manners, depending on

the states of hydration of the sorbed ions (18).

The increase of site density in Al-I (Table IV)

at the same heating temperature is generally accom-

panied by a higher affinity to the ion of a smaller

bare radius. For Al-II, this is also the case for

-all the exchanges with the exception of Na/K and

Na/Cs exchanges. For Al-IV, more irregularities are

observed. It seems therefore (18) that inside Al-I,

the ions are largely dehydrated whereas in A1-IV, the

ions seem to be sorbed in a rather hydrated state.

This conclusion for Al-IV is in agreement with its re-

latively highest acidity, and consequently the rela-

tively weaker interaction of its exchange sites with

the alkali ions.

228



2. Iron oxide gels :

X-ray analysis of the various samples has shown

that Fe-I and Fe-II dried at 50°C are mostly amorphous

whereas Fe-III dried at the same temperatiur is semi-

crystalline. The increase of temperature increases or

changes the crystallinity. The infra-red analysis

showed similar patterns for Fe-I and Fe-II and many

(hydrogen-bonded) OH bands (bands at about 3700-2800

cm ) in all the samples dried at 50°C. These bands

decrease with increase of heating temperature. A

small amount of molecular sorbed water (band at about

1620 cm-1) is present at all heating temperatures in

all the samples. This band decreases somewhat with the

increase of heating temperature in Fe-I but not in

Fe-II and Fe-III, and is relatively weaker in Fe-III at

the relatively low heating temperatures. OH groups

seem to be still present in the samples heated at

400°C and their amount seems to be higher in Fe-II

than in Fe-III. The DTA curves are similar for Fe-I

and Fe-II and reveal a significantly different pattern

for Fe-III. All the samples, however, show medium endu-

thermic peaks at about 100°C, indicative of weakly sorbed

water. Fe-I and Fe-II show large endothermic peaks

at about 250°C followed by a large exothermic peak

at about 350°C. Fe-III shows a small endothermic

peak at about 250°C followed by another small endo-

thermic peak at about 280°C. Other minor peaks that

are difficult to identify seem to be present at the

higher temperatures. The endothermic peaks at
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//250°C should be asdribed to dehydroxylation where-

as the exothermic ones are probably due to crystal-

linity changes.

The surface characteristics of the samples are

given in Table VI. The Va-t plots (not given here)

have shown that Fe-I and Fe-II are microporous at 50

and 150°C and macroporous at 200 and 400°C. Fe-III

is macroporous at all heating temperatures. The data

in Table VI are in general agreement with these rer

sults. Besides, Table VI shows that for both Pe-II

and Fe-III, the surface area increases or decreases

a little on heating till 200°C and decreases appre-

ciably at 400°C. The porosity is about the same at

50 and 150°C, is much higher at 200°C and decreases

Table VI

Surface characteristics of iron oxide gels

Drying SBET S t Total pore Mean pore
Sample temp., olume, radius,

°C m2/g /g c.c./g. A

50 121.0 141.0 0.1532 25.3
e-I

150 102.0 108.0 0.1114 21.8

Fe-II

50 121.06 116.0 0.1392 23.0

150 121.0 108.0 0.1299 21.5

200 104.0 100.0 0.3558 68.4

400 70.4 72.3 0.2429 69.4

50 146.0 130.0 0.2892 39.7

150 151.0 162.0 0.2785 36.9
Fe-III

200 163.0 185.0 0.5260 64.5

400 47.5 44.2 0.1918 80.4

…______------- ------- ------- ------- ---__ -- ------__…
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on increasing the temperature from 200 to 400°C. The

mean pore radius remains almost the same till 150°C

but increases appreciably at 200 and 400°C. Table VI

shows also that the surface characteristics of Fe-I

and Fe-II are similar, in agreement with the results

of other analysis. It can be said from the results

in this table that appreciable dehydroxylation occurs

in the samples at 200°C and that at 400°C sintering

occurs and to a largerextent in Fe-III than in Fe-II.

The values of the diffusion coefficient (D) of

Na (trace ion) in the various gels (Li-form) from

0.1M LiOH solutions are given for different heating

temperatures in Table VII. This table shows that for

Table VII

Diffusion coefficients at 25°C of Na in iron

oxide gels.

Sample Drying D x 107
temp., cm2 /sec.

Fe-I 50 13.4

Fe-II

Fe-III

50 11.5

200 28.1

400 29.2

50 8.5

150 12.0

200 18.7

400 153.0
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Fe-I and Fe-II, D is very similar, in agreement with

their similar results of analysis. As with the

aluminas, the diffusion coefficients for either Fe-II

or Fe-III goes in parallel with expectations from the

porous texture.

The study of the sorption of Na+ from O.1M solu-

tions of different pH values on the different iron

oxide gels has shown that the sorption increases regu-

larly with increase of pH and decreases with increase

of heating temperatiULTe beyond 150°C. Besides, coin-

cident curves have been obtained for Fe-I and Fe-II ,

confirming the previously mentioned observations that

these two samples are quite similar. The variation

of Na-capacity from 0.1M Na+ solutions with pH for

Fe-II and Fe-III heated at different temperatures

showed that the average acidity of the sites involved

in the exchange up to a capacity of about 0.19 meq/g

is about the same for Fe-II and Fe-III at both the

drying temperatures 50 and 200°C. For higher capaci-

ties, the average site acidity, at the same capacity,

is higher for Fe-III. At 400°C, the average site aci-

dity is almost the same for the two samples. Up to a

capacity of about 0.12 meq/g, the average acidity of

both Fe-II and Fe-III dried at 50°C is the same as

that of the samples heated at 200°C. At the higher

capacities, the average acidity at 50°C is higher than

that at 200°C. At 400°C, the average acidity of both

samples is significantly lower than that at the lower

heating temperatures.
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Selectivity measurements were done only on Fe-II

and Pe-III since, as was mentioned before, the sorption

characteristics of Fe-I and Fe-II are similar. The

results of these measurements are given in Table VIII.

Table VIII shoxs that at all the heating tempe-

ratures, the increase of site density for both Fe-II

and Fe-III leads to a large increase of the affinity

or selectivity to the ion of a smaller bare radius.

Table VIII

K0 .5 for alkali cation exchange at 25°C on iron oxide

gels under different conditions.

(M=alkali ion; the ion in the superscript is the

entering ion).

ot y . - a aCl e* * a 0 C 
a cj C Ko , L K KLi Cs Cs

j a .o^ . .0 C ia Kia KNa Li K Li

oM v 4 0 0 0 c @ Er or o
A4 ~ aWEul

…_-_-_____________________________________________________________

50C

500C

20000
Pe-II

200°C

400°C

4000C

0.01M MOH

0.10M MOH

0.01M MOH

0.10M MOH

0.01M MOH

0.10M MOH

0.110

0.310

0.091

0.220

0.058

0.190

4.40

8.60

1.20

1.48

1.60

1.68

6.80 9.30

5.80 3.40

1.40 1.90

0.63 0.49

2.80 4.10

0.48 0.38

1.55

0.67

1.17

0.43

1.75

0.29

1.37

0.59

1.36

0.78

1.46

0.79

2.11

0.40

1.58

0.33

2.56

0.23

50°C

50°0

200°C
Pe-III 200

20000

400°C

40000

O.01M MOH

0.10C MOH

0.01M MOH

0.10M MOH

O.01M MOH

0.10M MOH

0.104

0.410

0.090

0.320

0.056

0.170

3.80

7.00

1.70

1.40

3.90

2.84

7.90

6.30

2.20

1.00

3.80

1.40

10.1

4.10

2.70

0.62

4.70

1.19

2.10

0.90

1.29

0.71

0.97

0.49

1.28

0.65

1.23

0.62

1.24

0.85

2.66

0.59

1.59

0.44

1.21

0.42
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This probably shows that the alkali ions are largely

dehydrated inside the iron oxide gels. Selectivity

reversals occur, whereby the ion of a smaller bare

radius becomes preferred at the higher site density.

In 0.01M solutions, the site density (Table

VIII) and acidity, as was mentioned above, are about

the same at both 50 and 200°C for both Fe-II and

Fe-III. Table VIII shows that for both samples, the

selectivity is much lower at the heating temperature

200°C, compared to the heating temperature 50°C.

Thia. is evidently due to the lower porosity and pore

size at 200°C; both factors leading to the decrease

of selectivity. In the O.1M solutions, both the aci-

dity and site density are lower at the heating tempe-

rature 200°C, compared to 50CC, in the case of both

Fe-II and Fe-III. In these solutions, the main effect

with the Li/Na exchange in both samples is a lower

selectivity at the former heating temperature. This

may be due to the just-mentioned lower porosity and

pore size at 200°C. However, with the other exchan-

ges,. the affinity to the ion of a smaller crystallo-

graphic radius generally increases in both samples

with the increase of heating temperature from 50 to

200°C. This involves a selectivity reversal or dis-

appearance with both the K/Na and Cs/Na exchadges.

