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ABSTRACT

Studies have been made of the solvent extraction of
di-n-butyl phosphate (HDBP), mono-n-butyl phosphate (HZMBP) and
phosphoric acid from aqueous nitrate solutions by 2-ethylhexan-1l-ol.
Distribution coefficients of 120, 2.2 and 1.7 x 1072 were obtained

for the extraction of HDBP, H,MBP and H3P04 respectively from 3M HNO3

2
solution by the solvent. The distribution coefficients were found
to be independent of the phosphate compounds concentrations which
implies that the phosphates exist as monomers in the organic phase.
The distribution coefficients varied with HNO3 concentration: this
effect has been explained in terms of the distribution constant of
monomer phosphates (KD) and the dissociation constant of the acids
(Ka) and model equations containing these constants have also been
derived to fit the distribution data. The kinetics of the extraction,
the stripping of the phosphates from the solvent, the extraction of
mixtures of phosphate compounds and the use of a diluent, i.e. kerosene,
in conjuntion with the solvent have also been studied.

The effects of certain metal ions namely U, Fe, Ce, Cs, Mo and
Zr on the extraction of the phosphate compounds from 3M HNO3 solutions
by Z-ethylhexan-1-0l have been examined. Results showed that only Zr
affected the extraction of phosphates and that this metal ion reduced the
transfer of HDBP into the organic phase at low HDBP concentrations.
At higher HDBP concentrations a selid third phase which contained most
of HDBP was formed in the organic phase. 1In the case of HZMBP, reduction
of the distribution coefficient values was caused by the formation of
the solid phase in the solvent. H3P04 formed insoluble complexes in

the aqueous phase with Zr which reduced the extraction of HZPO by the

4
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solvent. The distribution of Zr between the phases in the presence
of HDBP and HzMBP was also studied.

Finally, 2-ethylhexan-1l-ol and 30% mixtures of 2-ethylhexan-1l-o0l,
kerosene in contact with 3M HNO3 were irradiated in the cobalt source,
The solvent showed signs of degradation which resulted in the reduction

of its extracting power for HDBP and HZMBP.
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CHAPTER 1

INTRODUCTION

The irradiated fuel rods from the nuclear reactors are
normally reprocessed to recover the uranium and the plutonium by
using a process known as the Purex process, Figure (1.1). In such
a process, uranium and plutonium are first extracted from the fission
products in column I by contacting the aqueous feed with TBP dissolved
in an inert solvent, such as kerosene. Fission products are scrubbed
from the extract with a nitric acid scrub solution, and practically all
the fission products present in the feed leave in the aqueous raffinate,
known as the highly active raffinate (HAR), from column I. HAR mainly
consists of fission preoducts in about 3M HNOS. It will also contain

small amounts of phosphates: TBP and the acids HDBP, H_MBP and H_PQ,.

2 374
The acids are the degradation products of TBP,
Under the influence of water, acids,alkalis or radiation, TBP

[1-5]

degrades to give successively HDBP, H

MBP and H3P04 The formation

2

of the acidic phosphates from TBP occurs in three ways[6]:

(a} By hydrolysis (a splitting of the P-0 bond) in an

alkaline aqueous phase containing TBP.

(b} By hydrolysis and de-alkylation (a splitting of the
O-Bu bond) which takes place both in an acidic aqueous

phase containing TBP and in the organic phase itself.

(c) By radiolysis which also occurs both in the aqueous

and the organic phases.



~19-

Feed solulion HND3 Scrub solution Water Serub solution Water

from dissolver scrub HNO3, reducing agent sirip HNOG5, reducing agent strip
Filter " [~=» Organic )
£ Organic 8 g HNO §. £
0.2 —_— = =% 3 o ‘o
s UOaiNOa)2 | 5 a2 4 g =
HNO3 —+  pxidation g5 PuNO3, ; Drganic | % Ha0 | & | Oganic | %
and feed 22| HNOS | 5 | UGaNOa): | § 4 € | UOaANO3: | E
NaNOz —»=] adjustment =& L & HNO3 H 32 HND3 2
= s F] 5 Evaporator o o
-5 o = o
UQ2INO )z, PuiNO31, « = = > | o=
fission products, | - I -
HNO3, NaNQ2 Qrganic Agueous .
' YEFTR U02(N0;3)2 %%%m;
HNG3 in
kerosene kerosene H20
Agueous Scrub Strip solution ’
Aqueous wasle PuiNOg); sciulion HNO3 Agqueous waste
fission praducts HNO3  HNO3 NHz0H- 1H2504 _ HND3, Evaporator
HNOa3, NaNO; reducing agent J: lission products
l s a [ Organic
0 ‘2 Uranium
° k]
To acd = £ producl
recovery ; Organic 3 U0?|N003l2
HNO3 €| Purom | § HNO3
NaNGz § HNO3 2 l
Qrganic, ;% — T
TBPin — = e
kerosene 5 > silica-gel bed
: Aqueous waste Plutonium product To ion-
To acid HNOs3, NaNOa PUINOSJ3., HNO3 o fon-exchange
recovery i isolalion of Pu
{fission products) NHz0H+1H2504

Figure(l.l1} Flowsheet of Purex process for separation of uranium,plutonium
and fission products by solvent extraction with TBP.
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No information could be obtained on the amount of individual acidic
phosphates in HAR, but Kubota[7] has estimated the total amount of
phosphates to be 2.5 x IO‘SM. This value corresponds to a HAR, of

which composition was calculated on the assumption that L.W.R. fuel burned
up to 28,000 MWd/Mt at a specific power of 30 MW/Mt was processed

by the Purex method.

Under reprocessing plant conditions most of the TBP and the HDBP
produced are in the organic phase which is separated. The aqueous
raffinate then passes to a steam stripper to remove the dissolved TBP
and HDBP, but this does not reduce the TBP level below 25 p.p.m..
Sometimes after storage this solution is fed batchwise to an evaporator
and under ideal conditions only HZMBP and H3P04 should reach this

stage, but in practice some TBP and consequently some HDBP gets through.

Thus significant amounts of HDBP, H,MBP and HSPO can be

4

present in waste storage tanks, and since these compounds, and possibly

2

some of the flocculent metal complexes formed from them, cause foaming
of the tank liquor, their presence can render difficult the use of

air 1ift circulators for agitation or limit the transfer of HAR from
the storage tanks in case of emergencies. Higher concentrations of
HDBP, H

MBP and HSPO may he expected in future when fast breeder

2 4

reactor fuels are reprocessed.  Such high concentrations of phosphate
species in HAR may even cause the precipitation of metal complexes

in the evaporator. In these circumstances more complete removal of

the phosphate species from HAR may be necessary and a different phosphate
separation process will then be required. The most likely candidate
processes are solvent extraction, precipitation or absorption on

a solid. Of these, solvent extraction is probably the best to use for

the following reasons:
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1. Solvent extraction is a well developed process for

treating solutions of high activity.
2. Precipitation and absorption involve
or use of solids having high surface

following disadvantages:

(a) the processing of solid-liquid
under highly active conditions

well developed

the formation

area, with the

systems

is not

(b) solids having high interfacial area are

likely to adsorb fission products which

may prove difficult to remove.

{c) any solids entrained in the HAR could

deposit on the heat transfer surfaces in

the evaporator and act as nucleation sites

for further precipitation in the evaporator

or in the storage tanks.

The purpose of this project is to select a suitable solvent

and study the separation of HDBP, H,MBP and H

2

3F0,

by the chosen

selvent under the conditions appropriate to HAR. Information is

also required to enable a decision to be made on three possible flow-

sheets for the treatment of HAR namely;

(i) Steam strip the TBP as quickly as possible after

leaving column I, followed by solvent extraction

of the remaining phosphate species.



(ii)

(1i1)
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Allow the TBP to degrade and then remove all

the phosphates by solvent extraction.

Immediate treatment of HAR by solvent extraction
after leaving column I, to remove all the phosphate

species including the TBP.
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CHAPTER 2

SOLVENT SELECTION

General Requirements

A solvent suitable for separation of phosphate species

from HAR should meet the following requirements:

(a)

(b)

{c)

(d)

(e)

It should be selective; 1i.e. the ratioc of distribution

coefficients should be high.

It should have good capacity for extraction; 1i.e.
distribution coefficients in the extracting section

should be of the order of unity or higher.

It should be readily stripped; i.e. distribution
coefficients in the stripping section should be no
greater than upnity and also the equilibration time

should be short.

It should be relativelyimmisciblewith water, to

reduce solubility losses.

Its density should be appreciably different from
water, and it should have low viscosity and fairly
high interfacial tension. These physical properties
are important in promoting separation of phases

following contact.
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(£) For safety reasons it should be relatively nonvolatile,

nonflammable, and nontoxic.

{g) It should be readily purified.

{h) It should be stable in the presence of chemical agents

used in the process, such as nitric acid.

(1) It should have a high degree of stability in the
presence of radiation and any degradation products
should be innocuous to any subsequent treatment of
HAR. Also degradation products should not interfere

with the efficiency of the separation.

(1) It should be cheap.

The first step in selecting the most suitable solvent for
the desired-separation process has been to draw up from the literature
a list of solvents used for the extraction studies of the phosphate

compounds.

2.2 Literature Survey

The distribution of HDBP in various systems has been widely

[8-14] and the Tesults have been published

studied by a number of authors
mainly in terms of the distribution coefficient. The distribution
coefficient of HDBP for most of the solvents studied varies with

the HDBP concentration and it is also affected by the nature and

the acid concentration of the aqueous phase. Hence the comparability

of these results is limited. However most of the authors have also

expressed their results in terms of a constant called the distribution
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constant, KD’ which is defined as the ratio of the concentration
of the HDBP monomer in the organic phase to the concentration of
HDBP monomer in the aqueous phase. Theoretically KD should be
independent of the HDBP concentration and the acidic condition of
the aqueous phase and therefore it is possible to compare the
extraction power of the solvents by comparing their KD values
irrespective of the acidity of the aqueous phase or the HDBP concen-
tration. Table (2.1) is a summary of the distribution of HDBP
between various organic and aqueous systems and their KD values.
Considerably less information is available on the extraction
of HZMBP as it is completely miscible with the aqueous phase which
makes it rather difficult to separate. However HZMBP does appear
to form an association complex with TBP and this has the effect
of increasing the extraction of HZMBP when a substantial amount of
TBP is present in the organic phase. These works have not been
included in this review of solvent selection because the presence
of TBP would merely resaturate the aqueous phase with phosphate.
The extraction of HzMBP from water in the absence of TBP has been
studied by Stewart and Crandall[g] and the values of the distribution
coefficient reported are 0.66, 2.9 and 2.1 for dibutyl ether, n-primary
amly alcohol and dibutyl digol respectively.
Although phosphoric acid is strongly aquophilic, solvent
extraction is to some extent effective under certain conditions such
as high concentrations of H3P04 or in the presence of an extracting

. [1 < . " .
strong ac1d[ S]Where presumably high concentrations of unionised acid

prevail, The summary of the solvent extraction of phosphoric acid

has been reported by Blumberg[16’17], who has concluded that alcohols
are the best solvents for the extraction of H3P04. Extraction of
[18,19] [20,21]

phesphoric acid with ethers , ketones and carboxylic

esters[ls’zz’zs] has been studied and reported not to be effective.
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Table (2.1) Summary of distribution constants for HDEP
in various two phase systems
AQUEQUS ORGANIC KD REFERENCE
PHASE PHASE
Water n-primary amyl D > 1000 8
alcohol
0.1M HC104— lexone 22.¢21 9
NaClO4 Chloroform 2.187 9
0.1M HNO3-
0.9M NaN()3 Cyclohexane 0.0185 13
" Carbon tetrachloride 0.0708 "
" O-Xylene 0.2188 "
" Toluene 0.257 "
" Chlorobenzene 0.282 "
" Benzene 0.813 "
" Chloroform 4.786 "
" Bromoform 0.724 "
" Nitrobenzene 1.380 "
" Butyl ether 1.778 "
" Methyl isobutyl
ketone 35.48 "
0. 1M HNO, Methyl isobutyl
2 carbinol 162.18 11
" TBP 93.32 "
" [sopropyl ether 3.311 "
" Chloroform 1.738 "
" Carbon tetrachloride 0.0363 "
" n-Hexane 0.0045 "
" l-octanol 144,54 14
t 1-decanol 141,25 "
" l-octanoic acid 63.10 "
" 2-ethyl-1-hexanoic
acid 57.54 "
" p-diisopropyl
benzene 0.0436 "




-27-

Table (2.1) continued/...

AQUEQUS ORGANIC KD REFERENCE -

PHASE PHASE

0.1M HNO3 2-ethyl-1-hexanol 177 .82 14

1M HNO3 Odourless kerosene 0.0109 10
" Carbon tetrachloride 0.123 "
" Benzene 0.380 "
" Chloroform 1.905 "
" Nitrobenzene 0.724 "
" Carbon tetrachloride 0.0513 12

1M HClO4 Carbon tetrachloride 0.0616 "

6M HNO Carbon tetrachloride 12,88 "

3
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Extraction of phosphoric acid with alcohels has been extensively
studied. Alcohols investigated include butyl alcohol[11 ’17’18’19],
isobutyl alcohol[24’25], amyl a1c0h01[24}, isoamyl alcohol[zﬁ] and

. X ) [18] [27]
other higher aliphatic alcohols and cyclohexanol .

The extraction of phosphoric acid with alcohols increases with
increasing acid concentration: with isoamyl alcohol, the distribution
coefficient varies from 0.131 to 0.264 as the concentration changes
from 5% to 31% H3PO4. Also distribution coefficients of 0.15, 0.17,
0.072, 0.049 and 0.03 have been reported for the extraction of
phosphoric acid at low concentration from 0.05M H2804 solutions with
isobutyl alcohol, butyl alcohol, amyl alcchol, hexyl alcohol and

[28]. TBP has alsoc been examined as an

heptyl alcohol respectively
extractant for phosphoric acid[zs-ol] and a distribution coefficient
of 0.087 has been reported[zs] for very low H3P04 concentration.

]

Various other organophosphorus extractants such as HDBF’[‘)2 have

been examined for the extraction of phosphoric acid.

2.5 The Best Group of Seolvents

From the solvents which have so far been examined for the
extraction studies of the phosphate species, alcohols seem to be
the group which most meets the requirements of a suitable solvent.

The most important factors are:

1. The highest values of KD and the distribution
coefficients for the extraction of phosphate compounds

have been obtained by using alcohols as extractants.

2. There are several alcochols which possess the desired

physical properties of a suitable solvent,



- 29 .

3. Longer chain alcohols are rather stable in the

presence of acids.

4. Some work has been done on the radiolysis of some
of the alcohols and the published results show that
alcohols are of average radiolytic stability and
the radiolysis products would not be expected to
cause any immediate problem in the treatment of

HAR[33 .

5. Generally polar solvents which include alcohols
dramatically reduce the distribution coefficients
of metal ions[o4’ 351. This means that alcchols will

not effectively extract the fission products or other

metal ions which may be present in HAR.

Dyrssen and Ekberg[34] found that the distribution
coefficient of Y(III)} between a solution of O.1M HDBP in
chloroform and O.1M HNO3 could be reduced by four orders of
magnitude by the addition of methyl isobutyl carbinol up

to 2M in concentration. Mason et al.[ss} reported
similar effects on the distribution coefficients of

certain actinides and lanthanides using phosphoric acid

esters in decyl alcohol,

Considering the physical properties, commercial availability
[36,37]
and the cost (see below), the best alcohol for the proposed
solvent extraction process appeared to be 2-ethylhexan-1-ol, abbreviated

to EOQOH henceforth.
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2.4 The Chosen Solvent, ECH

2.4.1 Physical Characteristics_and Properties:

EOH, a colourless liquid with a characteristic odour and

the molecular formula of CHS(CHZ)SCH(C7HS)CH20H’ belongs to the octanol

group. With respect to physical properties, Table (2.2), EOH meets

most of the physical criteria required for use in the proposed

solvent extraction process. It is also commercially available (99%

pure) and compared with other alcohols it has an average price (£4/1,

B.D.H. Chemicals' price). In a practical situation a diluent may have

to be used as EOH has a rather high viscosity.

Table (2.2) Physical properties of 2-ethy1hexan-1—ol[37]
Molecular weight 130.23
Boiling point at 760 mm Hg 183.50°C
Melting point -76°C
Flash point (closed cup) 86°C
Specific gravity at 20°C 834 kgm_3
Refractive index at 20° 1.4328
Solubility at 20°C

alcohol in water 0.1% w/w

water in alcohol 2.55%w/w
Coefficient of cubic expansion at 20°C 0.000875
Latent heat of evaporation 3.886 x 10° KJ kg—1
Specific heat at 25°C 2.361 KJ kg_l
Surface tension at 22°C 0.03 Nm?
Viscosity at 20°C 0.001 Ns m 2
Vapour pressure at 20°C 48.0 Nzﬁz
Evaporation rate {(n-butyl acetate = 100): <1
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2.4.2  Physiological Properties:

Very little precise data is available, but the indications
are that under normal conditions of industrial usage this solvent

presents no appreciable hazard.

EOH is not corrosive to metals and may be stored in iroen,

mild steel, copper or aluminium. It is combustible but not flammable.

2.4.4 Chemical Stability:

EOH was left in contact with HNO3 solution in a range of
concentrations from 1M to 10M at 25°C and 50°C and there were no
visible signs of oxidation or other chemical reaction between the

alcohol and the nitriec acid.

2.4.5  Solubility in HNO.:

The solubility of EOH in H20 and various nitric acid solutions
at 25°C and 50°C is shown in Table (2.3}. The solubility goes
through a minipum around 0.3M HNO3 as the concentration of nitric
acid is increased. There is a slight increase in solubility with

increasing temperature,

14
Table (2.3) Solubility of EOH in HNO. solutions[ ]
HNO Solubility Solubility at
contentration at 25°C 50°C
(M) (M) (M)
-2 -2
0.000 1,3x10 1.1x10_3
0.103 9.3x1073 9.5x10_
0.318 9.7x10” 8.9x107,
0.983 1.1x10_2 1.1x10_,
2.390 1.4x107; 1.4x1072
3.520 2.0x10_, 2.0x10”"
6.320 2.3x10_2 2.6X10_2
8.420 2.7x10 3.0x10
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2.4.6 Radiolytic Stability

No work has yet been reported on the radiolysis of EOH,
but McDonnel[33] has studied the radiolysis of octan-1-01 when
bombarded with alpha-particles. The studies include the identification
of the degradation products, Table (2.4). It is probable that the
radiolysis of EOH will be similar to that of octon-l-o0l. Some of
the carbonyl products may have extractive power for the fission
preoducts, actinides, etc. and there is no immediately obvious way of

cleaning up the solvent comparable to the alkali wash for TBP.

Table (2.4) Yields of chemical products of the helium
ion irradiation of n-octyl alcchol [33}

PRODUCT MOLECULES OF PRODUCT
per 100eV

H2 3.48
Cco 0.052
CH4 0.022
n* 0.107
o* 0.036

Total Gas 5.68
Acid 0.011
HZO 0.430
Carbonyl 0.870
Aldehyde 0.700
Vic-glycol 0.570

Note: n* = gaseous fraction volatile at dry ice temperature
{(-78°C), but non-volatile at ligquid nitrogen
temperature {-196°C)

0* = gaseous fraction non-volatile at dry ice temperature
(-78°C), hydrocarbon from butane through heptanes
and other unidentified products probably present.
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2.4.7 Extraction of Metal Ions:

As previously mentioned, alcohols are not good extractants

for metal ions, i.e. fission products, actinides, etc. which are

present in HAR. The extraction of some actinides by EOH has
been studied by Horwitz et al.[14]. The values of the distribution
2

and 2 x 10_2 for the extraction

of U(VI} and Pu{IV) respectively by EOH in the presence of 10-4M HDBP

coefficient reported are 6.5 x 10~

and a value of 2.5 x 10_4 for the extraction of Am(III) in the

1M HDBP in the organic phase. Normally the presence

presence of 10~
of HDBP in the organic phase increases the extraction of the metal
ions and therefore in the absence of any HDBP or HZMBP in the organic

phase, the extraction of U, Pu or Am by EOH would be expected to be

much less,



CHAPTER 3

EXPERIMENTAL

.1 Purification of HDBP and HzMBP

(971

.1.1 Introduction

i

HDBP was obtained from Eastman Kodak and had the approximate

specification of 55% HDBF and 45% HzMBP. It is also reported[JB]

that HDBP, H_MBP mixtures normally contain the impurities TBP
and H3P04. For the purpose of the experiments in this project

highly pure HDBP and H,MBP were required in order to obtain the

2
true distribution coefficient for each of these species. Therefore
a method was required for the separaticn of HDBP and HZMBP and also
to obtain individual acids to a purity of more than 99%,

The separation and purification of mixtures of HDBP and HZMBP

has been achieved by a variety of methods:

(i) Multiple batch or counter-current extraction with

immiscible organic and aqueous phases[38_41].

(ii) Differential solubilities of the harium salts in

water (the H,MBP salt has the lower solubility),

2

followed by repeated crystallization from aqueous

[42]

alcoholic solution

(iii) Precipitation of ferric mono- and di-butyl phosphates
by the addition of ferric chloride solution, and
partial separation of these by contact for ten hours

with a certain exchange resin; the ferric mono-butyl
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phosphate dissolves and the remaining dibutyl
phosphate complex is decomposed with alkali and

[43]

pure HDBP extracted from the solution

Apart from (i) the above methods are either lengthy if products of
high purity are required, or only give moderately pure products
and consequently the method of Hardy and Scargill[ss] was adopted.
This method gave highly pure solutions of HZMBP, but the HDBP
solutions contained small but detectable amounts of HZMBP. The
Hardy and scargill[ss] method uses carbon tetrachloride as the

organic solvent. The use of this solvent is discouraged on safety
grounds and a method of purification based on batch solvent extraction,
using diethyl ether as the organic solvent was developed to produce

highly pure HDBP and H,MBP solutions.

3.1.2 Procedure

{a) separation of HDBP and H,MBP:

iy L= -

One volume of the crude mixture was dissolved in four
volumes of diethyl ether and more than 90% of the H,MBP
was extracted in to 3 x 5 volumes of water by stirring
the phases together for two minutes. The first water
wash which contains most of the HzMBP is kept for HzMBP

recovery and the ether phase for HDBP recovery.

(b) purification of HDBP:

The ether phase from (a) is treated with one volume of
3M NaOH sclution to form the water soluble sodium salt

of HDBP. The ether phase is then discarded and the
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alkaline solution is washed with 2 x 1 volume of
ether, the non-acidic sclvent-scluble impurities,
e.g. TBP, are discarded with the ether phase. The
alkaline solution is then acidified with one volume
of 4M HNO3 solution and the HDBP extracted with 2 x 2
volumes of ether. The ether phases are combined and
washed with 2 x 1 volume of 4M HNO3 solution followed

by 5§ x 3 volumes of water. The ether is removed on

the water pump at about 50°C or less.

purification of H MBP:

The first water wash from (a) contains most of the
HZMBP, small amount of HDBP and the H3P04 impurity.
This sclution is washed with 3 x 1 volume of ether
to extract the HDBP and discarded. The H2MBP is
then extracted from the solution with 10 x 4 volumes
of ether. The ether phases are combined and washed
with 2 x 1 volume of water. At this stage the

ether can either be removed on the water pump at
about 30°C or since for the purpose of this project
HZMBP solution is required, the H2MBP is back
extracted by washing the ether phase with 3 x 10
volumes of water and the ether dissolved in the HZMBP

solution is removed by leaving the solution in a

fume-cupboard overnight.
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3.1.3 Yield and Purity Determination

20% and 40% of the HDBP and H_MBP respectively were

2
lost during the purification procedure. The yield of HzMBP can
be increased by increasing the number of ether wash to extract

more of HZMBP from the aqueous solution or increasing the ratio

of the volume of ether to the aqueous phase.

The puritiesof HBDP and H_MBP were determined by the pH

2
titration method: samples of the acid were titrated with standard
0.1M NaOH and the pH of the sclution measured after adding known
volumes of the NaOH. HDBP is a monobasic acid and the titration
curve (pH vs volume of NaOH added) of its pure solution should
have only one break. Figure (3.2) shows the titration curve for
the purified HDBP. No HQMBP can be detected from the curve implying
that the HDBP solution must be more than 99% pure.

In developing the method for the purification of HDBP,
the number of water washes were fixed by checking the purity of
the HDBP solution by pH titration and increasing the number of
water washes until no H2MBP could be detected from the curve.
This is illustrated in Figure (3.1) where the amount of HDBP
and HZMBP from each curve is calculated as follows[S]; the
difference in titre between the two breaks of the curve is taken
to represent the amount of H,MBP and the difference between this
quantity and the titre to the first break represents the amount
of HDBP,

In the case of HZMBP a dibasic acid the pH titration
curve should have two breaks and for a pure solution the volume
of NaOH needed to reach the first break should be exactly half the
volume needed to reach the second break. Figure (3.3) shows the

titration curve for the purified HZMBP solution which must be

more than 99% pure.
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Figure(3.2) pH titration of pure HDBP at 25 °c.
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3.2 Phosphate Analysis

3.2.1 Introduction:

Previous studies on HDBP, H.MBP and HSP%, were carried out

2
using the 32P labelled compounds which were then commercially
available. Unfortunately the production of labelled HDBP and
HZMBP has long been stopped and as their preparation is rather
tedious an alternative method for their analysis had to be adopted.
The spectrophotometric method for the analysis of the
phosphate compounds was perhaps the most suitable method available
with the disadvantage that this method can only be applied to
inorganic phosphate compounds. Therefore the HDBP and HzMBP must

first be converted into inorganic phosphates before the method could

be applied for their analysis.

3.2.2 Conversion of HDBP and H7MBP:

The conversion of HDBP or H,MBP into organic compounds

were carried out by oxidation with a mixture of HNO3 and H2504.
10 ¢m” of concentrated HNO3 and 1 cm” of concentrated H,)SO4 were
added to a known volume of HDBP or HZMBP solution. The solution
was left on a hot plate in a fume-cupboard until all the nitric
acid had evaporated. The sclution was then left to cool down and

was made up to the original volume of HDBP or H,MBP solution in

a volumetric flask.

The temperature of the hot plate hadtobe so adjusted that the

solution did not boil or otherwise some would have been lost.



-41-

3.2.3 Spectrophotometric Method:

There are several different methods available for the analysis

of the phosphate compounds by spectrophotometry, the most sensitive

being the phosphomolybdenum blue method[44’45].

The principle of
this method is the formation of the pale yellow molybdophosphoric
acid by the phosphate compounds with excess molybdate

in an acid medium. The molybdophosphoric acid is then reduced to

phosphomolybdenum blue under mild conditions to prevent the reduction

of the free molybdic acid. Reductants employed include hydrazine[46],

[47-49) [51-53]

, ascorbic acid[so] and various other reagents
[47-49]

stannous chloride
Molybdophosphoric acid may be reduced either in aqueous medium
or in the organic phase after molybdophosphoric acid has been
extracted[ds’szl.