Though the increase of the affinity to the ion

of the smaller crystallographic radius may be inter-

preted to be due to the lower acidity of.the samples

at the heating temperature 200°C, the rather sharp
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K/Na and Cs/Na selectivity changes probably point to

other reasons. These reasons may involve the changes

occurring in the crystallinities of the two samples on

increasing the heating temperature from 50 to 200°C .

Such changes may have a profound effect on surface

composition and pore geometries, and hence on the

selectivity behaviour. Besides, the increase of crys-

tallinity may be expected to increase the lattice

energy. The increase of lattice energy can help in

the dehydration of the counter ions (23), which may

lead to a distortion in the crystal lattice of the

solid whose entropy would then increase.

At the heating temperature 400°C, the selecti-

vity of Fe-II is generally higher than that at 200°C

in both the 0.01 and 0.1M solutions. Though the aci-

dity is significantly lower at 400°C, the main effect

seems to be a lower porosity with almost no change in

pore size, on increasing the heating temperature from

200 to 400°C (Table VI). An irregular situation is

observed with Fe-III probably because the increase of

the heating temperature of this sample from 200 to

400°C leads at the same time to a decrease of porosity

and an increase of pore size (Table VI). The increase

of the pore size is probably higher than implied from

Table VI because the diffusion coefficient of Na in

Fe-III heated at 400°C is much higher than that in

Fe-III heated at 200°C (Table VII).

The selectivity pattern displayed in O.1M solu-

tions by Fe-II heated at 2000 C is : Li > Na> K> Cs.

235



This sequence is reinforced in the same solution at the

heating temperature 400°C where, compared to the

temperature 200°C, the acidity and porosity are

lower whereas the site density and pore size are

almost the samnz The decrease of acidity reinfor-

ces this pattern, showing a preference for the ion

of a smaller crystallographic radius, by increasing

the role of electrostatic interactions due to the

higher field strength of the exchange sites. The

decrease of porosity reinforces the pattern by in-

creasing the selectivity.

In the 0.01M solutions, the comparison of the

selectivity of Fe-II with that of Fe-III, in condi-

tions of the same acidity and site density, shows

that at both the heating temperatures 50 and 200°C,

the selectivity of Pe-III is generally higher.

Table VI shows that at 50°C both the porosity and

pore size are much higher for Fe-III. At 200°C,

the porosity of Fe-III is much higher than that of

Fe-II whereas the pore sizes are about the same

for the two samples. Thus, the comparison of the

selectivities of Fe-II and Fe-III goes against expec-

tations from their porous texture. Such a situation

is not unexpected because the pore geometries and

the surface composition of the two samples may be

different. In this respect, it is worth mentio-

ning that the LP patterns have revealed a more

amount of OH groups in Fe-II heated at 400°C, com-
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pared to Fe-III heated at the same heating tempera-

ture. This together with the different DTA curves

of Fe-II and Fe-III may be indicative of different

surface compositions at this and other temperatures.

Besides, X-ray patterns have shown, as was mentioned

before, that at 50°C, Fe-II is amorphous whereas

Fe-III has a considerable crystallinity. At 200°C,

the X-ray patterns are different and different

phases are probably present. Changes of crystalli-

nity may not only change the surface composition

and pore geometries but may also involve differences

in the lattice energies, which may affect selecti-

vity, as was mentioned above.

3) Hydrous Ceria 

X-ray analysis has shown that Ce-I, Ce-II, and

Ce-III dried at 50°C are weakly crystalline and that

the crystallinity increases with temperature. The

lines of maximum intensity in anhydrous ceria are pre-

sent in all samples. The infra-red spectra show that

bands due to OH groups are present in all the samples

at 3600-3000 cm- 1 Bands due to these groups are pre-

sent also in the samples at higher and lower frequen-

cies. Hydrogen banding and decomposition of OH groups

at relatively low temperatures are deduced from the

patterns. Besides, the samples look to be highly

heterogeneous cation exchangers and some OH groups

persist up to 400°C. In all the samples, a compound

band indicative of molecular sorbed water is present
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at 1700-1100 cm . It seems that lattice water -in

ceria is retained by different ways that change with

change of temperature and it persists up to 4000C.

The ignition loss of all the samples is less than

17.3%, corresponding to Ce(OH)e. This together with

the IR analysis suggest that we have oxyhydroxides

that can be represented by the formula : CeO (OH)4 2x.yH20.

The DTA curves show that all the samples display a

main large and broad endothermic peak with a minimum

pointing to about 125°C. Other endothermic bands are

present at temperatures higher than 200°C. Exothermic

peaks are also present in Ce-I and Ce-II. The endo-

thermic peaks are due to loss of water and/or OH

groups whereas the exothermic ones are probably due

to more crystallinity.

Regarding the porous texture, it must be first

said that for hydrous oxides, as ceria, retaining

strongly coordinated water that is removed only at

relatively very high temperatures, the porous texture

determined by nitrogen adsorption isotherms may not

be representative of the actual porous texture invol-

ved in the exchange process. However, predictions

about the latter texture can be obtained from the

analysis of the results togetyer with the Va-t plots.

The surface characteristics of the various cerias

are given in Table IX. The Va-t plots (not given

here) have shown that Ce-I is macroporous at 50 and

100°C and microporous at 400°C. At 200°C, it seems

to contain both types of pores. Ce-II is microporous
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Table IX

Surface characteristics of hydrous cerias.

Heating SBET St Total Mean

Sample temp., pore poreM2/g 2/g volume, radius,
m2/g m /g m 2 C./g 0°C I~l ./ S "^S c.c./g

A

50 62.4 58.0 0.1114 35.6

Ce-I 100 76.7 82.8 0.1268 33.1

200 74.8 86.3 0.1315 35.2

400 75.3 70.9 0.0991 26.0

50 39.7 39.6 0.0572 28.8

100 20.8 18.6 0.0433 41.6

Ce-II 150 24.3 21.7 0.0340 28.0

200 25.7 21.7 0.0325 25.3

400 17.2 17.8 0.0232 27.0

10 36.4 35.6 0.034 18.7

100 27.3 29.1 0.039 28.6

Ce-III 150 19.9 19.0 0.028 28.1

200 27.3 28.6 0.036 26.4

400 21.9 21.3 0.039 35.6

at 50, 150, 200 and 400°C and seems to have some

wide pores and no narrow pores at 100°C. Ce-III

is microporous at all the heating temperatures.

With regard to the data in Table IX, it must be

first said that water and OH groups are progres-

sively removed from the cerias on increasing the

heating temperature. The OH groups seem to begin

to be decomposed already at 100°C. The removal of

water leads to shrinkage of particles and surface

annealing. This leads to the decrease of all the
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surface parameters. However, if this removal in-

volves water sorbed on the surface and is not accom-

panied by shrinkage, all the measured surface para-

meters will be higher. Dehydroxylation results gene-

rally in the increase of both surface area and total

pore volume whereas the mean pore radius may change

differently (19-22). Sintering results in the dec-

crease of surface area and total pore volume and in

pore widening.

From Table IX, it is seen that for Ce-I, the

increase of heating temperature from 50 to 100°C

does not lead to any significant change in the sur-

face characteristics, which agrees with the V -t

plots. This is probably due to a balance between

an increase of all surface parameters as a result

of water removal from the surface on heating and

their decrease due to shrinkage. With further in-

crease of heating temperature from 100 to 2000C,

the surface parameters almost do not change but

narrow pores, as already mentioned, appear. This

is probably the resultant of these processes to-

gether with dehydroxylation. With the increase of

temperature from 200 to 400°C, no further shrinkage

is expected and the decrease of pore size (sample

becomes microporous) is probably due to a more impor-

tant role of dehydroxylation relative to water remo-

val and sintering.

For Ce-II, it is seen that the increase of hea-

ting :emperature from 50 to 1000C leads to a large
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decrease of surface area, a significant decrease of

total pore volume and an increase of the mean pore

radius revealed by the appearance of wide pores

(V -t plot). This situation cannot be explained on

the basis of the two main processes occurring here

on heating, namely water removal and shrinkage. A

plausible explanation may be a considerable shrin-

kage or annealing of the particlesresulting in the

formation of a significant amount of very narrow

pores, inaccessible to nitrogen. The larger pore

size may be possibly due to a water removal in the

rest of pores, outweighing the effect of shrinkage

or due to pore widening by the emerging water

vapour. At 150°C, the surface area increases a

little whereas the pore volume and size decrease

significantly. Further shrinkage may occur beside

the water removal and dehydroxylation. Still nar-

rower pores or more of the narrow pores inaccessible

to nitrogen may be formed. At 200°C, all the sur-

face parameters remain almost the same. Dehydroxy-

lation is more here and apart from the very narrow

pores, probably both wider and narrower pores, rela-

tive to those at 150°C, are present. At 400°C, the

surface area and pore volume decrease appreciably pro-

bably due to sintering, which leads to the formation

of wide pores. However, the fact that the mean

radius is little altered probably shows that further

dehydroxylation at 400°C results in the formation of

some narrow pores. As was mentioned before, Ce-II
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is microporous at both 200 and 400°C. Hence, the

wider pores formed at these temperatures are still

narrow pores.

The situation with Ce-III is qualitatively simi-

lar to that with Ce-II. However, the formation at

100°C of narrow pores inaccessible to nitrogen seems

to be quite limited in Ce-III because its surface

area decreases relatively a little and its pore

volume even increases at this temperature. At 150°C,

there is probably an appreciable formation of these

pores since, relative to the heating temperature 50°C,

the surface area and pore volume are considerably

less whereas the pore radius is considerably higher.

At 200°C, the changes occurring are perhaps simi'.ar

to those mentioned before for Ce-II. At 400°C, sin-

tering is more evident in Ce-III where an appreciable

increase of the mean pore radius occurs.

Alkali ion selectivity :

The results of alkali cation selectivity measure-

ments are given in Table X for Ce-I and Ce-II and

Table XI for Ce-III. Before discussing these re-

sults it should be first mentioned that the capa-

city-pH measurements have shown that the acidity

of all samples decreases with the increase of hea-

ting temperature. However, this decrease is rela-

tively little up to 200°C in Ce-I and to 150°C in

Ce-II and Ce-III. At higher temperatures, the

acidity decreases considerably. The differences
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in the acidity of the different ceria samples are

generally small and their acidity, at any heating

temperature, decreases in the order : Ce-I > Ce-III>

> Ce-II.

Table X shows that for Ce-I, generally small

differences occur on increasing the heating tempera-

ture from 50 to 100°C, which may be due to relati-

vely little changes in the parameters involved,

namely porous texture, site density and acidity.

Table X

K 0. 5 for alkali cation exchange at.25°C on

Ce-I and Ce-II under different

conditions.

(M=alkali ion, the ion in the superscript is

the entering ion).

uoa o va g: i aE3 4 <,. Li K Cs KK Cs Cs
o 0 = ° r_4 O K Na KNa KNa Li RK i 

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

50°C

100°C
Ce-I

2000C

400°C

O.O1M MOH

0.270

0.190

0.090

0.060

0.77

0.62

0.24

0.32

0.74

0.65

0.43

0.27

1.38

0.88

0.70

0.77

0.96

1.05

1.79

0.84

1.87

1.35

1.63

2.85

1.79

1.42

2.92

2.41

50°C

50°C

1000C

10000°C

Ce-II 150°C

1500°

2000C

200°C

400°C

400°C

0.01M MOH

0.10M MOH

0.01M MOH

0.10M MOH

O.O1M MOH

0.10M MOH

0.01M MOH

0.10M MOH

0.O1M MOH

0.1CM MOH

0.330

0.550

0.260

0.510

0.034

0.110

0.023

0.090

0.011

0.070

1.25

1.39

0.99

0.21

o0.11ii

0.05

0.62

0.93

0.72

1.27

1.21

0.55

0.66

0.18

0.10

0.04

0.56

0.60

0.54

0.79

1.06

0.22

0.49

0.5'

0.07

0.03

0.33

0.37

0.72

0.60

0.97

0.40

0.67

0.86

0.91

0.80

0.90

0.65

0.75

0.62

0.88

0.40

0.74

0.89

0.70

0.75

0.59

0.62

1.33

0.76

0.85

0.16

0.50

0.76

0.64

0.60

0.53

0.40

1.00

0.47
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At 200°C, there is a generally considerable increase

of selectivity. At this temperature, there is a

considerable decrease of site density and a small

decrease of acidity, which act in opposition to each

other. The main effect is probably the development

of narrow pores, leading to the increase of selec-

tivity. At 400°C, an irregular behaviour, relative

to the situation at 200°C, is observed. However,

relative to the situation at 50 and 100°C, the

selectivity at 400°C is generally much higher.

This may be attributed to the fact that at 50 and

100°C, the sample is macroporous whereas at 400°C,

it is microporous.

With regard to Ce-II, Table X shows that at

50°C, the increase of site density (from 0.01 to

0.1M solutions) leads to a higher affinity to the

ion of the smaller bare radius. At the higher site

density (O.1M solution), the selectivity sequence is

Li> Na> K > Cs, which is the seuqnece of a selecti-

vity to the ion of the smaller radius. This may

show that the ions are largely or completely dehydra-

ted inside Ce-II dried at 50°C.

At 100°C, the increase of site density in Ce-II

has an irregular effect on selectivity. Besides,

the affinity to Na, which becomes largely preferred

at the higher site density, increases greatly. This

should be attributed to the previously mentioned

formation of very narrow pores at this temperature,

since the changes occurring in site density and
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acidity are relatively small. The effect of site

density shows that there are relatively large dif-

ferences in the hydration states of the alkali ions.

Besides, a general increase of selectivity due to

the narrow pores is not observed and selectivity

reversals occur. These facts are difficult to ex-

plain. Since wider pores are formed at 1000 C, it

may be said that this affects the value of the

general selectivity. However, as will be seen

below, this does not seem to be the case. In the

very narrow pores, the alkali ions have probably to

lose more of their hydration shells. Since these

ions are largely dehydrated in the sample dried at

50°C and these pores are inaccessible to nitrogen,

one may assume that in the sample dried at 1000C,

the ions have to lose even their primary hydration

shell before getting inside the narrow pores. In

the pores of Ce-II dried at 50°C and in the wide

pores present at 1000C, the alkali inns probably

retain their primary hydration sheath. In the

narrow pores, the resultant of dehydration and

electrostatic interaction effects may become more

favourable for Na, relative to the other alkali

ions. Besides, water structure effedts may be more

pronounced, effecting a higher affinity to Na over

K and Cs. At the higher site density, the relative

amount of the ions sorbed in the dehydrated state

is probably larger. The affinity to Na is higher

and the effect of site density on the relative

affinities is irregular.
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At 150°C, the Na-selectivity increases presu-

mably due to the presence of more of the very nar-

row pores. Here, there is, as at 100°C, no general

increase of selectivity. Since no wider pores are

formed at. 150°C, the absence of a general increase

of selectivity is probably due to the ion dehydra-

tion accompanying the formation of the very narrow

pores. At 200°C, the Na-selectivity decreases and

the effect of site density is either absent or it

leads to a higher affinity at the higher density

to the ion of a smaller crystallographic radius.

Dehydroxylation probably occurs mainly in the very

narrow pores which become largely excluded from the

exchange, or otherwise a change occurs in the porous

texture, leading to a large disappearance of these

pores. In the other pores, the alkali ions probably

retain their primary hydration sheath. At 400°C,

mainly relatively wide pores are involved in the ex-

change and the effect of site density is now almost

a higher affinity to the ion of a smaller crystallo-

graphic radius at the higher site density. It is

interesting to note that at the higher site density

(0.1M solutions), Ce-II heated at 400°C displays the

selectivity pattern : Li > Na> K> Cs, which is the

same pattern displayed in the same solution by Ce-II

dried at 50 0 C.

The sample dried at 50°C has a much higher site

density than that heated at 400°C. However, the ave-

rage acidity of the sites involved in the exchange is
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much lower for the latter sample. Thus, the site den-

sity change acts in opposite direction of that of site

acidity. This situation of a probably small difference

in the field strength of exchange sites at the heating

temperatures 50 and 400°C is probably the reason of

obtaining the same selectivity sequence in O.1M

solutions at these two temperatures. With regard

to the porous texture, Ce-II dried at 50°C has a

much higher porosity than that heated at 400°C.

However, the much higher site density of the for-

mer sample may make the amount of water per ex-

change site lower than in the latter sample. The

mean pore radius of the sample dried at 50°C is

slightly higher than that of the sample heated at

400°C. However, the actual situation may be one

of a higher difference because strongly sorbed

water is more present in the former sample, leading

to anjlreal decrease of its pore size. The trend

of a generally lower selectivity on Ce-II heated at

400°C, compared with that dried at 500C, may be

therefore due to more water (per exchange site) in

the former sample.