Having tried several of the above methods it was found that
either the blue phosphomolybdenum colour was not stable or some of
the reducing reagents e.g. stannous chloride in HC1, lost their
reducing power over a short period of time. However the methoed
described below is a combination of several of the above methods

with some alterations to suit the range of concentration of the

phosphate species used in this project.

5.2.4 Phosphomolybdenum Blue Method:

(i) Reagents:

1. Ammonium molybdate 10%: 25 grams of ammonium molybdate
was dissolved in about 200 cm3 of distilled water at
about 50°C. The solution was allowed to stand overnight,
filtered and diluted with distilled water to the mark

in a 250 cm3 volumetric flask.
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8]

Stannous chloride: 2.5 grams of stannous chloride was
dissolved in 100 cm” of glycerol. To ease the dissolution
the glycerol was placed on a water bath and stirred with

a glass rod,

8 c¢m” of the above solution was diluted with 50 cm”

of fresh glvcerol and used as the reducing reagent.

3. Perchloric acid 72%.
4. Hexone, A.R.
5. Standard phosphate solution: KH2P04was used as the

standard solution for the calibration curve.

Procedure:

2 Cm3 of the sample containing phosphate together

with 5 cm3 of the perchloric acid were transferred

into a 100 cm5 separating funnel and diluted with 30 en’

of distilled water. 50 cm3 of hexone followed by

5 (:m3 of the ammonium molybdate reagent were added

to the solution in the separating funnel and the

mixture was immediately shaken for not less than one
minute. Any delay in shaking increases the amount

of polyphosphates if present. The aqueous phase

was drained off and the organic phase was shaken with about
10 dreps (1 cms) of the stannous chloride reagent for

about one minute. The bottom phase was drained off

and the optical density of the organic solution was
measured after 10 minutes at the appropriate wavelength
using 1 cm3 cells against a blank reagent solution prepared

by the same procedure using distilled water in place

of the phosphate solution.
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(iv}

(v)

(vi)
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Two calibration curves have been drawn, one for the
concentration range of 1 to 10 p.p.m. KH2P04,

Figure (3.4) and the other for 10 to 300 p.p.m.,

Figure (3.5). 1In the former case 10 cm3 of the
perchloric acid was first diluted with 30 cm3 of
distilled water and then 5 cm3 of the diluted perchloric
acid, 5 cm3 of the phosphate soluticn and 20 cm’ of

hexone were used for the analysis.

The absorbance wavelength:

Figure (3.6), the optical density against the wavelength,
shows two peaks, one at 725 nm and the other at 625 nm.
In measuring the optical densities of the phosphate
solutions the 725 nm wavelength was used as it gives

a higher reading of the optical density than at 625 nm.

Minimum detectable concentration:

Using a Perkin-Elmer 554 U.V.-VIS spectrophotometer, the
minimum detectable concentration was about (.5 p.p.m.

KH7P04.

Stability of blue colour:
The stability of the blue colour is shown in Figure (3.7),

where there was a reduction of about 9% in the intensity

of the colour after two hours.

Interference:

Interference comes primarily from arsenic (V), silicon
and germanium which also react with molybdate to form

the corresponding acids.
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The interference from silicon makes it necessary for
the molybdenum reagent to be stored in polythene containers

unless the reagent is used up within around seven days.

(vii) The accuracy of the method:

The accuracy of the spectrophotometric method for the
analysis of HDBP and HZMBP was checked by comparing the
concentratien of solutions of HDBP and HZMBP in water

obtained by the spectrophotometric and the pH titration

methods:close agreement was obtained.

3.3 Extraction of Nitric Acid by EOH

3.3.1 Volume Changes on Mixing:

To measure the volume changes in the organic and the
aqueous phases, 10 cm”® of the aqueous solution of known acid

3

concentration was mixed with 10 cm™ of the organic solution (EOH)

-~ Q
in a 50 cm” conical flask and stirred in a water bath at 25 C
until equilibrium was reached. The two phases were then separated

and the volume of each phase measured separately in a measuring

cvlinder calibrated in 0.1 cm3 divisions.

3.3.2 Amount of HNO3 Extracted:

To measure the amount of the acid extracted, equal volumes
of the nitric acid solution and the organic solvent were agitated
together in a water bath at 25°C using a miniature stirrer. The
phases were then separated, after reaching equilibrium, in a separating
funnel and three 10 em® samples of the aqueous phase were pipetted
out and titrated with standard 1M NaOH solution using phenolphthalein as

the indicator, For nitric acid solutions below 1M, O.1M standard
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NaCH solutions were used for the titration. The concentration of the
nitric acid solution before contact with the organic solvent was

measured in the same manner.

3.3.3 Calculation of the Distribution Coefficient

The distribution coefficient, D, is defined as the ratio
of the concentration of HNO3 in the organic phase to the aqueous

phase. The following relationship was used to calculate D

HNO3

DHNO3 B {(Viaq Ciaq) ) (Vfaq Cfaq)} /Vforgcfaq
where

viaq = initial volume of the aqueous phase.

Vfaq = final volume of the aqueous phase.

Vf = final volume of the organic phase.

org

Ciaq = initial HNO3 concentration in aqueous phase.

Cfaq = final HNO3 concentration in aqueous phase.
3.4 Extraction of Phosphate Compounds by EOH

3.4.1 Amount of Phosphate Compounds Extracted:

50 cm3 of the phosphate solution was extracted with
50 cm3 of the organic extractant (EOH) in a 100 cm3 conical flask.
The flask was placed in a constant temperature water bath at the
desired temperature and the phases were agitated for about 30 minutes
using a miniature stirrer. The flask was left in the water bath for
a further 30 minutes without any agitation and then the phases were
separated in a 100 cm3 separating funnel. Using a 10 cm3 pipette,

3 x 10 cm3 of the aqueous samples were taken for the analysis. Using
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a centrifuge to separate the phases made no difference in the
values of the distribution coefficients.

For kinetic measurements, the phases were stirreéd in
a separating funnel at the desired temperature and the speed of the
stirrer was kept the same for all the kinetic measurements. The
aqueous phase was run off as soon as the stirrer was stopped and
the samples were taken from the aqueous phase for the phosphate
analysis. HDBP and H,MBP samples were first oxidised, as described
in 3.2.2, and then analysed by the spectrophotometric method.

In the case of H3P04, no oxidation was necessary, but during
the course of these experiments it was found that the extraction of
H3P04 by the solvent was normally rather low and the spectrophotometric
method was not sensitive enough to detect the changes in the

concentration of H3P04 solutions before and after the extraction.

32
Hence ~“p labelled H;PO, mixed with inactive phosphoric acid

was used for the extraction studies of H3P04.

The activity of the phases, both the organic and the aqueous,
were measured using an M6C liquid Geiger detector (20th Century
Electronics Limited) and associated Harwell 2000 series counting
equipment. The initial concentration of the phosphoric acid in

the aqueous phase was measured by the chemical method.

3.4.2 Calculation of the Distribution Coefficient:

The distribution coefficient, D, is defined as the ratio
of the total amount of phosphate in the organic phase to the total
amount of phosphate in an equal volume of the aqueous phase.

For HDBP and H,MBP the values of the distribution coefficient are

2

calculated as follows;

D=(C, =-C. 3)/C

iaq faqg faq
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where Ciaq = initial concentration of HDBP or HZMBP

in the agueocus phase.

Cf = final concentration of HDBP or H,MBP in
aq 2

the aqueous phase.

Since the calibration curves, optical density against concentration,
Figures (3.4) and (3.5), are both straight lines, the above relationship
for D can be rewritten in terms of the optical density of the

solution;

D = (diaq-dfaq)/dfaq

where d is the optical density of the solution at the wavelength of
measurement. The values of the distribution coefficient have to
be corrected for the volume changes which occur both in the organic
and the aqueous phases;

b= [(Viaq diaq) - (Vfaq dfaq)]/vforg dfaq

where

v initial volume of the aquecus phase

iaq
Vfaq = final volume of the aqueocus phase
Vf = final volume of the organic phase.
org

In the case of H3P04 where the radioactivities of the solutions

are measured instead of the optical densities, D is calculated as:

D /(A )

- Aforg iorg = Aforg

where A is the activity of the soluion and the subscripts org, aq,

i and f refer to the organic phase, aqueous phase, initial and final
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respectively. It is necessary to use (A,

~-A } instead of
iaq forg

measuring the activity of the aqueous phase after extraction because
only a small amount of H3P04 is extracted by the solvent and no
difference could be detected in the initial and final activities
of the axueous phase by direct counting.
In the above expression, to calculate DH PO the activities
374
have to be corrected for the dead time of the counter, the difference

between the densities of the organic and the aqueous phases and the

volume changes. A sample of the calculation is shown in Appendix A.

3.5 Credibility of the Distribution Coefficient Values of

Phosphate Compounds

A check was carried out on the accuracy and the credibility
of the method used to measure the distribution coefficient values

for HDBP and H,MBP by studying the extraction of HDBP from 1M HNO

2 3

into carbon tetrachloride.

The distribution coefficients of HDBP for this system have

[10] using 2P

(S

been obtained previously by Hardy and Scargill
labelled HDBP and comparison with the values obtained in the present
work offers a useful check on the validity of the chemical method

which has been used for the analysis of the phosphate compounds (fiq.3.8)-

3.6 Extraction of Phosphate Compounds in the Presence of

Metal Ions

Some changes had to be made to the experimental procedure in
studying the extraction of phosphate compounds in the presence of
metal ions. Since some metal ions form insoluble complexes with

the phosphate compounds, HDBP and HZMBP were dissolved in the organic
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phase and contacted with the aqueous phase containing the metal
ion in 3M HNOS. The initial concentration of HDBP or HZMBP was
measured by washing the organic phase with an equal volume of 0.1M
N32C03 and then following the phosphate analysis procedure.

In the case of H3P04, the solution containing the metal
ion was added to the H3P04 solution already in centact with the
organic phase.

In studying the extraction of HDBP and H,MBP in the presence

2

of zircenium, solid was formed in the organic phase at certain
concentrations of zirconium and the phosphate compounds, In such
cases, the organic phase was first centrifuged to separate the solid

and then was washed with water followed by 0.1M Na CO3 to measure the

2

amount of HDBP or HZMBP. In the case of H3P04, solid was formed

in the aqueous phase which was separated by centrifuge.

(]
~1

Extraction of Zirconium

3.7.1 Zirconium Determination:

There are two principal methods for the zirconium
determination. These are the chemical methods, i.e. atomic absorption
or U.V. spectrophotometry, and radiochemical methods. An atomic
absorption method using nitrous oxide flame did not give satisfactory
results as the readings were unstable. This may have been due to
the presence of nitrate in the test solutions.

[45] 21 1eq

U.V. spectrophotometry using arsenazo (1I) as the reagent
to produce a stable colour and this method was also not proceeded with.

Labelled zirconium is produced by the reaction:

94 1 95
Zr+0n —_— Zr+Yr
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This reaction is brought about by the irradiation of zirconium

metal or zirconium compounds in the reactor. Most zirconium
compounds and also zirconium metal are only soluble in concentrated
solution of HF. However because fluoride ion forms strong complex
with zirconium, the presence of HF is not desirable in the sclutions
and hence such compounds could not be used. For the purpose of this
work, the only soluble zirconium compounds are zirconyl nitrate,
which could not be irradiated in the reactor because of local safety
regulations, and zirconium sulphate which was, in consequence,

used.

3.7.2 Conversion of Zirconium Sulphate to Zirconium Nitrate:

(1) 1 gram of irradiated zirconium sulphate was

dissolved in 20 cm3 of water

(ii) S cm3 of solution (i) was made up to 3M HNO3 in
a 100 cm3 volumetric flask

(iii} 5 cm3 of solution (i) was mixed with 5 cm3 of
Ba(NOSJ2 solution (same concentration as Zr(SO4)2)

and the precipitate was separated by centrifuge.

The solution wasmade up to 3M HNO3 in a 100 cm3

volumetric flask.

Solutions (ii) and (iii) were contacted with HDBP in EQH and no
significant difference was found between the zirconium distribution
coefficient obtained for the two solutions. Similar values for the
HDBP distribution coefficient was also obtained. Therefore it was

decided that Zr (SO disscolved in 3M HNO3 could be used in place

)2

of zirconyl nitrate in 3M HNOS.
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3.7.3 Experimental Procedure:

A known amount of zirconium sulphate was irradiated in
the core tube of the university reactor for eight hours. The irradiated
zirconium sulphate was then dissolved in water and made up to 3M HNO3
in a volumetric flask. Note that zirconium sulphate was very difficult

to dissolve in 3M HNO_ and it had to be dissolved in water first.
3 .

The zirconium solution was then contacted with HDBP or HZMBP dissolved

in EOH. The phases were separated, centrifuged and their gamma activity
measured by a gamma-detector. The main isotope of zirconium is 952r
which has two decay energies, 0.724 and 0.756 MeV. The gamma

spectrum of the solutions were analysed using a germanium crystal

detector and an Elscient multichannel analyser which automatically
calculated the area under the peaks at 0.724 and 0.756 MeV energies.

The sum of the areas after correction for the background were taken

as the total gamma activity of the solution. The distribution coefficient

for zirconium, DZr’ is defined as:

_ Total gamma activity in the organic phase

Zr  Total gamma activity in an equal volume of aquecus phase
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CHAPTER 4

EXTRACTION OF HNG. BY ECH

4.1 Introduction

In the solvent extraction of the phosphate compounds from
nitric acid solutions by EOH some nitric acid is also extracted
with a consequent acidity change of the aqueous phase. Also, due
to the mutual solubilities of the extractant and the aqueous phase,
volume changes occur in both the phases. These two phenomena are
important in the study of the extraction of the phosphate compounds
from nitric acid solutions.