The comparison of the selectivity of Ce-II at

the heating temperatures 50 and 400°C in the 0.01M

solutions (lower site density) shows a different

behaviour from that in the O.1M solutions. Contrary

to the latter solutions, selectivity reversals occur

in the former solutions and these reversals do not

bear a regular relationship with the ion radius of
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the alkali ions. Such a situation may be attribu-

ted to some residual very narrow pores present in

the sample heated at 400°C but not in that dried

at 50°C. This may make the state of hydration of

the alkali ions appreciably different in the two

samples. Besides, factors as the surface composi-

tion and crystallinity changes may be operative.

However, the fact that at the higher site density

(O.1M solutions) only the magnitude of selectivity,

but not the selectivity sequence, is different in

the two samples probably shows that all the mentioned

effects are of relatively little importance when the

overall capacity (exchange sites) is considered.

With regard to Ce-III, it can be said from

Table XI that broadly speaking its selectivity beha-

viour resembles qualitatively that of Ce-II (Table

X). However, the following differences must be men-

tioned. The changes occurring in the Na-selectivity

and the general selectivity behaviour on increasing

the heating temperature from 50 to 100 are different

from those occurring with Ce-II probably because,

as was mentioned before, very narrow pores (in-

accessible to nitrogen) are formed to a very limi-

ted extent in Ce-III. At the higher site density

(O.lM solutions), the main effect of this tempera-

ture increase is a higher affinity at 100°C for

the ion of a smaller bare radius. This may be due

to the lower acidity at this temperature, which is

almost not accompanied by a change of site density.
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Table XI

K 0, 5 for alkali cation exchange at 25°C on Ce-III

under different conditions.

(M=alkali ion; the ion in the superscript is the

entering ion).

>X

v °KLi KK Cs KK CS 
C-0 ,4 O ,- NaX N aa a a Li Li
0 3 03 CO x 
= on se o ) a

50°C 0.01M MOH 0.23 0.74 1.18 0.76 1.59 0.64 1.03

50°C 0.1lM MOH 0.44 0.55 0.44 0.42 0.80 0.96 0.76

1000C 0.O1M MOH 0.23 0.78 0.81 0.87 1.04 1.07 1.12

100°C 0.10M MOH 0.41 0.59 0.21 0.17 0.36 0.81 0.29

150°C 0.01M MOH 0.08 0.20 0.27 0.22 1.35 0.82 1.10

150°C 0.10M MOH 0.22 0.27 0.24 0.17 0.89 0.71 0.63

2000C O.01M MOH 0.04 0.98 0.86 0.75 0.88 0.87 0.77

2000C 0.lOM MOH 0.15 0.27 0.25 0.13 0.93 0.52 0.48

400°C O.O1M MOH 0.02 0.49 0.39 0.33 0.80 0.85 0.67

400°C 0.10M MOH 0.09 0.57 0.53 0.37 0.93 0.70 0.65

At the heating temperature 150°C, the Na-selec-

tivity of Ce-III at the lower site density decreases

appreciably, which may be due to the rather appreci-

able amount of very narrow pores formed at this tempe-

rature. However, at the higher site density, the Na-

selectivity increases only relative to Li. Since the

increase of Na-selectivity at the lower site density

is much less than in the case of Ce-II, the amount of

the very narrow pores is probably much less in Ce-III

These pores are probably largely occupied at the lower

site density. At the higher site density, the wide

pores are the main exchange sites. The much lower

site density at 150°C becomes then a relatively
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important factor, leading to the observed effect at

the higher site density.

Relative to the heating temperature 150°C, the

Na-selectivity of Ce-III heated at 200°C largely

decreases at the lower site density, which was obser-

ved with Ce-II, presumably due to the wider pores at

this temperature. However, a little change in this

selectivity is observed at the higher site density.

At 400°C, the Na-selectivity decreases at the lower

site density and increases at the higher site density,

relative to the heating temperature 200°C. These

facts are difficult to explain. However, it should be

mentioned here that for Ce-III heated at 200 and 400°C,

the increase of site density leads to irregular effects

with regard to the affinity to the ion of a smaller

crystallographic radius. This is also the case with

Ce-III dried at 500C and the only exception is the

sample heated at 1500C, where the affinity to the ion

of a smaller bare radius is higher at the higher site

density. These changes in the hydration states of the

ions may be different at the different site densities,

due to the involvement of sites of lower acidity at the

higher density. This may perhaps lead to different

changes of the Na-selectivity or the general magni-

tude of selectivity at the different site densities

even for the same change of por us texture (same

heating temperature variation). It has been already

mentioned that the formation of very narrow pores in

Ce-II heated at 100 and 150°C leads to a large inc-
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rease of the Na-selectivity but not of the general

magnitude of selectivity, due to the dehydration

effects accompanying the formation of these pore.

It is worthmentioning here that the same selecti-

vity- sequence, namely Na> Li> K > Cs, is obtained in

0.1M solutions on Ce-III at both the heating tempera-

tures 50 and 400°C. The same, but different,sequence

was also obtained on Ce-II heated at these two tempe-

ratures. However, with Ce-III, the pore volumes are

about the same at these two heating temperatures. Be-

sides, the pore size is apparently larger at 400°C .

Since, the capacity is much smaller at 400°C, the

amount of water per exchange site is expected to be

higher for the heating temperature 400°C. Thus, the

porous texture change is expected to give a lower

selectivity. However, the data in Table X show, that

the selectivity changes differently, depending on the

exchange pair of ions, from Ce-III dried at 50°C to

that heated at 400°C. This is probably due to a dif-

ferent field strength at these two temperatures, which

is the resultant of the site density and acidity varia-

tions. The observed selectivity changes are the out-

come of the resultant of the changes in porosity and

field strength.

Halide ion selectivity :

The results of halide ion selectivity measure-

ments on Ce-II are given in Table XII and those on

Ce-III in Table XIII. Before discussing these results
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Table XII

K0 .5 for halide ion exchange at 25°C on Ce-II

under different conditions.

(X=halide ion; the ion in the superscript is the

entering ion).

Equilibration solution c --- C1 1 
wo., .ao cr K Kr Kd , Br I

u a

500C 0.01M HX 0.510 6.80 16.80 2.50

500C 0.01 Ef + 0.09M NaX 0.770 9.00 21.60 2.40

lGOi C O.C1M HX 0.170 2.20 3.40 1.54

1C°OC 0.01M HX + 0.09M NaX 0.310 6.20 14.00 2.30

1500C O.O1I HI 0.090 1.28 1.44 1.12

150C 0.01M HX + 0.09M NaX 0.180 2.20 4.00 1.80

20u°C 0.01M HI 0.067 2.100 2.50 1.18

200°C 0.01M HX + 0.09M NaX 0.160 2.60 5.20 2.00

400°C 0.01M HX 0.043 1.37 1.37 1.00

4000C 0.012 HX + 0.09M NaX 0.076 1.51 2.20 1.43

Table XIII

K0 .5 for halide ion exchange at 25°C on Ce-III

under different conditions.

(X=halide ion; the ion in the superscript is

the entering ion).

N4 _ _ 04a_ _ 14..bO_ Kl. Br
C a Equilibration solution a KC K 1 KI

50°C 0.01M HX 0.540 1.28

5000 0.01m HI 0.540 3.9 5.0 1.28

50°C O.O1M HX + 0.09M NaX 0.810 17.0 34.0 2.00

100°C O.O1i HX 0.270 4.3 6.1 1.42

100°C 0.01M HX + 0.09M NaX 0.430 20.2 37.4 1.85

150°C 0.Ol; iHX 0.106 5.0 7.3 1.46

150°C 0.O01 HX + 0.09M NaX 0.310 25.2 50.5 2.00

2000C 0.01M HX 0.082 4.3 5.5 1.26

200°C 0.01M IX + 0.09M NaX 0.210 22.4 43.5 1.94

400°C 0.01M HX 0.046 2.8 4.4 1.59

400°C 0.01M HX + 0.09M NaX 0.053 13.7 24.1 1.76
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it is worthmentioning that the capacity-pH measure-

ments have show- that the average base strength of the

sites involved in exchange in both samples decreases

with heating temperature. However, for Ce-II, the dif-

ference in base strenth is quite small between the

sample heated at 150°C and that heated at 200°C. Com-

paring Ce-II and Ce-III, this strength is higher for

Ce-III, except at 400°C, where the difference is small

and the order is reversed.