In this chapter studies of the volume changes and the extraction
of nitric acid by EOH for various nitric acid concentrations have been
made and the results will be used in the determination of the
distribution coefficients for the extraction of the phosphate compounds
from nitric acid solutions by EQOH in the following chapters.

Extraction of nitric acid with various sclvents has been
extensively studied and compared with the extraction of other strong
acids such as perchloric acid, sulphuric acid etc. This comparison
has shown that nitric acid and perchloric acid are usually extracted
by oxygen containing polar solvents much better than other acids[54].

Extraction studies of nitric acid with solvents such as ethers[ss_sg],

[56,57] [58,60-63] [56,59,64] [65-78]

esters ketones , alcohols and TBP has

been reported. The extraction studies include the investigation of

the main extracted species which have been suggested to be monosolvated
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acid containing several water molecules, i.e. with TBP; HNOS.TBP.XHZO,
but disclvates and trisolvates have also been suggested. Some of these
studies have been carried out to investigate special subjects such as
the effect of temperature on the distribution coefficient values,
viscosity of the organic phase and kinetics of the extraction of the
acid.

When an acid in aqueous solution is contacted with an organic solvent
the mutual solubilities of the phases and the extraction of the acid
may result in volume changes in both the aqueous and the organic
phases. The factors affecting these changes are concentration of the
acid, nature of the acid and the nature of the organic solvent. Normally
the volume changes increase with increasing acid concentration as both
the mutual solubilities and the extraction of the acid by the solvent
will increase with the acid concentration. However in diethyl ether-
hydrohalic acid systems, with the exception of hydrofluoric acid, 1t
has been reported that the volume ratio Vorg/vaq decreases as the

791

concentration of the acid in the aqueous phase increases It has

also been reported that the extraction of hydrochleric acid decreases

the vorg/vaq ratio when the solvents are other ethers[79’80] and

[79]

ketones , but it increases the ratio when the solvents are alcohols[79].
The extraction of nitric acid with ethers, ketones, or alcohels, on the
other hand, increases the Vorg/va ratio, and the increase is larger
when the acid concentration is higher[sl’sz].

Generally, non-polar solvents result in much smaller volume
changes than polar solvents because non-polar solvents have lower

mutual solubility with aqueous solutions and also because of their

lower extracting power for strong acids.



4.2 Results and Discussion

4.2.1 Volume changes:

Results for the volume changes are expressed in terms of

Voro/vaq and also percentage volume change, i.e. percentage increase

o

in the organic phased volume or percentage decrease in the volume of
the aqueocus phase, Table (4.1) and Figure (4.1).

Figure @.1) shows that the percentage volume change stays constant
at about 2% in the lower region of the nitric acid concentrations up to
2M HNO3 after which it rises linearly, up to 14.5% at 10M HNO3 the
highest concentration studied. These results may be explained in
terms of the solubility of the aqueous phase in the organic phase.
Solubility of water in EOH is about 3% by volume which could explain
the initial 2% volume change considering that some of the alc¢ohol
also dissolves in the aqueous phase. The increase in the volume of
the organic phase at higher acid concentrations is due to the increase
in the solubility and the extraction of HNO3 into EQH. These results
agree with those obtained by'Kerteészlwho studied the extraction of
HNO3 by iscamyl alcohol and reported an increase in Voro/vaq with

o

increasing initial HNO_ concentration in the aqueous phase. These

3

results are compared with those obtained in this work in Figure (4.2)
which shows that the increase in V /v as a function of HNO,

org’ "aq 3
goncentration is much higher for iscamyl alcohol than ECH. The reasons

are: (a) much higher mutual solubilities of isoamyl alcochol and

aqueous solutions: solubility of iscamyl alcohol in H,0 is 2.8 volume %

2
and H20 in isoamyl alcohol is 7.4 volume % (see Table (2.2) for the
solubilities of EOH) and {(b] the extraction of HNO3 by iscamyl alcohol

[82]

is higher than the extraction of HNO3 by EOH (see Kertes for the

distribution coefficient values).
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Table {4.1) Volume changes on mixing HNO. solutions

3

with EQH at 25°C

Initial volume of aqueous phase = 10 cm?

Initial volume of organic phase = 10 cm®
Initial HNO. Final volume Final volume vV Percentage
concentratidn of aqueous | or organic Vorg volume
M) phase_(Vaq) phaseﬁ(vorg) aq change
: (em™) ! (cm”)
0.001 Q.80 10.20 I 1.041 2.0
‘ 0.010 9.80 10.20 1.041 2.0
| 0.100 9.80 | 10.20 1.04 2.0
0.250 9.80 10.20 1.041 2.0
6.500 9.80 10.20 1.041 2.0
; 1 | 9.80 ! 10.20 1.041 2.0
L2 . e.7s . 10.3 1.0s1 | 2.3
: 3 i 9.60 : 10.40 1.084 1.0
' 4 | 9.45 10.55 1.116 5.5
5 9.30 10.70 1.150 7.0
. 6 9.15 10.85 1.186 8.5
! B §.00 11.Q0 1.222 10.0
s 5.85 11.15 1.260 11.5
! 9 ! §.70 11.30 1.299 13.0
5 10 | §.55 11.45 1.339 14.5
|
|
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4.2.2 Extraction of HNO_
e

The distribution coefficients for the extraction of HNO3

by EOH are shown in Table (4.2) which also gives the HNO3 concentration
in the organic and the aqueous phases. The extraction of nitric acid by
EOH below 1M HNO3 was found to be poor (D < 0.04) and therefore it

may be assumed that only undissociated HNO3 is extracted and that

extraction of the ionised HNO3 is negligible. Assuming that there

is no polymerisation of HNO, in the organic phase, the extraction of

3

HNO3 can be explained by the following equations:

(a) the dJdissociation of HNOS;

HNO, — ———— H' + NO,
.) —_— ol
+ - 2
where [H HN03]w+) (4.1)
K_ = =
4 [HNOS]uaq (Yuaq)

(subscript u refers to undissociated HNOS)

(b) the distribution of the undissecciated HNO3 between the
organic and the aqueous phases:

P K
(HNO3) o (HNO)

)

[HN03luaq(Yuaq)

[HNO,) _ (v
where K = Sorg org

(4.2)

Hence the concentration of HNO, in the organic phase is
2

C = [HNO,]

org org
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Table (4.2) Extraction of [INO3 by EQH at 25°C

Initial HNO3 Final HNO3 Final HNO3 Distribution
. , . . . coefficient
concentration concentration in concentration in D
in aqueous phase aqueous phase organic phase
(M) (M) (M)
0.990 0.952 0.038 0.040
1.980 1.812 0.168 0.093
2.965 2.563 0.402 0.157
3.940 3,230 0.710 0.220
4,950 3.935 1.015 0.258
6,010 4.677 1,333 0,285
7.020 5.408 1.612 0.298
8.010 6.100 1.910 0.313
9.010 6.831 2.179 0.319
10.00 7.524 2.476 0.329
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or from Equation (4.2)

-1

Corg = KIHNOS] G ) (rgpg)

Similarly the concentration in the aqueous phase is:

= ] N -
Caq [HP\OS]uaq + ['\O3 ]aq
or from Equation (4.1)
.= [0 {1+ (K17 o 30
aq 37uag a uaq” "+

From the definition of the distribution coefficient, D, we have:

oT D

1]
>
—

<

vaq) Oorgd 7 (e T 0 ()70

-1 + -
(Drgpg) (ypq) "} + (0 K [H] v

Hence K

-2
org) (1077 (4.3)

If all the assumptions which were made to derive Equation (4.3) are
valid, then the equilibrium constant, kX, must be a constant independent
of the nitric acid concentration. In order to calculate X from
Equation (4.3), the activity coefficients of various species in the
aqueous and the organic phase are needed. The activity coefficients

of the species in the aqueous phase are obtainable from the literature

(reference [83)) and the activity coefficients of HNO, in the organic

3

phase can be calculated as follows;
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In the study of the extraction of HNO3 hy TBP[71] (dielectric
constant = 7.95), the dissociation of the nitric acid in the organic
phase has been assumed to be negligible. The same assumption is
made in this system, HNOS—EOH (dielectric constant = 4.41) and hence

the partition law may be written as:

qorg Corg Yorg - S‘iaq (ref. 71)
where a is the activity and S is a constant.
Also
a = (C vy )° (ref. 84)
aq aq ’'sag ’
Hence
C v =S(C )2 4.4
org org aq 'saq (4.4)

At concentrations of C < 0.1M, vy can be assumed to be unity
org org

o =

and hence S to be calculated from

s is calculated to be 7.57 x 107~ and this value is used in
Equation (4.4) to calculate the activity coefficient of HNOS, Yorg’
at higher concentrations of nitric acid, Table (4.3). Using these
values of Yorg’ the equilibrium constant, K, at various concentrations
of HNO3 is calculated, Table (4.3), giving a value of 1.17 + 0.03.
As K is constant within the experimental error, we can conclude that
the assumptions which were made to derive Equation (4.3) and also the
assumption that HNO3 is undissociated in the organic phase are valid.
The existence of HNO3 in the organic phase as monomer may

imply the formation of hydrogen-bonded complex between HNO3 and EQH

similar to that of HDBP-EQOH (see Chapter 6).
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Table 4.3 Values of the activity coefficients _and the equilibrium _constant
for the extraction of HNO, by FOH at 25°C
HNO Stoich. Degree [H‘] Mean ieonic Activity Activity Equilibrium
conéentration activity of diss- (uCa ) activity cocfficient coefficient constant
in aqueous coefficient jociation M)q coefficient of associated | of ![NOé in K
phase, Caq Ysaq a ( Y, IINO3 organif phase
)] - v Yor
uaq £
0.952 0.744 0.975 0.928 0.763 1,341 1.000 1.17
1.812 0.839 0.955 1.730 0,874 1.742 1.041 1.18
2.563 0.945 0.931 2,386 1.028 2.184 1.105 1.14
3.230 1.106 a.904 2.920 1,223 2.674 1.346 1.16
3.935 1.298 0.867 3.412 1.491 3.290 1.946 1.17
4,677 1.575 0.828 3.873 1.842 4.096 3.081 1.24
5.408 1.760 0.785 4,245 2,247 5.061 q4.254 1.16
6.100 2.008 0.742 4.526 2.708 6,174 5,946 1.17
. |
6,831 2,292 0.694 4.741 3.511 7.0609 §.516 1.16
7.524 2.566 0.650 4.891 3.966 9,220 11,40 1,16
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4.2.3 Effect of HDBP and H,MBP on the Extraction of HNOS:

Greenfield and Hardy[86] studied the extraction of HNO3 by

HDBP in CC14and reported that some HNO, is extracted by HDBP depending

3

on the concentration of HDBP in the organic phase. The extraction of

HNO3 by HDBP and-HZMBP in EOH were studied and it was found that the

extraction of HNO3 by EOH was unaffected in the presence of 10_2 M

HDBP or HZMBP. It is possible that a small amount of HNO3 is extracted

by both HDBP and H_MBP which is not detected because of the insensitivity

2

of the method of analysis used to measure the extracted HNOS.
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authors
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CHAPTER 5

THEORY OF EXTRACTION OF PHOSPHATE COMPOUNDS

HDBP

The extraction of HDBP has been studied by a number of

[8-14,87] and the transfer mechanism is now generally discussed

in terns of the following factors:

(1)

(ii)

{iii)

The dissociation of HDBP in the aqueous phase: HDBP is

a weak organic acid only slightly ionmized in aqueous solutions.
It is about ten times stronger than phosthoric acid and

values for its dissociation constant (in the range pk =1 to 1.7)
have been reported. However, for the purpose of this work, the
dissociation constant of HDBP has been determined independently

(see next chapter).

The distribution of the undissociated part of HDBP between the
phases: there has been encugh evidence to suggest that essentlally
undissociated HDBP is extracted by the organic solvent. Such
evidence is provided by the increase in the extraction of

HDBP by the solvent with increasing H' ion concentration in

[10]

agueous phase

(9]

The state of HDBP in the aqueous phase: Dyrssen and
llardy and Scargill[lol have explained the solubility data
for HDBP in aquecus solutions by assuming the formation of
dimers but in explaining the transfer mechanism of HDBP from

one phase to another they have neglected the dimerisation of

HDBP in aqueous phase arguing that the concentration of HDEP
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in the aqueous phase is too small for any significant

dimerisation. Dyrssen and Hay[ll] from distribution studies

of HDBP between various organic solvents and nitrate solutions

found no indication of dimeric species of HDBP in the aqueous

(12]

phase. Kuca reported the formation of dimers in

concentrated nitrate media (ionic strength 6} but because of
low Caq’ neglected the formation of such species in explaining
the distribution results for the extraction of HDBP from a

nitrate solution (ionic strength 1) by CC14. From the distribution

studies of HDBP betweenCC{l or benzene and 0.1M H2504, Leim[87]

has reported the formation of dimers in aqueous phase at Caq> 107°M.
For the purpose of this work as Caq is always very small the

formation of dimers in the aqueous phase has been neglected.

The state of HDBP in the organic phase: the existence of HDBP

monomers and dimers in a number of different organic solvents

(9] [10]

has been reported by Dyrssen and Hardy and Scargill .
(87]

[11]

Bryssen and Hay and Liem have reported higher polymeric

species of HDBP in hexane at COrg > 0.05M from the sharp increase
of the distribution coefficient values with the HDBP concentration
which was taken as an indication of the breaking up of an
eight-membered ring of dimers to some polvmeric species in the
form of an extended chain. Similarly, from isopiestic studies

[88]

of species of dioctyl phosphoric acid in octane, Baes reported

the formation of trimeric species of the acid. Myers et al.[Sg]
reported from static different)el vapour-pressure measurements
with di-2-ethylhexv]l phosphoric acid and with a mixture of the
acid and the sodium salt of the acid in wet benzene, the formation
of dimeric species for the pure acid and indications of acid dimer
4(90]

and tetramers in the acid-salt mixture. Ferraro and Peppar

interpreted the results of proton magnetic resonance studies of
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acidic organophosphorus compounds in terms of polymer-dimer-
monomer egquilibria. In this work it is assumed that HDBP
only exists as monomers and dimers in the organic phase as

for the range of concentration of HDBP (10"5 - 10—2 M) used it

is unlikely that extended polymerisation will take place.

Bv assuming that the concentration of HDBP in these experiments
is low enough to use concentrations instead of activities in the equilibrium
reactions, the following reactions are valid for the transfer of

HDBP between the two phases:

The dissociation of HDBP in aqueous phase:

K + [H'][DBP ]
HDBP —— H + DBP where !’\a = W

The distribution of the monomer species between the phases:

Ky [HDBP] __
(HDBP)aq R (HDBP)Org \Vhere }\D = [H—[)B—qu_q

The dimerisation of HDBP in the organic phase:

K [(HDBP),]
2(HDBP) 2. (HDBP), where K, = __‘2org

=1

HDBP] >
( |

[=]

The following equations are also valid;

C, = cOrg + Caq (5.1)
= 2
D Corg/caq, (5.2)
COrg = 2[(HDBP)2]Org+[HDBP]Org (5.3)

Caq * [HDBP]aq + [DBP']aq (5.4)
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Using Equation (5.3) and the definitions of KD and K,;

2 2
C..o = 2Ky Ky“[HDBP]

org ) 2q Kp [HDBP]

Similarly, using Equation (5.4} and the definition of K;;

= _ +,-1
Caq = [HDBP]aq ¢ where ¢ = (1+Kz3[H ] )

Hence 2
, i
) i 2K, Ky [HDBP]aq ) EE
HDBP ~ ¢ ¢
or 2
5 X% M (5.5)
HDBP ~ ¢2 I

5.2 HMBP

The transfer mechanism of H2MBP which is a dibasic organic
acid can be treated similarlyv to that of HDBP to derive an equation
similar to Equation (5.5).
No information is available on the state of HZMBP in the aquecus phase.
But since the concentration of HZMBP in the aqueous phase is always
low in these experiments it can be assumed to be monomeric. However,

Peppard et al.[gl] has reported that H,MBP is extensively polymeric

2

(10-15 molecules) in solvents of low polarity such as heptane.
Using concentrations instead of activities, i.e. the activity

coefficients of HZMBP species are assumed to be unity, the following

eguitions are valid for the transfer of HZMBP between the two phases;

The dissociation of HZMBP in aqueous phase:

K + \ -
HMBP —2ie W' 4 BT where Kk . = L0 JTHMBP]
2 1-0.._‘-__—

al ~  [H,NBP]
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N + 2-
- a2 + 2- , [H ] [MBP”™ ]
b ' = e
HMBP H + MBP where ka2 THMBP ]

The distributicn of the monomer species between the phases:

. .
K [H,MBPY

i D
— = 13 ; K 1=
MBPJaq (HZLIBP)org where kD

"H = £ ___9Or§
N A
[HZABP]aq

2

The polymerisation of H,MBP in the organic phase:

[(HZMBP]N]Org

K
NH_N P A ;o=
\(HZABP)aq (HszBP)N org where K 3
N [H?MBP}aq

Bquations (5.1), (5.2) and the following are also valid for the

experiments:
COrg = N[HZMBP)N]org + [HZMBP]org (5.6)
= A - MBP= 7
Caq [HEJBP]aq+[PNBP ]aq + [MBP ]aq (5.7}

Using Equation (5.6) and thedefinitions of KD' and Kp;

-~ "N N
Copg = N Ky Kp [H2MBP}aq + Ky

! hS
org [HZHBP]aq

Similarly, using Equation {5.7) and the definitions of L9 and Ka7;

- ' s [ % +q-1 % : +.-2
Caq = [HZMBP]aq ¢ where & 1+ hal[H ] T+ halkaz[H ]
Hence \; . '
NK K N[H MBP]X ! K
D _ D 2 aq , b
H,MBP 5 &
or
t '_
N K K NC N-1 K!
b - D ag R (5.8)
H2MBP ¢'N $!



There is no published information available on the polymerisation
of phosphoric acid in the aqueous phase  but Higgins and Baldwin[zgl
reported the polymerisation of highly concentrated HSPO4 in TBP (> 10M).
However, at the concentrations used in these experiments (10-5 - 10'2M)
it is rather unlikely for H3P04 to polymerise in either the aqueous or

the organic phase. Therefore the following equilibrium reactions

are valid for the transfer of H:.PO, between the two phases;

The dissociation of H3P04 in aqueous phase;

. + -
K1 . i (H][H,PO, ]
H3P04 —— H + H2P04 where [\al = W_
- 7
o fa2 . , H') [HPO, ")
H:F‘OJ —-— H +HPO4 where ka: = [H?PO ]
. K. - [H"][P0,”"]
HPO=™ 2> H++PO4J_ where K _ = —»——»——Et—ﬁ
‘ 4 [HPO, 7]

The distribution of the undissociated species;

KB {H- PO4]orn
ail - o
(H3P04]aq — (HSPO4)org where RD THoPe T
> “dlaq
Equations (5.13, (5.2) and the tollowing are valid tfor the experiments;
Corg = [HSPO4]org = hD [HSPO4]aq (3.9)
- 2. 5-
ag {HSPOJ]aq [HEPOJ ]aq ¥ [HPO4 ]aq ’ [PO }aq
(5.10}%
Using LEquation (5.10) and the definitions of K__., K _ and K_,;
£ al a2 as
= PO
Caq [H 4]aq
1 T N 72 K KK O
whe LU + +
1ere al al a2[ al [ ]



Hence [ 11 "
H.PO, = }\D o (5.11)
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CHAPTER 6

EXTRACTION OF PHOSPHATE COMPOUND BY EOH

RESULTS AND DISCUSSION

6.1 Effect of Phosphate Concentration on D
6.1.1 HDBP:

The variation of DHDBP with the total initial concentration
of HDBP in the aqueous phase is shown in figure (6.1}. These results

clearly show that D is independent of the concentration of HDBP

HDBP

at both acidities and temperatures.

The relationship for D Bp from Chapter (5) is:

HD

This relationship applies to the results in figure (6.1} only if the

first term of the equation, which makes D dependent on HDEP

HDBP

concentration, is negligible, i.e. K2 must be very small. This would
imply that very little dimerisation occurs in the organic phase and

hence the relationship for DHDBP becomes:

D = K/ (6.1)

However, the extraction results, figure (6.1), indicate that HDBP
exists mainly as monomer in the organic phase which is in agreement
with several investigations performed a number of years ago

[9-11, 34, 35, 921 qpese works showed that the more polar solvents
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such as ketone, alcohols and carboxylic acids tend to depolymerise
and complex dialkyl phosphoric acid.

EOH breakes up, or prevents the formation of, HDBP dimer
by forming hydrogen bonds between the phosphoryl and acid group of
HDBP and the polar group of the solvent. The probable structure
of the EOH - HDBP complex is shown in figure (6.2).

The results in figure (6.1) compare the values of DHDBP at

two different HNO3 congentration, i.e.0.5M and 3M, and two different

temperatures, 25°C and 50°C, These results illustrate that equation

(6.1} is valid for any HNO3 concentration or temperature as DHDBP is

independent of HDBP concentration. But both variations in HNO3

concentration or temperature show some effect on the values of

The effect of HNO3 concentration on D will be discussed

DHDBP' HDBP

in more detail in the following sections. at 50T is slightly

DHDBP

lower than at 25°C for 3M HNO, which from a practical standpoint may

be insignificant. The difference in values may be explained in terms

of the extraction of HNO3 by EOH which was found to be about 5 to 6%

higher at 50°C than at 25°c for 3M HNO This would have the effect

3"
of reducing the amount of EOH available for the extraction of HDBP
and hence reducing the HDBP distribution coefficients. To illustrate

this : at 3M HNO,, the concentration of HNO, in the organic phase

3
at 25°C is about 0.43M, table (4.2), and the concentration of pure

ECH used in these experiments is about 6M. Therefore there is only
5.57M EOQOH available for the extraction of HDBP. When the concentration
of HNO3 in the organic phase is increased to 0.45M as the consequence

of increasing the temperature to SOOC, there will be only 5.55M EOH

available for the extraction of HDBP. However the decrease in DHDBP
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as the result of increasing temperature is perhaps rather small

because there will be an increase in the extraction of HDBP - HNOS

complex due to the increase in HNO, extraction (see section 6.4).

3

6.1.2 HZMBP:

Results for the extraction of H2MBP , figure (6.1), show that

DH MBP is also independent of HZMBP concentration regardless of the
2]
acidity of the aqueous phase or the temperature. Therefore in the
expression derived for D, | in the previous chapter that is
HzMBP
'N A
5 M o N
1
H MBP fy o aq p
9
the first term which makes DH MBP dependent on the HZMBP concentration
2
is negligible, i.e. Kp is very small. Hence the new relationship
for HZMBP to fit the data in figure (6.1) is:
_ ' 1
DHZMBP = Ky/9 (6.2)

The extraction results for HZMBP, figure (6.1), also indicate
that HZMBP does not polymerise in the organic phase and exists mainly

as monomer. Similarly to HDBP, the depolymerisation of H2MBP in the

organic phase is brought about by hydrogen bond formation between

EOH and HZMBP and hence the possible structure of EOH - H_MBP complex

2

would be as shown in figure (6.2).
The results in figure (6.1) also show that increasing the

temperature, reduces D which may be due to the increase in the

HZMBP

extraction of HNO3 by the sclvent caused by increasing the temperature

as was explained for HDBP,



-77~

6.1.3 H_PO

The expression derived for the distribution coefficient of

11 n
H3P04, DH3P04’ in Chapter (5), i.e. DH3P04 = KD /% , imply that

D is independent of H_PO, concentration. This agrees with the
H3P04 374

results obtained for the extraction of H3PO4,

PO4 by ECH is similar to the

figure (6.1). Hence
we can say that the extraction of H3
extraction of HDBP and HZMBP and that H3PO4 does not polymerise in
either aqueous phase or the organic phase. Similar to HDBP and
HZMBP, the possible structure of EOH - H3P04 complex is shown in
figure (6.2).

As the results in figure (6.1} show, the temperature change

does not have any significant effect on the values of DH PO This
3747
is perhaps because since the amount of H3PO4 extracted by EOH is
rather low, the small decrease in DH PO caused by increasing the
374
temperature was not detected.
6.2 Comparison of the Extraction of Phosphates

Results in figure (6.1) show the following orders for the

extraction of phosphate compounds by EOH;

> > D

DHDBP DH MBP H_PO
2 3

4

This order of extraction is expected for any solvent, because increasing
the number of butyl groups and decreasing the number of hydrophilic
groups decreases compatibility with the water structure and increases

compatibility with the organic phase.  Therefore HDBP is more
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igure(6.1) Extraction of phosphate compounds from nitric
acid solution by EOH.

0>
- + 3M HNO, 25°C
] + 3M HNO, 50°C
- x 05M HNO, 25 °c
2 - — e .
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— —— S — MBP
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16"
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T lliillll I I'Fllllll3 ] llllllll2 1 illlllfl1
_5 _L - ~ _
10 10 10 10 10
Initial phosphate concentration (M)



-79-

CH 0 0----H
L " ~p = -BO—CHZ——R

HDBP—EOH Complex

CH, O\P =0 ---- H\,-O o
(Ij/ \Q _H,——’
LN,

2—R

HZMBP—EOH Complex

/'fi —-__(J () _____ }1
TR N N L
R-CHy= 0, P, PO CHsR
| |
ey
|

CH2—R

H3 PO['— EOH  Complex

Figure(6.2) Structure of hydrogen-bonded complex between EQH and
phosphate compounds.
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compatible with the organic phase than H_MBP which is more compatible

2
with the organic phase than H3PO4.