From Tables XII and XIII, it is seen that for

both Ce-II and Ce-III, the selectivity pattern at

all site densities and heating temperatures is :

C1 Br, I. The increase of site density in both

samples leads to the increase of the selectivity to

the ion of a smaller crystallographic radius. This

shows that the halide ions are largely or completely

dehydrated inside the exchangers and that t'he elec-

trostatic interaction with the exchange sites is most

probably the predominant factor governing selectivity.

Table XII shows that for Ce-II, the increase of

heating temperature from 50 to 100°C leads to a con-

siderable decrease of selectivity at both the indi-

cated site densities. It is seen from t-'s table

that the increase of heating temperature from 50 to

100°C decreases the site density. However, if the

surface site density (number of sites per unit sur-

face) is considered, the decrease of site density on

increasing the heating temperature from 50 to 100°C

will be much less pronounced since the surface area

253



decreases appreciably. As was mentioned before, the

site base strength decreases with heating tempera-

ture and both very narrow and wide pores are formed

with the mentioned increase of heating temperature.

The decrease of site density, decreasing the average

field strength of exchange sites, would be counter-

acted by the decrease of site base strength, increa-

sing the field strength of these sites. Besides, the

very narrow pores, inaccessible to nitrogen and invol-

ved, as was mentioned before, in the alkali ion ex-

change are probably not involved in the halide ion ex-

change due to the relatively large crystallographic

radii of the halide ions. It seems therefore that the

decrease of selectivity on increasing the heating tem-

perature from 50 to 100°C is mainly due to the wider

pores formed at the latter temperature.

At 150°C, the site density and base strength con-

tinue to decrease. As was mentioned before, more of

the relatively very narrow pores are formed. Table

XII shows that the selectivity continues to decrease

at this temperature. Since no wider pores, relative

to the heating temperature 100°C, are expected to

be formed, the decrease of selectivity at 15C°C

should be attributed to the effect of decrea: e of

site density, outweighing the effect of the dec-

rease of site base strength. At 200°C, the base

strength, as was mentioned before, differs only a

little. Besides, Table XII shows that site density

also changes a little. The increase of selectivity
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observed at both the relatively low and high site

densities should be therefore attributed mainly to

the changes occurring in the porous texture. As

was mentioned before, relative to the heating tempe-

rature 150°C, both narrower and wider pores are for-

med at ZOCCThe increase of selectivity at 200°C pro-

bably means that the exchange sites are much more

abundant in the narrower pores. At 400°C, the selec-

tivity at both site densities decreases. This should

be attributed to the formation of wider pores (due to

sintering) and/or the decrease of site density. How-

ever, in the 0.01M acid solutions the site density is

generally small and decreases only a little onr inc-

reasing the heating temperature from 200 to 400°C.

This probably shows that pore widening at 400°C is

the more important factor.

Porosity ttal pore volume) does not seem to

have an important bearing on the halide ion selec-

tivity of Ce-II. Table IX shows that the porosity

decreases with heating temperature. However, as

was mentioned before in the alkali cation exchange,

the exchange capacity also decreases considerably

with the increase of heating temperature and this

may make the amount of water present per exchange

site even higher at the higher heating temperature.

Besides, the porosity of Ce-II (and Ce-III) is gene-

rally very small at all the heating temperatures.

With regard to Ce-IIITable XIII shows that on

increasing the heating temperature from 50 to 100°C,
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the selectivity is little altered at both the site

densities. This is presumably due to the effect of

a decrease of the base strength of sites, balancing

the effects of a decrease of site density and widen-

ing of pores. The former effect leads to an increase

of the selectivity to the ion of the smaller crysd-al-

lographic radius while the latter two effects lead to

the decrease of this selectivity. As in the case of

Ce-II, the very narrow pores inaccessible to nitrogen

and formed at 100 and 150°C are probably not involved

in the exchange due to the relatively large size of

the halide ions.

At 150°C, the selectivity of Ce-III generally in-

crease, probably due to the decrease of site base

strength. At 200°C, the selectivity decreases and at

400°C, it generally continues to decrease. This is

presumably due to both the formerly mentioned widening

of pores and the decrease of site density on increa-

sing the heating temperature. The decrease of selecti-

vity on increasing the heating temperature from 200 to

4000 C is much more pronounced in the 0.1M halide solu-

tions presumably because in these solutions the dec-

rease of site density with this heating temperature

increase is relatively tremendous.

4) Hydrous tin oxide :

X-ray analysis has shown that both Sn-I and Sn-II

dried at 50°C are only slightly crystalline. Their

crystallinity increases with the increase of heating
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temperature but even at 400°C, where crystallinity

largely improves, the samples are still weakly crys-

talline. The infra-red analysis showed that in Sn-I,

the bands due to molecular sorbed water (at about 1630

-lcm ) and those ascribed to this water and/or OH groups

(at about 3700-2600 cm- ) are relatively little affec-

ted on heating up to 4000C. Thermal analysis, as will

come below, shows that water is continously driven out

of the structure by heating and at 400°C Sn-I contains

about 2% water. It seems therefore that Sn-I is

largely a hydrated or hydrous oxide. However, the

presence of OH groups in this sample must not be ex-

cluded because these groups may be incorporated in the

band at 3700-2600 cm- 1. Besides, there are bands at

about 2600-2400 cm- 1 that can be ascribed to OH groups.

With regard to Sn-II, the band due to molecular sorbed

water is little changed up to 400°C. The bands due to

this water and OH groups decrease progressively on

heating. This may show that Sn-II, contrary to Sn-I,

contains a considerable amount of OH groups whose

decomposition increases with the increase of heating

temperature. Thermal analysis showed that the samp-

les decrease continously in weight on heating and

that the ignition loss is 16.7 and 20% for Sn-I and

Sn-II, respectively. A first large endothermic peak

at about 135°C and 145 °C in Sn-I and Sn-II respecti-

vely, is observed. This peak extends to relatively

high temperatures and is overlapped with a following

broad exothermic oeak at about 450°C in Sn-I and
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3800C in Sn-II. Other endothermic peaks seem to be

present in Sn-II at higher temperatures but they are

difficult to locate. The endothermic peak in Sn-I is

probably mainly due to loss of water, and in Sn-II,

the endothermic peaks are due to loss of water and OH

groups. In both samples, the exothermic peaks are

probably due to crystallinity improvement.

The surface characteristics of Sn-I and Sn-II are

given in Table XIV. The V -t plots (not given here)
a

Table XIV

Surface characteriutics of hydrous tin oxides.

Heating S!'P ' t Total pore Mear pore

Sample temp., 2 volume, radius
OC r

- m' /g c/c./g A

50 145 147 0.1C41 14.2

100 145 147 0.0804 11.0

Sn-I 150 146 144 0.0819 10.4

200 147 132 0.0882 12.0

400 b4 52 0.1140 34.6

50 150 144 0.0944 12.5

100 132 124 0.0944 14.'

Sn-II 150 162 175 0.1160 14.3

200 162 182 0.1222 15.1

400 95 82 0.1624 34.0

have shown that both Sn-I and Sn-II are :nicroporous at

50-200°C and macroporous at 400°C. This is in comp-

lete agreement with the data in Table XIV and probably

shows that the cylindxical idealization is valid

here. Table XIV shows that up to 200°C, all the sur-

258



face parameters of both Sn-I and Sn-II are generally

little altered. Since, as was mentioned before, water

is continausly driven out of the samples, the increase

of heating temperature would lead to removal of more

water from the surface of the samples. This would

increase the value of all the measured surface parame-

ters. The fact that these parameters remain almost

the same shows that other processes leading to decrease

of pore size occur. In Sn-I, these processes probably

mainly involve shrinkage of particles or surface

annealing. In Sn-II, this is accompanied with dehydr-

oxylation. Since water remov5_l from the surface does

not lead to an actual decrease of pore size, the dec-

rease of this size due to shrinkage with increase of

heating temperature to up to 200°C is not or little

reflected in the data given in Table XIV. At 400°C,

sintering occurs and Sn-I and Sn-II become macroporous.

Alkali Cation Selectivity :

The results of alkali cation selectivity measure-

ments are given in Table XV. Before discussing the re-

sults in this table, it is worth mentioning that the

capacity-pH curves have shown that at the same capacity

or pH value, the average acidity of the groups involved

in exchange in either Sn-I or Sn-II decreases generally

with the increase of heating temperature. Comparing

Sn-I and Sn-II in the same conditions shows that the

acidities of Sn-I and Sn-II are generally little dif-

ferent, at all heating temperatures, up to capacity
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Table XV

KO. 5 for alkali ion exchange at 25°C on hydrous tin

oxides under different conditions.

(M-alkali ion; ion in the superscript is the entering

ion).

i K C K K> K

rg C4 Equilibration K K K K 
a Na Na Na Li K Li

x s A solution. 3 a
_________----- ----------------- 0---__------------_

50°C 0.001M MOH+..099M MC1 0.33 1.30 0.65 0.55 0.50 0.85 0.42

50°C 0.01M MOH 0.53 0.93 0.67 0.76 0.72 1.13 0.82

Sn-I 2000C 0.001M MOH+0.099M MC1 0.24 1.49 0.60 0.47 0.40 0.78 0.32

2000C 0.01M MOH 0.43 1.21 0.69 0.55 0.57 0.80 0.45

400°C 0.001M MOH+0.099M MC1 0.21 1.11 0.95 0.67 0.86 0.70 0.60

4000C 0.01M MOH 0.33 1.65 0.90 0.50 0.55 0.56 0.30

50°C 0.001M MOH+0.099M MC1 0.31 0.10 0.10 0.08 1.00 0.80 0.80

50°C 0.01M MOH 0.62 0.39 0.31 0.24 0.79 0.77 0.61

2000C 0.001M MOH+0.099M MC1 0.21 0.13 0.10 0.08 0.77 0.80 0.62

2000C 0.01M MOH 0.28 0.42 0.22 0.15 0.52 0.68 0.36
Sn-II Zoo0 c O.CL4 M0 +° O.09 MC rc 0.49 L.a 0..19 02.o o023 o.69 0.16

400°0C 0.001 MOH+0.099M MC1 0.19 0.15 0.13 0.11 0.87 0.85 0.73

4000C 0.01M MOH 0.20 0.32 0.25 0.17 0.78 0.68 0.53

400°C 0.01M MOH + 0.09M MC1 0.25 0.64 0.36 0.26 0.56 0.72 0.41

values decreasing from about 0.3 meq/g at the heating

temperature 50°C to about 0.2 meq/g at 400°C. At

higher capacity values, the acidity of Sn-I is gene-

rally higher than that of Sn-II. However, the diffe-

rerce in the acidity of Sn-I and Sn-II dried at 50°C

is quite small even at the high capacity values.

Table XV shows that at the relatively low site

density, Sn-I dried at 50°C displays the selectivity

sequence : Li Na> K> Cs. At the higher site den-
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sity, this order becomes quite different and is :

Na> Li> Cs\ K. This is quite unexpected because the

sequence displayed at 50°C is that indicating a sel-

selectivity to the ion of a smaller crystallographic

radius. At the higher site density, this sequence may

be expected to be reinforced n\t only because of the

higher site density but also because sites of lower

acidity are expected to be involved in the exchange

as the site density increases. The reason for this

situation may be associated with a change in the

nature of the exchange sites at the different site den-

sities. It has been mentioned before than Sn-I is

mainly a hydrated oxide containing a relatively small

amount of OH groups.

At the low site density, sorbed water is pro-

bably the main site of exchange. Sorbed water as the

site of exchange in hydrous tin oxide has been decla-

red by Donaldson and Fuller (24). with water as the

exchange site, it seems that the selectivity is deter-

mined by the ability of the ion to repel a proton from

a near-by water molecule. According to the principle

of local hydrolysis (13), this ability decreases from

Li to Cs. With this mechanism, the ions may be largely

hydrated inside the exchanger. This may be suppor-

ted by the fact that hydrous tin oxide. relative to

the other oxides used in the present work, is the

more acidic oxide. At the high site density, ex-

change may involve OH groups on which the selecti-

vity would be largely affected by the resultant of

ion hydration and electrostatic interaction effects.
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Besides, it may be possible that at the low deislty ,ex-

change involves the relatively narrower pores in which

water is strongly sorbed and water structure effects

are the dominant factor giving rise to the selectivity

sequence : Li > Na Ž K > Cs. At higher site density,

wider pores are involved in the exchange process.

Water structure effects are less operative and the

other factors affecting selectivity (ion hydration and

electrostatic interaction) come into play.

At 200°C, the situation is similar to that for

the heating temperature 50°C with regard to the site

density effect. However, at the higher site density,

the selectivity sequence : Li > Na K> Cs is still

displayed but the selectivity to the ion of a smaller

crystallographic radius is lower. This is probably

due to a less involvement of OH groups in the ex-

change at the heating temperature 200°C. At 400°C,

probably almost no exchange occurs on OH groups .

At this heating temperature, the selectivity to the

ion of a smaller radius is reinforced at the higher

site density. This may be due to a more effective

role of the local hydrolysis mechanism in determi-

ning selectivity. As is mentioned above, water

structure effects may be sai to be less effective at

the higher site density due to the involvement of

wider pores. Therefore, water structure effects

cannot account for a higher selectivity to the ion

of a smaller bare radius at the higher site density.
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Hence, water structure effects seem to be little opera-

tive in Sn-I heated at 400°C.

Comparing the selectivity of Sn-I dried at 50°C

with that heated at 200°C, it is seen (Table XV) that

at the low site density (0.00M OH- solutions), the

selectivity is always higher at 200°C. This may be

attributed to the previously mentioned shrinkage of

particles leading to decrease of pore size. At the

higher site density (O.01M OHG solutions), there is

also a decrease of selectivity in many cases on in-

creasing the heating temperature from 50 to 200°C .

However, Li/Na and Cs/K selectivity reversals occur

with this temperature increase and the K/Na exchange

is hardly affected. This may be due to a more role

at the higher site density of the decrease of site

acidity at 200°C.

Comparing the selectivity of Sn-I heated at

400°C with Sn-I heated at 50 and 200°C, it is seen

that the selectivity is generally lower for the sample

heated at 4000C, only at the lower site density

(0.001M OH- solutions). This may be attributed to the

large increase of pore size at 400°C (Table XIV).

However, this trend is not observed at the higher site

density (O.OlM OH- solutions). Again, the decrease

of acidity at 400°C, which becomes more important at

the higher site density, seemingly conceals the

effect of pore size.

With regard to Sn-II, Table XV shows that, ex-

cept for one case, Sn-II displays a selectivity to Na
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at -all heating temperatures and site densities. At

any heating temperature, this selectivity decreases

with the increase of site density. This behaviour

is quite different from Sn-I. This may be probably

attributed to different exchange sites in the two

samples. It has been mentioned above that the ex-

change sites in Sn-I are pro-bably mainly the water

molecules. In Sn-II, the OH groups are probably the

main exchange sites, which agrees with the infra-red

analysis that this sample contains, contrary to Sn-I,

many OH groups.

The selectivity to Na may be attributed to a

favourable situation to this ion, compared to the

other alkali ions, with regard to the resultant of

ion hydration and electrostatic interaction effects.

However, the decrease of this selectivity relative to

all the other alkali ions at the higher site density,

where generally a higher affinity to the ion of the

smaller crystallographic radius may be expected,

shows that other factors are probably operative. It

is probable that water Structure effects are an

important factor in the selectivity stand of Sn-II.

Wider pores may be involved in the exchange as the

site density increases and the decrease of the Na-

selectivity relative to K and Cs at a higher site

density may be due to less water strudture effects

in these pores. With regard to Li, which is a water

structure making ion, the increase of the field

strength of the exchange sites at the higher site
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density is the more important factor, leading to an

increase of the affinity to Li and hence a lower Na-

selectivity. These considerations may explain the

general trend shown in Table XV that at all heating

temperatures there is a large increase in the selecti-

vity to Li over K and Cs with the increase of site

density, whereas the selectivity to K over Cs changes

(decreases) only a little.

Table XV shows that the selectivity behaviour of

Sn-II heated at 40C°C in the solutions of 0.001M OH0

content is quite different from that in the O.l1M uOH

solutions, though the site density is almost the snme.

This probably shows that the exchange sites in the

different solutions are present in pores of different

dimensions. Thus, it seems that the evaluation of

the effect oi a certain parameter on selectivity

should be made for solutions of the same alkalinity

(same equilibration solutions).

The comparison of the general magnitude of

selectivity of Sn-II heated at 200 and 400°C with that

of the sample dried at 50°C shows an irregular effect.

This is probably due to the profound differences in

site density and in acidity. However, the comparison

of the data in the sample heated at 400°C with those

in the sample heated at 200°C shows that in the same

solution where the site density differences are small,

the selectivity is generally lower for the sample hea-

ted at 400°C. This is presumably due to the much lar-

ger pore size at this temperature.
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Halide anion selectivity :

The results of halide ion selectivity measure-

ments are given in Table XVI. Before discussing the

results in this table, it should be first mentioned

that capacity-pH measurements have shDwn that the

average base strength in both samples, at the same

capacity or pH value, decreases with the increase

of heating temperature and that this strength is

higher for Sn-I.