6.3 Effect of Hydrogen Ion Concentration on the Distribution

Coefficients

Distribution coefficient values have been obtained as a fun-
ction of hydrogen ion concentrations of the aqueous phase at constant
ionic strength of O.5M. Results are plotted in figures (6.3}, (6.4) and
(6.5) for HDBP, HZMBP and H3P04 respectively. These results show an
increase in the values of the distribution coefficient with increasing
hydrogen ion concentration. This is best explained in terms of the
supression of the dissociation of the acidic phosphates with increasing
hydrogen ion concentration and the consequent increase in extractable
undissociated meolecules of the phosphate compounds.  The results
shown in figures (6.3), (6.4) and (6.5) have been used to determine
the values of the dissociation constants and the distribution constants

for HDBP, H.MBP and HSPO

2 4’

(a) HDBP: from equation (6.1} we have
D = k(K Y
HDEBP D a

Figure (6.3) is the plot of log D against 10g[H+] and the normalized

HDBP
curve log y = log(x+1) fits the data very well. The horizontal

asymptote (log y = 0) gives log K. and the point of intersection of the

D

two asymptotes gives pKa = —log[H+]

From figure (6.3) the following values are obtained by fitting the

normalized curve ;
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Figure(6.3)

Distribution of HDBP between EOH and HNO,-NaNO. solutions
HDBP concentration=0.001M
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pK_ = 1.318£0.020 K, = 909

The pK_ value has also been calculated using the pH titration data,
figure (3.2), and a value of 1.424%0.043 is obtained (Appendix B).
This value is the thermodynamic value of the dissociation constant
and cannot be compared directly with the value obtained from

figure (6.3). But since the ionic strength of the solutions for

the results in figure (6.3) was kept constant at 0.5M it is possible
to correct the pKa value to obtain the thermodynamic value.  The

equation used is ;

T . 3
pK. = pK_ + 051271\ 550 193] (6.3)
1+1.6V1
T .
where pka = thermodynamic value of pKa
I = ionic strength of the solution
Hence pKz = 1.318 + 0.17 = 1.48820.020

This value compares well with the value obtained from the pH titration
results,

The values of pKa reported in the literature vary from 0.80
to 1.72 and the majority are not estimates of the thermodynamic values,
table (6.1). The reason for the discrepancy in the values of pKa

could be the following ;
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of pKa as shown from the reported values of Kuca

(i1)

(263

Kumler and Eiler

They have used the method of Pilmmer and Burch

Table (6.1) The dissociation constant of HDBP in aqueous solutions,
at 25% .
pKa Medium HDBP Concentration References
(M)
o 1.00 1M(HCEO4+NaC£04) 1.33%10°° 9
1.00 0.1M(HCLO, +NaCLo,,) 1.33x107° 9
1.13 1M(HNO .+NaNO ;) 1072 12
1.20 TM(HNO +NaNO ) 3%107° "
1.04 IM(HCLO, +NaCkO, ) 107° "
1.18 IM{HCLO,+NaCLo,, ) 31077 "
0.80 1M(HNO ,+NaNO ;) 7.36x10"" 13
1.00 O.lM(HC£04+NaC£O4) - 94
1.29 H,0 - 95
1.720 H,0 - 96
1.424 1,0 1072 This work
1.488 0. SM(HNO+NaNO ) 1073 This work
(1) the initial concentration of HDBP seem to affect the value

[9], table (6.1).

the impurities in HDBP would also affect the value of pKa'

have reported a value of 1.72 for pKa.

for the

purification of HDBP and it has been reported that this method

would not produce a highly pure solution of HDBP

f101
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The value of pKa in this work have been obtained by two independent
methods and for two different concentrations of HDBP in water and
nitric acid and they are in good agreement. Hence the average

of the two values is taken as the true thermodynamic value of pKa for

HDBP (pK = 1.456%0.024) .

a(average)
Using the value of pKa = 1.488%0.020 determined from the ex-
traction results to be consistent with the distribution coefficient
values, KD is calculated from the results shown in figure (6.1) and the

equation (6.1);

90.5 £ 9.6

1]

M
at 0.5M HNO3 KD

at 3.0M HNO K 118.5 = 12

3 D
At 0.5M HNO3 the value of K

p compares well with the value obtained

from figure (6.3). At 3M HNO3 the value of 118.5is higher, this will be

explained in the following section. A value of KD = 178 for the

[14] which is much

system 0.151HN03,EOH is reported by Horwitz et al
higher than the value of 390 obtained in this work. The reason for

this discrepancy is the choice of the pKa value which Horwitz has

taken the value of 1.00 reported by Dyrssen [93.
(b HZMBP: using equation (6.2);
= Kt '
D kD/Q
- ' B +_ =1 +.=-2
or D KD/(1+ha1[H ] + KalKaZ[H 17
(@=1+x 017t ek k1l from Chapter 5)
al al a2

the term Kal Ka‘z[H*-II-2 is rather small compared to the term 1 + I(allil-i+ll_1

(pKa2 = 6.865 from the pH titration, Appendix B) and hence it can be

neglected. Therefore;
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D = Kb/(l+Ka1[H+]'1) (6.4)

Figure (6.4) is the plot of log D against 1og[H+] and the
HZMBP
normalized curve logy = log(x+1) fits the data. The following

values are obtained by fitting the normalized curve;

4 = = +
phal 1.318+0.02 KD 1.520.15

The ionic strength of solutions was kept constant at 0.5M, hence using
equation (6.3), the thermodynamic value of pKal is 1.48820.02.

The value of pKal obtained from the titration results is 1.378x0.041
(Appendix B)}. This value is lower than the value obtained from figure
(6.4). Kumler and Eiler [96] have studied the acidic strength of
various phosphate compounds and reported the factors affecting the
acidity of these compounds to be the solvation, inductive, statistical
and steric effects. Of these the solvation effectis chiefly respon-
sible for the monoalkyl acids being stronger than phosphoric acid

and dialkyl acids stronger than the monoalkyl acids. Therefore,

it is rather unlikely for the pKal of HZMBP to be lower than the

pKa value of HDBP as this would imply that H_MBP is a stronger acid

2
than HDBP.  Although in general there is no doubt about the accuracy of
the pH titration method as it is shown from the determination of the
pKal for phosphoric acid (Appendix B), the PK_ 4 of 1.378 determined
by this method cannot be accepted as the true value of the pKal for
H,MBP. The value of 1.488 determined from the extraction results
is a more reasonable value for the thermodynamic pKal of HZMBP.

(96l

Kumler and Eiler have reported the following values

for the dissociation constants of HZMBP;

pK,, = 1.890 pK , = 6.840
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The pK_. which perhaps is more affected by the purity of the H_MBP

al 2

solution is much higher than the value obtained in this work.
However there is good agreement for the pKaZ

Using equation (6.2) with pKal = 1.488+0.02 and the results
in figure (6.1}, Kb is calculated to be 1.59%0.16 at (.5M HNO3 which

is in good agreement with the value of Kb obtained from figure (6.4).

{c) H3P04: the expression derived for the distribution coefficient
of H3P04 is;
- 1" "
D KD/ﬂ
" +.-1 +.-2 +.-3)
or D = KD/(1+Kal[H ] + KalKaz[H ] + KalKaZK 3EH ]
@ =1+ k1 ek kY ek kK LT g 5
= al a1’a? a1a2ta3 rom Chapter 5).
From the literature; pKal = 2.124
= ¥
Pk, 7.206
pKa3 = 12.30
These values make the terms K K .(H'17? and K K K _[H'1™3 very
al aZ al a2 a3
small compared with the term 1 + Kal[HﬂL]_l and therefore they can be
negelected. Hence;
— ¥n +.-1
D KD/(1+Ka1[H 17 (6.5)

Figure (6.5), log DH PO against log[H+], shows that the normalized
3 4
curve, log y = log(x+1l), fits the data and the following values are

obtained;

pK,, = 1.824 £ 0.01 Ko = 0.0085 *+ 0.0005

o)
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(8]
solutions at 25°C
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Using equation (6.3) and the ionic strength of 0.5M, the thermodynamic
value of pKal is 1.994£0.01. This value is in reasonable agreement
with the reported value which illustrate both the validity and the
accuracy of the graphical method using the extraction results to
determine the dissociation constants of the acids.

Using the expression for the distribution coefficient of
H PO, and the data in figure (6.1), at 0.5M HNOS, Kﬁ = 0.0085820.0005,

This value agrees well with the value of Ké obtained from figure (6.5).

Comparing the values of KD obtained for the phosphate compounds;

HDBP : KD = 9019
r
. = +
H2MBP : KD 1.5+0.15
1
H_PO, : K. = 0.0085%0.0005
374 D

These values again show that the order of extractability is;

>
HDBP HzMBP > HSPO4

6.4 Effect of HNO3 Concentration on the Distribution Coefficients

Table (6.2} shows the results for the extraction of phosphate

compounds as a function of HNO, concentration, from 1 to 10M. An

3
increase in values of the distribution coefficients with increasing
HNO3 concentration is seen, although there is a slight decrease in
the values of the distribution coefficients for HDBP and HZMBP at
very high HNO3 concentration. This may be due to the competition
between the extractable HNO3 and the phosphate compounds. This was

shown quantitatively for the increase in temperature which also applies

here (see section 6.1.1).
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Table (6.2) Distribution coefficient values for the cxtraction of phosphate compounds as a function of HNO_ concentration

at 25°C. 3
Initial HNO, IIDBP L1 MBP H3P04
concentration , . n "
(M) D @ D@ D 9 Dff D a D
0.990 97 1.0459 101.6 1.69 1.0459 1.77 8.86x10 > 1.0143 8.98x10 >
1.980 107 1.0215 109.3 1.98 1.0215 2.02 1.10x10"2 1.0067 1.11x10"2
2.965 115 1.0132 116.5 2.24 1.0132 2.27 1.59x10" 2 1.0041 1.60x10"°
-2 -
3.940 120 1.0091 121.1 2.50 1.0091 2.52 2.37%10 1.0028 2. 38x10"°
4.950 127 1.0064 127.8 2.70 1.0004 2.72 2.90x10'2 1.0020 2.91><10‘2
6.010 134 1.0046 134.6 2.84 1.0046 2.85 3.13%1072 1.0014 3.13x10°°
7.020 135 1.0034 135.5 3.11 1.0034 3.12 3.02%10" 2 1.0011 3.02x10" 2
- 2 -
8.010 137 1.0027 137.4 3.06 1.0027 3.07 3.13%10 1.0008 3.13x10" 2
9.010 136 1.0021 136.3 3.03 1.0021 3.04 3.00%10 7 1.0006 3.00x10"°
10.00 136 1.0017 136.2 3.00 1.0017 3.01 3.13x10" 2 1.0005 3.13x10" 2
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t 1
Table (6.2) also shows the values of D@, D¢ and DP
which according to equations (6.1), (6.4) and (6.5) are the equili-

1 [} ]
hrium constants (KD, KD and KD) for HDBP, HZMBP and H3P04 respectively.

These values vary with HNO3 concentration. Therefore equations

(6.1}, (6.4) and (6.5) do not hold for concentrated HNO3 solutions

and additional reactions may be involved. One such reaction could

be the extraction of phosphates - HNO3 complexes which has been reported

[10,12,86]

previously for HDBP A reaction for the extraction of

HDBP - HNO, complex can be written as ;

3
KN
. N
(HDBP)aq + X(HNOB)uaq o= (HDBP'X'HNOS)org (6.6)
where X = number of (HNO.) molecules
37 uaq
[HDBP . x .HNO ] o
and KV = g Oorg
! X
[HDBP] (a )
aq (HNOS)uaq
' i vi i cd . HNO
where Yorg = activity coefficient of (HDBP .x.HN SJorg
and

a(HNOB)uaq = activity of the undissociated nitric acid

in the aqueous phase.
The concentration of [HDBP)aq is rather low and therefore its activity
coefficient is assumed to be unity.
From equation(6.6), the dissociation of HDBP in the aqueous phase, the
distribution of the HDBP monomer between the phases (see Chapter (5))
and assuming Ky to be 90 as determined in the previous section, a new

relationship for D can be derived;

HDBP

C = [HDBP] + [HDBP.x.HNO,]
org org 3or
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K
_ N b
or Copg = KpUDBPI + — CHpBPI_ (z%HNos)uaq)
Yorg
and C = [HDBP] @ as before
aq aq
K K
D N %
Hence D= — : (& }
g By (H“OS)uaq (6.7)
org
. ' X
rearranging (DQ-KD)Yorg = KN(a(HNO_) )
27 uaq

L]
If the assumptions are valid the plot of log{(D@-KD)Yorg } against

log£a(HND ) ) should be a straight line with the slope of x and
“T3uaq
T
log Ky = 10g{(D¢-KD)Y0rg} when log(a(HNO-) ) = 0.
3 uag
L}
The activity coefficient of (HDBP.x.HNOQ_) » Y » 15 not known
3'org’ ‘org

but since the concentration of HDBP in the organic phase is rather low

(highest initial HDBP concentration = IO-ZM), Y is assumed to be unity and

org

log [DQ-KD) is plotted against log a , figure (6.6). This filgure

(HNO )
37 uaq
shows that only the first two points, which correspond to rather low

HNO3 concentrations in the organic phase, lie on a straight line and

as the HNO3 concentration in the organic phase increases, the corres-

ponding points lie further away from this line. Hence we have

t
suggested that the organic phase is dominated by the nitric acid and Yorg

to be substituted by the activity cecefficient of nitric acid in the
organic phase, Yorg {table 4.3). Figure (6.7) shows a pilot of

1og{(DQ—KD)Y0rg}versus log a which consists of two straight

(HNO3)uaq

lines with the following values;

)
s
—
1+
n

From 1 to 3M HNO x, = 0.5 K

3’ 1 N1

From 4 to 10M HNOS; Xy = 0.75 KNZ

n
=N
oc
I+
n
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Figure(6.6) Plot of log(DG-KD) versus 1Dga(HNO3)uaq for the
distribution of HDBP between EOH and HNO3 solutions,
2
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Figure(6.7) Plot of log((Dﬂ—KD)Yorg) versus 1oga(HN03)uaq for the
distribution of HDBP between FOH and HNO3 solutions.
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From the values of x it is possible to determine the composition

of the HDBP - HNO3 complex. Up to 3M HNO_, the complex has the

3
form of 2HDBP.HN03 and above 3M to 10M HNO3 the complex changes to
SHDBP.ZHNos. The very close values of le and sz is an indication that

these two complexes have similar solubilities in the organic phase.
Kertes et al (o71 reported the following complexes between HDBP and

HNO._ 1in carbon tetrachloride;

3
M HNO_:
Up to 9M HN03, (HDBP.HZO]ZHNO3
9M to 13.5M HNO3; HDBP.HZO.HNO3
N [ .
>13.5M HhOs, HDBP.HZO.(HN03)2

However, the type of complexes formed between HDBP and HNO,_, 1s dependent

3
on the organic phase and for different systems different complexes could
be formed. Also from our results it is not possible to determine

if there is any water molecules in the complexes.