Table XVI

K 0. 5 for halide ion exchange at ;5°C on hydrous

tin oxides under different conditions

(X=halide ion; the ion in the superscript is the

entering ion).

*o .K 4) . Br

I aI 
50 ."OM HX .29 o Kc K.l0 K1

Sn- o 200c0 .̂ 0.= Br I I
-s 0 S- o Q. a

200C 0.196 .0 6.60 2.30

500C 0.01M HX 0.055 2.50 2.80 1.16

50°C 0.10M HX 0.292 1.88 3.20 1.68

100C O.0O1M HX 0.047 3.50 4.30 1.25

Sn-I 200°C 0.OM HX 0.039 3.20 3.80 1.20

200°C 0.10k ta 0.196 d.80 6.60 2.30

4000C 0.O1M HX 0.027 2.90 3.60 1.22

400°C 0.10M HX 0.123 2.40 5.10 2.10

50°C 0.01M HX 0.044 1.75 1.92 1.10

50°C 0.10M HX 0.172 1.32 1.61 1.22

Sn-II 200*C 0.01M HI 0.034 1.68 2.20 1.29Sn-II

2000C 0.10M HX 0.097 1.50 2.20 1.48

4000 C 0.01M HX 0.024 1.43 1.75 1.22

400°C 0.10M HX 0.046 1.30 1.70 1.31
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Table XVI shows that for both Sn-I and Sn-II,

the selectivity pattern displayed at all site densi-

ties and heating temperatures is : Cl > Br> I. It

may be therefore assumed that electrostatic inter-

actions, leading to a preference to the ion of the

smaller crystallographic radius, are the dominant

factor governing the selectivity in all cases. How-

ever, examination of the results in Table XVI shows

that for Sn-I, the increase of site density leads, at

all the heating temperatures, to a decrease of the

selectivity to C1l over Br and to an increase of the

selectivities to C1l and Br over I-. For Sn-II, it

is seen that the increase of site density leads, at

all the heating temperatures, to a decrease of the

selectivity to C1 over Br. With regard to the selec-

tivity to C1 over I , it decreases with increase of

density for Sn-II dried at 50°C but it is hardly

altered at the heating temperatures 200 and 400°C.

The selectivity to Br over I increases with in-

crease of site density at all heating temperatures.

It seems therefore that other factors affect

the selectivity to different extents at the diffe-

rent site densities. These factors may be ion

hydration and water structure effects. If ion

hydration is the main factor changing (together

with field strength of the ion exchange sites) with

change of site density, one may have expected that

the change of selectivity which would be in the same

direction for both the Cl/Br and Cl/I exchanges,
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would be more profound for the latter exchange due to

the higher hydration energy difference. The above

mentioned facts show that this is not the case nei-

ther in Sn-I nor in Sn-II. The other factor is the

water structure effects. It is possible that water

structure effects are less operative at the higher

site density due the involvement of relatively wider

pores in the exchange. As was mentioned before,

water is more structured inside the pores and this

would lead to a preference to the ion that is a less

water structure breaker. This will reinforce the

selectivity pattern : C1 > Br> I to a higher extent

the higher the water structure in the pores. It may

be assumed that in both Sn-I and Sn-II, this pattern

is due to both the effects of electrostatic inter-

action and water structure. At the higher site den-

sity where water structure effects are less and the

field strength of the exchange sites is higher, the

change of the selectivity to the ion of a smaller

radius will depend on the relative effects of these

two factors.

Since in Sn-II, the increase of the selectivity

to the ion of the smaller radius at the higher site

density is much less frequent than in Sn-I, it may be

concluded that electrostatic interaction effects are

relatively more important in Sn-I than in Sn-II where-

as water structure effects follow the reverse order.

The first conclusion is in disagreement with the pre-

viously mentioned fact that the base strength is

268



lower in Sn-II. This situation may be a consequence

of different sites of exchange and different surface

composition in the to samples. It has been mentio-

ned before in the cation exchange experiments that

water molecules are the main exchange sites in Sn-I

whereas the OH groups are the main ones in Sn-II.

Comparing the selectivity in the same solution

of Sn-I and Sn-II at the heating temperatures 50 and

200°C, it is seen (Table XVI) that the selectivity

of both samples is generally higher at 200°C, which

is presumably due to the mentioned-before decrease

of pore size at 200°C. On the other hand, the selec-

tivity of both samples is lower at the heating tempe-

rature 400°C, compared to th heating temperature

200°C. This is presumably due to the larger pore size

at 400°C. However, a comparison of the selectivity of

both samples at 50 and 400°C shows that for Sn-I the

selectivity is higher at the latter temperature, where-

as for Sn-II, an irregular situation is observed 

This may be due to the changes in the base strength of

sites, which are probably more important in this com-

parison, and less important in the above-mentioned com-

parisons.

It is noteworthy here that the discussion given

above for all the hydrous oxides studied did not

give due consideration to the changes occurring

in the entropy of the solid exchanger upon repla-

cing in it of one ion by the other. These changes

which can be evaluated only through a more thorough
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thermodynamic evaluation of equilibrium constants

at different reaction temperatures, may be quite

large and dominate in certain cases the selectivity

behaviour (25,26). A final evaluation of the diffe-

rent factors governing the selectivity behaviour in

hydrous oxides will be given later after a careful

comparison of the results with the different oxides

and a performance of pore structure analysis for

alumina and iron oxide samples. Besides, work is in

progress now on the sorption of multivalent ions by

hydrous oxides so as to evaluate the possibility of

their use in chemical separations.
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DISCUSSION

F. MACASEK: You probably used presaturation for preparation of various

forms of your sorbent. Didn't any change of structure occur during this

procedure?

N. MISAK: Oh no. We took this into consideration because up to six

months we usually repeated our experiments. And we find we have the same

results. But as you say for some year or more, depending on the hydroxide,

you may discover changes, not mainly in the capacity but in the selectivity,

which proves also that the structure of the solid is very important.

F. MACASEK: You said that ceria is mostly a hydrated oxide, rather than

hydroxide.

N. MISAK: Hydrous oxide.

F. MACASEK: How does this correspond to the relatively high exchange

capacity of ceria.

N. MISAK: This is a problem which is not yet known. Up to now we think

that OH groups are mainly the groups responsible for the exchange, and not the

water. But of course, theoretically it may be that this water acts itself as

the exchange site. We may be lucky - we have some tin oxide which is highly

microporous. I think there are interesting results and if we are lucky enough

this fact may be more clear.

F. MACASEK: In any case there should be an influence on the water

dissociation constant in the oxide.

N. MISAK: Yes, this is probable but we cannot decide that.

J.D. NAVRATIL: When you increase the temperature the exchange capacity

drops considerably. Do you see that as a major disadvantage in the practical

use of these materials?

N. MISAK: Of course it is a disadvantage, but if you gain in

selectivity at the expense of a certain loss of capacity it may be an

advantage. Besides some of these oxides retain their capacity up to

relatively high temperatures, maybe some 200 -300 .

J.D. NAVRATIL: How about the exchange kinetics compared to organic

exchangers? Is this a disadvantage with these compounds?

N. MISAK: In most cases no. As far as I remember diffusion
-7 -8

coefficients on alumina are of the order of 10 -10 8, which is not far

from the organic resins.

J.D. NAVRATIL: What practical applications do you foresee with these

exchangers, compared to other separation techniques using nuclear methods of

analysis?
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N. MISAK: We anticipate that these exchangers will be very helpful in

separating monovalent ions from multivalent ions because there is a very great

difference in their adsorption extent. Besides, these exchangers may be very

helpful in atomic energy. I was in a conference in Vienna where these hydrous

oxides were said to be more and more actively considered in water coolant

treatment and separation of actinides from effluent.

T. SATO: My laboratory is studying preparation of some metal hydroxides

and some oxides. The properties of hydrous oxides depend on the history of

their preparation. You are interested in porosity, capacity and surface

area. In my case I am not interested in surface area and porosity, just with

the chemical preparation method which we find is most important for the

properties of metal oxides and metal hydroxides. Maybe you would be

interested later to see our results? Also you suggest some result from

differential thermal analysis. Your ceria I and ceria III show the same DTA

pattern, but ceria II is different, because this sample shows one exothermic

reaction up to 340 . I think you said this reaction arises from a

transformation of the crystal. I don't think so because this phenomenon

arises from the preparation method of the sample. Also you said this sample

is hydrous ceria. I think maybe this is not hydrous ceria. This is cerium

hydroxide, because your result of IR spectra suggests the OH stretching band

and bending band appear at constant frequency. Therefore we don't have

hydrous oxide, maybe this is hydroxide.

N. MISAK: Ceria I and ceria II show somewhat similar patterns with one

main and other minor endothermic peaks together with one exothermic peak.

Ceria III shows mainly one endothermic peak. In any case, the measurement of

weight loss at different temperatures and the infra red analysis show that all

the samples contain much less OH groups than in the corresponding hydroxide.

T. SATO: Also we find the selectivity of ion exchange depends on the

history of sample preparation.
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GENERAL DISCUSSION

P. BULL: I would invite you now to tell us about anything that has come

up in the course of this programme as a whole which you will be adopting in

your own projects, or which has had some effect on your own programme, and

perhaps to suggest generally what direction your work relevant to this

programme is going to take in the next several years.

J. FARDY: First of all I am still hoping to get into some foam

separation studies after a disappointing first attempt because of problems

with the industry - if I get desperate I will be writing back to Tibor for

some material. Secondly there is the question of extraction chromatography,

raised both by Tibor and Slawomir, to introduce it into our system that we

have been examining for rapid separations. We can see a lot of work to be

done in the future, as I said we also look like introducing activated carbon.

The third thing that I've always been interested in, and I knew Jack McDowell

was operating in this area, is liquid scintillation counting. That's another

area and I have asked Jack if he would forward plans of his equipment so we

can operate this alpha spectrometry system as a method of analysis. We are

doing a lot of work at present on secular equilibrium in uranium ores since

Australia has a lot of uranium and people are very curious about the state of

the daughters in the uranium series. So I can see an application of this

technique for looking at that.

T. BRAUN: On the first of John's points, if he is unable to get those

polyurethane foams in Australia, or from somewhere else, I will try to help

him and then we will have to discuss some sample types he would want to use,

and we will try to have them prepared in Budapest. Secondly, I would like to

convince Jim to see if his hollow fibre membranes could be replaced by

polyurethane as a material which is swellable and could be used in his

technique. Now as far as my work on hydration facilitated isotopic exchange

is concerned I would like to follow that and have it as a more or less

universal technique to be used for very specific situations, mainly in

environmental monitoring of radioactive isotopes.

W.J. McDOWELL: I should begin by saying that as you all know, what I

reported on is not the main stream of our research. The main stream of our

research is the chemistry of solvent extraction and other similar separation

systems. So everything that has been said is of great interest to me, but to

me the biggest value of small meetings such as this, is that you get to know

people pretty well and so in the future you feel free to write a letter and

say "please help me". That to me is the most important benefit. As for the

275



future of our work on alpha liquid scintillation, that work has been directed

for some time by outside forces; that is, whoever asks us to help them

develop something to suit their needs we try to do so. We don't have a

mainstream effort on that except as our own needs arise. So I would invite

people, if they have a need in that area, to get in touch with me and we will

try to help one way or another.

F. MACASEK: In this period it will be useful to finish our membrane

extraction/preconcentration device. I think this will be within a few

months. Secondly, the preconcentration of actinides from dilute solution

using this technique. Here good collaboration would be helpful because we

have no possibility to check for example uranium analyses in the ppb region.

While we can measure plutonium by proportional counters it would be

interesting to compare it with Jack's method. And thirdly, we are now working

in a completely new area, which may be of interest to other people, that is

isotachophoresis - a method of separation of small amounts of elements, in

microgram amounts, mainly applied to highly radioactive solutions because

highly radioactive solutions can be analysed both for active and non-active

components. It is now produced commercially in Czechoslovakia and we have

developed radioactive chambers for it which should be produced in a short time

also. We hope even to get not only beta-monitors but also alpha-monitors in

cooperation with the Nuclear Research Institute in Prague. So it may be

useful for separation of actinides in small amounts.

S. SIEKIERSKI: In my laboratory we are not at the moment working on new

separation methods, but we are looking at the physical chemical basis for

those separation procedures which are known and used but perhaps their theory

is not well known. We will continue in this direction. We studied the

uranium (III) behaviour this year and we will continue this study of its

behaviour in certain extraction systems and determining its position. Also

other trivalent actinides like neptunium. That is, one direction is the

experimental study of the extraction of trivalent actinides and comparison of

their behaviour with the lanthanides. The second direction is very closely

connected to it - the study of the crystallo chemical properties, which I

think goes parallel to the complex formation properties. The third direction

is looking at new very efficient extractants or complexing agents for

plutonium, especially for removing plutonium from organic cells - these

derivatives of pyrocatechol, bisphenyls, and such not so complicated but

similar compounds are now being synthesized at one of our universities, and

they will be applied by our health physicist group to removing plutonium from

living organisms. We are asked whether we can, before they do in vivo tests,
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to make some in vitro tests to determine the stability constants with various

elements like transuranium elements but also strontium and other elements,

with these complexing agents. Since in our studies with americium we applied

the indirect method for determining stability constants, which seems to be a

rather fast and easy one which doesn't require macro-amounts of the elements,

so probably we will try to apply the same method for determining the stability

constant of plutonium or other transuranium elements with these new ligands.

N. HISAK: Now that we have some ideas about the separation properties

of hydrous oxides I think that we should concentrate more now on the

separation of uranium and thorium from other elements. Cooperation with

Professor Sato in this respect will be very useful. Also it seems that for

the concentration of actinides from large amounts of effluent liquid membranes

and the inorganic ion exchanger techniques are promising so perhaps we will

cooperate with Professor Macasek to compare our results.

T. SATO: As I have stated I propose to continue this same research,

especially to determine the heat change during extraction by calorimetric

methods.
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SUMMARY AND CONCLUSIONS

It is sometimes claimed that modern developments in instrumental techniques

of analysis will eliminate any need for chemical treatment of samples prior

to their analysis. However, at the same time that these instrumental techniques

are being developed, greater demands for precise determination of lower levels

of elements in more complex matrices arise from such areas as biomedical

sciences, agriculture, environmental monitoring and process and quality control

in manufacture of modern materials like semi-conductors. These demands

continue to require performance which is beyond the capability of even the

latest instrumental techniques. This trend is certain to continue and,

consequently, there will always be an essential role for chemical treatments

which can greatly increase the sensitivity and range of application of

available instrumental analytical techniques.

Furthermore the development of improved radiochemical techniques serves

a number of other indispensable purposes, apart from simply extending the

sensitivity of advanced analytical instruments. In many cases they make it

possible to use limited but already available methods when more expensive

and sophisticated instrumentation is not available. In general the value

of the techniques is that they make existing nuclear analytical methods more

sensitive, more versatile (useful for a wider range of matrices and elements),

simpler to use and/or cheaper to apply. On this last point it is true that

radiochemical analyses are rarely 'cheap' compared with purely instrumental

analyses; however a new radiochemical method can be very economic if it

displaces a more expensive radiochemical procedure, or if it permits one to

make more optimal use of existing instrumentation thereby avoiding an

additional investment in expensive new instrumentation. These factors are

important for any modern chemical analysis laboratory where multi-element

analyses of large numbers of samples are required. They are particularly

important for developing countries where often limited facilities are

available for analysis, and yet accurate and sensitive analyses are essential

for the success of industrial development programmes.

An indirect benefit of developments in this area, particularly of the

theoretical understanding of the separation processes, is that some laboratory

radioanalytical techniques eventually lead to large scale industrial separation

techniques such as are needed for the nuclear fuel cycle.
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This IAEA Coordinated Research Programme has considered a number of

radiochemical separation and preconcentration techniques which are proposed

for application to analytical methods. The techniques included new, solvent

extractants, ion exchangers and other sorbents and new techniques for using

these materials in analytical procedures. Both theoretical aspects and

detailed practical considerations were included. Instrumental methods to

which these were applied included activation analysis, gamma spectrometry,

alpha liquid scintillation spectrometry, and X-ray fluorescence spectrometry.

The programme was successful in achieving its aims of promoting research

and publicizing new developments in this area, and in initiating close

cooperation between institutes in several countries to work on these activities.

Progress was achieved in the understanding of the theory behind the separation

techniques. Several of the practical techniques investigated have now developed

to the stage where one could hope to see their widespread application in coming

years. As a consequence of these factors the Coordinated Research Programme

has contributed in some measure to the general improvement of the quality

and capability of nuclear analytical techniques. Finally, and importantly,

the projects and international collaboration initiated under this programme

will have continuing benefits long after the programme has ceased.

There is, of course, a great deal more to be discovered about chemical

aspects of nuclear methods of analysis and the IAEA has an important role in

continuing to support activities in this general area through its research

contract programme. It is recommended that the IAEA should give a high

priority for support of future activities in the area of radiochemical

separation chemistry, to encourage innovation in new separation reagents and

media and new techniques for combining them in analytical procedures.
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