For H_MBP the reaction between H_MBP and HNO3 can be written

2 2
a5, 1
KN
%
(HZMBP)aq + y(HNOs)uaq — (HZMBP.y.HNOS)Org (6.8)
where y =number of (HNO.() molecules
3 uaq
[ 1y
H_MBP.y .HNO Y
1 2
and KN _ 2 3 org org
Y
[H.MBP]1 (a )
2 aq (HNos)uaq
mn
where Yora = activity cecefficient of (HzMBP.y.HNOS)org

(=)

The new relationship for the distribution coefficient of HZMBP is;

(6.9)
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1 1
Similar to HDBP, the plot of log(DP~K) against log a(HNOS)uaq

figure (6.8), is not a straight line, but the plot of log{(Dﬂr"KBJYoru}

versus log a , figure (6.9}, consists of two straight lines

(HNOS)uaq
with the following values;

From 1 to 3M HNO3 ; Yy T 0.5 KNI = 1.3 £ 0.2

From 4 to 1M HNO_;  y, = 0.77 ng = 1.6 0.2
The v values imply that similar complexes are formed between HZMBP-
HNO3 and HDBP - HN03, i.e. up to 3M HNO3 the complex is; 2H2MBP.HNO3

and above 3M to 10M HNOS; 3H MBP.ZHNOS. This is perhaps expected as

2
HDBP and HZBBP have similar properties.
In the case of H3P04, the reaction between H3P04 and HNO3

and the new relationship for the distribution coefficient of H3P04 are,;

K
N
+ USRI |, .
(H3P04)aq z (HN03)uaq S (H3PO4'Z'HN03)org {6.10)
where z = number of (HNO,)) molecules
. 37uaq
[H_PQ,.Z.HNO_] v
Tt
and Kw - 374 3 org org
1
[H.PO. 1 (a, . z
3 “47aq (Hmo3)uaq)
o .. - .
where Y = activity coefficient of (H3P04.1.HN03)0rg
org
henc D = KD z
ence H PO (6.11)

[ a )
T 4 RN | ( \;[0—.
7 # Yorg (Hs :)uaq
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FiIgure(6.8) Plot of log(DQ'—Kl;) versus 1oga(HNO3)uaq for the
10 __ distribution of H/MBP between EOH and HNO, solutions.
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Figure(6.9) Plot of log((DQi'—-l(];)Yorg) versus ]'Oga(HNO ) for the
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102_ distribution of HzMBP between EOH and HNO3 solutions.
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" L}
Again the plot of log (D9 -K;)) against loga , figure (6.10),

(HNOS)uaq

1t 12 ]
is not a straight line, but figure (6.11), the plot of log{(DP -KD)Yorg}

versus log @ , tonsists of two straight lines with the

N
(H 03)uaq
following values;
1 -2
S . = =
From 1M to 4M HN03, zl 1.14 N1 2.5%10 "+0.001

From 4M to 10M HNOS; 2

e
t

2.7%x10 “30.001

I~
1]
=
~1
i
e
I}

Therefore the complexes between H3P04 and HNO3 are;

H_PO, .HNO

\, .
Up to 4M HNOj;  H_PO,.HNO,

Above 4M to 10M HNO_; 3H_.PO,.2HNO..
3 374 3

It is reasonable to assume the formation of a 1:1 complex between

H3P04 and HNO, as it is suggested by the 2z values up to 4M HNOS.

3

But it is rather unlikely that the ratio of HNO3 to H3P04 in the com-

plex, would fall with increasing HNO, concentration as it is sugg-

3
ested by the complex 3H3PO4.2HN03.

The new relationships for the distribution coefficients of

the phosphate compounds and their constants are summarized below;

KD KN X
= —— D —— a
Yorg uaq
where KD = 909
KN(aVerageJ = 45%5
= N
X4 0.5 Up to 3M HNO3
x2 = 0.75 from 4M to 10M HNO3
KI 1
K
D D y
D — + — (a ] (613)
HZMBP g 8 v (HNOS)uaq
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Figure(6.10) Plot of log(D@ -KD) versus 1°ga(HN0 ) for the
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where KD = 1.5020.15
1
KN {average) = 1.5%0.2
Yy 7T 0.5 Up to 3M HNO3
Yy = 0.77 from 4M to 10M HNO3
n 1
K K
- _D N z
org uaq
11t
where KD = 0.0085+0.0005

KN (average) = 0.026%0.001
z, = 1.14 Up to 4M HNO3

z, = 0.71 from SM to 10M HNO,

The experiments discussed here suggest that the phosphate
comounds form complexes with nitric acid and that the extraction of
these complexes by EOH increases the apparent distribution coefficients.
The fit between the distribution data and the model equations 6.12,
6.13 and 6.14 suggests simple compositions for these complexes. At
the lower concentrations of HNO3 some reliance can be placed upon

these stoichiometries but at the higher HNO_ concentrations, above

3

6M, where the distribution coefficient is essentially independent of
HNO3 concentration the proposed compositions can only be regarded as

very tentative.

6.5 Stripping of Phosphate Compounds

Results in the previous sections clearly show that the ex-
traction of the phosphate compounds by the solvent is dependent on the

hydrogen ion concentration of the aqueous phase. Therefore by
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reducing the acidity of the aqueous phase it was possible to transfer

the phosphate compounds from the organic phase back into the aqueous phase.
This was done by first washing the organic phase with an equal volume

of distilled water: this was to remove the extracted nitric acid and

also some of the phosphates, followed by the sodium carbonate wash. The
optimum concentration of the sodium carbonate solution was found to

be 0.1M. If the first water wash is not used then a much higher
concentration of sodium carbonate solution would be needed for the

stripping. Results for the stripping of HDBP, H,MBP and H3P04 are shown

2
in tables (6.3), (6.4) and (6.5). These results were obtained by first

contacting the phosphate compounds in 3M HNO, with EOH and then strip-

ping the phosphate from ECH by the water and Na2C03 washes. About 99%
recovery of HDBP was attained by these procedures, table (6.3) shows
that distribution coefficient values for both the first water wash and
the Nazco3 wash which are indepedent of HDBP concentrations as expected.
In the cases of H,MBP and H3PO4 more than 99.9% of the compounds were

recovered, tables (6.4) and (6.5).

Table (6.3) Stripping of HDBP from EOH at 25°C

Initial HDBP D D
concentration in 3M HNO (H,O wash) {(Na,CO_, wash)
3 2 2773
(M)

1075 93.5 0.0159
5x107° 94.0 0.0167
1074 92.1 0.0145
5x10” % 91.8 0.0173
1073 92.9 0.0163
5><1o'3 94.4 0.0161
10'2 95,2 0.0155
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Table (6.4} Stripping of HZMBP from EOH at 25° G

Initial H,MBP D HZMBP concentration H_MBP concentration
conceritrationin 3M HNOS HZO wash in the first H20 wash| in the NAa2C03 wash
(M) (M) (M)

6.94x10"° 1.391 2.90x10°° 4.05%10°°
4.85%x107° 1.420 2.00%10°° 2.84%107°
0.95x10" 1.410 0.39x10" % 0.60x10"
4.67%x10°% 1.410 1.94x107% 2.76x10"%
0.93x10"° 1.340 0.40%10" > 0.53%x10" >
4.49><1o'3 1.330 1.93x107 3 2.55x10"°

-2 -2 ~ -2
0.95%10 1.450 0.39x10 0.56x10

Table (6.5) Stripping of H,PO, from EOH at 25° ¢

Initial H.PO, D
concentration H2O wash
(M)
107> 7.3x107°
5x107° 8.0x10™ >
1074 7.9%107°
5x107% 7.85%10°
1073 8.0x10"°
5x107° 7.8x10"°
1072 7.9%x107 >
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6.6 Transfer Kinetics

The rate of transfer of the phosphate compounds into the
organic solvent (EOH) have been studied and equilibration times of 30
40 and 50 seconds were obtained for HDBP, HZMBP and H3P04 respectively
(figures 6.12, 6.14 and 6.16). Such fast equilibration times are
usually an indication that the transfer of the solute is simply mass
transfer controlled. This was further shown by looking at the effect
of temperature, phosphate concentration and HNO; concentration on the
rate of transfer of the phosphate compounds into EOH and also claculating
the mass transfer coefficients.

Calculation of mass transfer coefficients[ggl : In a batch stirred

cell for the transfer of solute from phase (2) to phase (1), the
following material balance equation applies:

d(VICl) = KOl(DC2 - Cl]th (6.15)

wheTe vV volume

H

F = interfacial area
D = distribution coefficient
KOl = overall mass transfer coefficient based on phase (1).

t = contact time

C, and C

the well-mixed concentrations of solute in phase (1)
and (2} respectively.
Also from an overall material balance

d(Vlcl) + d(VZCZ) =0 {6.16)
Assuming constant mass transfer coefficient, steady state, equilibrium
and constant volume the combination and integration of equations

{6.15) and (6.16) will give,
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C v

fn(l - 4 = - 1+ b YK __Fe/v
* v 01 1
C1 2
*
where C1 = equilibrium concentration of solute in phase (1)
at t = @
C1
Hence a plot of &n(l - —) versus t will give a straight line
*
Cl
Vv
of slope - {1 + D —EJK L
y o1V
5 1

Figures (6.13), (6.15) and (6.17) show the plot of

!

log(l - —) versus t for HDBP, H
*

‘1

2MBP and H3PO4 respectively and

Vl KOlF
from the slopes (- (1 + D —) ————) the values of K lF are

v, V,x2.303 0

calculated and shown in table (6.6). The stirrer was kept at a

constant speed throughout the kinetics experiments and therefore

the interfacial area, F, has the same value for HDBP, HZMBP and HSPO

systems.

(6.17)

4
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Table (6.6)

Overall mass transfer coefficient

values for lDBP, HZMBP and HSPO

4
K_.F
01
Initial phosphate concentration HNO3 -1
cm
(M) concentration Temperature HDBP HZMBP H3P04
: - P
HDBP HZMBP H3 04 (M) %
8.74X10_4 1.036X10-3 10—3 3 25 0.082720.02 1.363%0.1 1.918#0.3
1,014x10'2 0.98x10" 2 _ 3 25 0.0827:0.02 1.366%0.1 -
- - + -
8. 74x10 4 1.036x10"°> _ 0.5 25 0.0924+0.02 1.41320.1
8.74>.<10_4 1.036x10_3 - 3 >0 0.0920%0.02 1.360£0.1 )
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Results in table (6,6) show that for HDBP and HZMBP KOlF is

independent of temperature and concentration. This implies that

the rate of HDBP and HZMBP extraction is not affected by changes

in temperature and concentration and therefore the system is diffusion

contreolled [99]. The transfer kinetics of H3PO4 is also expected

to be the same as HDBP and HZMBP, i.e. KOlF unaffected by changes

in temperature and concentrations.

Note: in figures (6.12) to (6.17) the following applies;

]
]

concentration of phosphate compounds in ECH

1
CI = equilibrium concentration of phosphate compounds
in EOH

x 1 3MHNO, 25% initial HDBP concentration = 8.75%x10"

* 1 0.5M HNO,, 25%¢ |initial H MBP concentration = 1.04x107 M

0 :  3MHNO,, 50% Jinitial H,PO, concentration = 10”3y

+ 3M HNOs, 250c initial HDBP concentration = 1.02X10-2M
initial H_MBP concentration = 0.98%10” °M

2
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Figure(6.12) Variation of HDBP concentration in EOH with

time
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Figure(6.13) Plot of 1og(l-(C1/C;)) versus time for HDBP.
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Figure(6.14) Variation of HZMBP concentration in EOH with

time,
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Figure(6.153)

Plot of log(l—(Cl/CI)) versus time for HZMBP.
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Figure(6.16) Variation of H,PO, concentration in EOH
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6.7 Extraction of Mixtures of Phosphates

Mixtures of HDBP and HZMBP solutions in 3M HNO3 were extracted

with EOQOH. Assuming the distribution coefficient values of HDBP in

the presence of H_MBP do not change, the changes in the values of

2

the distribution coefficients of HZMBP in the presence of HDBP are
calculated and plotted in figure (6.18). These results show that

DH MEP increases in the presence of 0.005M and 0.01M HDBP and the
2

increase seems to be dependent upon the ratio of the concentrations

of HDBP to HZMBP. However, the increase in the extraction of

HzMBP in the presence of HDBP is due to the association between the

two phosphate compounds. The association is through the hydrogen
bonding in a manner analogous to structures shown in figure (6.2).
Results in figure (6.18) imply that such bonding betwecen HDBP and
H2MBP only seems to occur. when the amount of HDBP in the organic phase
is much higher than H,MBP.  This 1is perhaps because of the presence
of the highly polar solvent, EOH, which prevents the hydrogen

bonding between the two phosphate compounds, unless the concentration
of one of the compounds is in large excess of the other. The asso-

ciation complex between HDBP and H, MBP has been reported by Hardy and

Scargill (10] for the kerosene - 1M HNO3 system. Their results show

that DH MBP increases approximately as the 1.8th power of the initial
21

HDBP concentration at > 0.05M HDBP, This does not seem to happen in

the system EOH - 3M HNO, where the increase in D only occurs
3 HZMBP

when the amount of HDBP present is much higher than HZMBP. The

HDBPdoeS not change in the presence of H

be verified due to the experimental technique used in this work where

assumption that D MBP could not

2

a solution containing both HDBP and H,MBP could only be analyzed

2
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DHZMBP

2 Figure(6.18) Effect of HDBP on the extraction of HZMBP from 3M HNO3 solution by LEOH.
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for the total amount of phosphate and not for the individual compounds.

3 2

A range of concentration of HDBP and H,MBP (1077 to 10 “M)

separately and also together were added to a range of concentrations of
H.PO, (10'5M to 10'2M) in 3M HNO,.  No significant difference was
found in the extraction of H3P04 in the presence of HDBP or H,MBP

from that of pure H3P04. Thamer [32]has reported a complex of the

tvpe ZHDBP.Z2H PO4 in the HC£O4—kerosene system for H,PO, concentratiocn

3 374
of 1M or higher. But the results obtained in this work implies that
there is no complex formation between H3P04 and HDBP or HzMBP which may

be due to the low phosphate compounds concentrations used in these

experiments or the presence of the highly polar solvent, ECH.

6.8 The Use of a Diluent

6.8.1 A Suitable Diluent:

So far experiment results have shown that EOH is a suitable
solvent for the extraction of phosphate compounds from aqueous media.
Its physical properties also make it generally a good solvent for
the proposed solvent extraction process. It does have, however,

a rather high viscosity which may cause certain problem in the
extraction process, e.g. high cost of pumping. The use of a diluent
would reduce the viscosity and would also have the advantage of re-
ducing the loss of EOH to the aqueous phase.

Selecting the best diluent could prove to be difficult
due to the number available. But perhaps the most obvicus choice is
odourless kerosene which 1s already widely used in conjunction with

TBP in the nuclear industry. Kerosene has most of the properties



-112-

of a suitable diluent and perhaps most important of all its behaviour
under radioactive conditions is well known. Table (6.7) summarizes
some of its most important physical properties.

The viscosity of mixtures of EOH, kerosene has been measured

at ZSOC and plotted in figure (6.19).

Table {6.7) Physical properties of odourless kerosene (Shell

Chemicals U.K. Ltd)

Density at 20°¢ (kg m-3) 781
Flash Point °c 70
Autoignition Temperature (Oc] 250
Evaporation Rate, (n-butyl acetate = 1) 0.01
Vapour Pressure at 20°C (N m—2) 66.65
Viscosity at 25°¢ (Ns m—z} 1.6><10_4
Refractive Index at 20°C 1.437
Composition : Aromatic (% Vol.) 2.5
Benzene (p.p.m.Vol.) <100
t Total Sulphur (p.p.m) 100

6.8.2 Extraction of Phosphate Compounds with Mixtures of EOH, Kerosene

Solutions of HDBP, HZMBP and H3PO4 in 3M HNO3 were extracted

with mixtures of EQH, kerosene at various volume ratios. The dis-
tribution ceefficients, D, obtained are shown in figure (6.20) and
I

are compared with the calculated distribution coefficient, D , which

is determined from the following equaticn;
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D =V V. D (6.18)

D +
EOH EOH K K

where DEOH and DK are the distribution coefficients obtained from
the extraction of phosphate compounds by pure EOH and kerosene

respectively, V and VK are their volume fractions.

EOH
The values of D| are an indication of the effect of diluent

on the solvent. In the case of HDBP, the values of D are higher

than D' for all ratios of ECH, kerosene which implies that the diluent

increases the extracting power of the solvent for HDBP. Kerosene

has previously been used for the extraction study of HDBP and high

values of distribution coefficient have been reported at high HDBP

concentrations (see Chapter (2)). This could explain the increase

in the extraction power of the solvent for HDBP when kerosene is

used as the diluent. For HZMBP and H3P04 the opposite effect occurs

where the values of D‘ are infact higher than D. This means a re-

duction in the extracting power of the solvent for H,MBP and H3P04

2

when kerosene 1s the diluent.

From the results in figures (6.19) and (6.20) the best
mixture of EOH, kerosene for the extraction of the phosphate compounds
is chosen to be 30% EOH in kercsene. At this ratio, the mixed solvent
has a reasonable viscosity of 0.00022 Nsm_2 whereas increasing the
ratio beyond 30% EOH, the viscosity of the mixtures starts to rise

rather rapidly. However DH PO obtained at 10% and 20% EOH, kerosene
34
mixtures are very low, infact they are even lower than the DH PO which
374

is obtained by pure kerosene.
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6.8.3 Extraction of Phosphate Compounds by.30% EOH in Kerosene

HDBP, HZMBP and HSPO were extracted from 3M HNO3 sclutions

4
by 30% EOH in kerosene. Results, figure (6.21), show that the
distribution coefficients of HDBP vary with HDBP concentrations.
This implies that both forms of HDBP, i.e. dimers and monomers, are

present in the organic phase and the expression for the distribution

coefficient values would be;

2
2K
T B (6.19)
HDBP 2 aqg ¢
@

{see equation 5.5)

This equation is valid for the extraction of HDBP by 30% ECH in

kerosene at low HNO3 concentrations. At higher HNO3 concentrations
e.g. 3M, the effect of I-INO3 on the extraction of HDBP must be added
to equation (6.19), see section 6.4. The presence of HDBP dimers in the

system 30% EOH, kerosene is due to the effect of kerosene on HDBP.
Hardy and Scargill [10]have reported the dimerisation of HDBP when
extracted with pure kerosene.

In the cases of HZMBP and H3P04, the distribution coefficients

are independent of the phosphate concentrations. This indicate that

the mechanism of extraction of HZMBP and H3P04 by 30% EOH in kerosene is

similar to that of pure EOH, i.e. no polymerisation of either HZMBP

or H3P04 and equations (6.2) and (5.11) are valid for the extraction

of HzMBP and H3PO4 respectively. However, these results also ill-
ustrate that the mechanism of extraction of HZMBP and H3P04 by pure

kerosene would be similar to that of pure EOH or 30% EOH in kerosene.



coefficient

Distribution

-117-

Figure(6.21) Extraction of phosphate compounds from 3M HNO, solution by
307 ECH in kerosene and their comparison with the extraction
of phosphates from 2M HNO_, solution by hexone.
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Figure (6.21) also shows the results for the extraction of
phosphate compounds from 2M HNO3 by hexone. These results show
that hexone when compared with 30% EOH in kerosene extracts more of
phosphoric acid, but similar amounts of HZMBP and HDBP. The

[37]

physical properties of hexone, table (6.8) , allow it to be

used as an extractant

Table (6.8) Physical properties of 4-methylpentan - 2 - one
[37]

{(hexone )
TMolecular weight 100.16
Boiling point 115.9C
Freezing point _ 80.3%
Flash point, tag open cup 27.2%
tag cleosed cup 15.6°C
Specific gravity at 20% 800 Kg m-s
Refractive index at 20°C 1.395
Solubility at 2SOC, Hexone in water 2.00Wt.%
Water in Hexone 2.20 Wt.%
Heat of evaporation 5.622x10° KJ Kg !
Specific heat 1.921 KJ Kg'l
Surface tension 0.0254 N m-1

.759><10'4 N s m 2

Viscosity, at 0%: 0
- -2
205 0.585x10™" N s m
O - -4 -2
30°C 0.522x10 N s m
-2
Vapour pressure at 30% 3.5><103 N m
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without the use of a diluent. Also hexone has previously been
used as a reprocessing solvent in the "Redox" process and its
. . . {100]

behaviour in nuclear contexts is well documented . Therefore

hexone may be an alternative for 30% EOH in kerosene. However, a

main disadvantage of using hexone is its oxidation by strong oxid-

ising agents such as nitric acid. Hexone, infact, reacts violently

with HNO3 at concentrations stronger than 3M and the safe limit should
(101l . . ‘- .

be set at about 2M . This would require an acidity adjustment

of HAR if hexone is to be used for the extraction of phosphate

compounds .
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CHAPTER 7

EXTRACTION OF PHOSPHATE COMPOUNDS FROM 3M

HNO3 SOLUTION BY EOH IN THE PRESENCE OF METAL - IONS

7.1 Introduction

Phosphate compounds are reported to form strong complexes
with a number of metal ions of various oxidation states in different
aqueous and organic systems. Since tne purpose of this project

PO, from HAR, it

was to study the separation of HDBP, HZMBP and H3 4

was necessary to investigate the effect of metal ions present in
HAR on the extraction of the phosphate compounds by EOH.

HDBP - metal ions complexes in various aqueous acidic solutions
have been prepared and their structure reported. The type of com-
plexes formed are reported to be dependent on the metal ions, acid
and HDBP concentrations. A summnary is shown in table (7.1). tHDBP

has also been widely used in the extraction, concentration and
{102,108,109,1151]

purification of metals: zirconium , uranium
[109-114,116] . (1171 L. 1181 . [2,118]
, thorium , americlum , europium s
. 11 . 12 .
yotrium [ 9], beryllium t O], strontium [122] and rare-earth elements

]
t121,123 . The extraction mechanism of these metals by HDBP is

controlled by the type of complexes formed in the organic phase

which are in turn controlled by the nature of the diluent, the acidity
of aqueous phase and the ratio of the concentrations of HDBP to the
metal ion.

[108,109]

Hardy found that in the extraction of tracer quan-

tities of zirconium from aqueous nitric acid (ionic strength 2) by
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Metal Ions

Structure and form

of the Complex Media Reference
ZrO2+ Zr(NOS)Z(DBP)2 6M HNOS,exceSS Zr 102, 103
Zr(NO,) ,(DBP) , (HDBP) , 6M HNO ,excess HDBP 102, 103
71 (N .
_r(\JOS)Z(DBP)Z(HDBP)4 &M HNOS,large excess
of HDBP 102, 103
Zr4(OH)12(DBP)4Or gbégM HNOS,excess 102
zr,0, (OH) , (DBP) ,
ZrO(DBP)2 1M HNOS,equivalent
quantities 104
o?* U0, (DBP) 1M HNO_ and 0.2M
2 2 2 3
HNOS, excess HDBP 104, 105
U0, (NOL}H(DBP) 6M HNO,excess HDBP & 105
UOz(NOSJH(DBP)Z(HDBP)2 6M HNO3,1arge excess
of HDBP 105
Fe(I1I) Fe(DBP)3 1M HNO3 and water 104, 106, 107
Al AI(DBP)3 water 107
Ce(IIl) Ce(DBP)3 water 107
La(III) La(DBP) 4 1M HNO, and water | 104, 107
Sc(I1I) Sc(DBP) IM HNO 104
Th{IV) Th (DBP), 1M HNO, and H,0 104, 107
Ag Ag(DBP) pH 5.6 104
Zn Zn(DBP) , pH 5-6 104
Cd Cd(DBP)2 pH 5-6 104
Pb(11) Pb(DBP) , Ph 5-6 104, 107
Co(ID) Co(DBP)2 Ph 5-6 104, 107
Ni(1I) Ni (DBP) pH 5.6 104, 107
Cu(Il) Cu(DBP), pH 5-6 104, 107
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solutions of HDBP in toluene, the compound Zr(NO (DBP)2(HDBP)2 is formed

3)2

in the organic¢ phase. As the zirconium concentration is increased

the composition tends towards Zr(NO3)2(DBP)2 and a white polymeric

solid is separated. Solovkin et al (1021 studied the extraction of

macroquantities of zirconium from 6M HNO,_, solution by HDBP in n-decane.

3

A third solid phase is reported to have formed on contacting the phases
which is dissolved on adding large excess of HDBP. On the basis

of the results obtained from the preparation and solubilities of

(1021

HDBP-Zr complexes in 6M HNO Solovkin et al suggested the

3?
formation of complexes Zr(NOs)z(.DBP)2 and Zr(NO3}2(DBP)2(HDBP)2 initially
in the aquecus phase. With sufficient excess of HDBP these complexes
are converted completely into Zr(NOS)Z(DBP)z(HDBP)d; this compound
in subsequently distributed between the phases.

Similar polymeric complexes have also been reported to be formed
between HDBP and other metal ions in the organic phase.

Studies have also been made on the complex formation between

HZMBP and certain metal ions.  Solovkin et al [124] reported the

conmplex Zr(MBP)2 prepared in 6M HNO3 and FeZ(MBP)S. 2H20 prepared in

dilute HNO3 solutiens. The complex between HZMBP and uranium has been

,
reported (125 to be a mixture of U0, (MBP) . 2H,0 and UOZ(HMBP)Z.ZHZO in

dilute HNO3 solutions. The relative amount of complexes being de-

pendent on the ratio [MBP1/[UJ. Other H,MBP - metal complexes

2
. [126]
published are: Th(MBP)2.2H20 and Np(MBP)Z.

The majority of the published work regarding complex formation

between H3P04 and metal ions is concentrated on the studies of the

H3PO - Zr complexes and very little information is available for
4 [127)
the complexes between H3PO4 and other metal ions. Clearfield and Stynes
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prepared the zirconium phosphate complex and reported its structure

[128-130]

to be Zr(HPO4)2.H20. However, other workers considered it

unlikely that a zirconium rather than a zirconyl salt would precipitate
from aqueous solution and hence, represeated the compound as

ZrO(H,P0,), and ZrO(H,PO 1.6.H.0.

4)2 4)2' 2
Complex formation between molybdic acid and phosphoric acid has also

been reported [151].
In this chapter the effect of six metal ions present in HAR
in the concentration range of 10_5 to IU—ZM(ref-ISZ), on the extraction

of the phosphate compounds by EOH from HNO. solutiom have been investigated.

3

7.2 Preliminary Experiments

Solutions of five metal nitrates; CS(NOS), Ce(NOS)S,
Fe(NOS)S’ U02(N03)2 and zirconyl nitrate and also molybdic  acid
were added to HDBP solution in 3M HNOS. With the exception of
CsNO, and Ce(N03}3, all others formed precipitate with HDBP.

3

Ce(N03)3 has been reported to form insoluble complex with HDBP in
water, table (7.1), but in 3M HNO3 no precipitate was formed which means
that either a soluble complex is formed or there is no complex
formation in 3M HNOB. There is no published information on the
complex formation between caesium and HDBP or molybdic acid and HDBP.
Other ions have been reported to form insoluble complexes with HDBP
in nitric acid solution, table (7.1), which were also shown in these
exXperiments.

Similar experiments were carried out for H2MBP and H3P04,

where only zirconium formed insoluble complexes with both HZMBP

[124,125]

and H3PO4. It has been reported that no precipitate is
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formed on contacting uraniun or iron with HZMBP in 3M HNO3 solution.
This work shows that other ions, except zirconium, also form soluble
complexes with HZMBP in 3M HNO3 solution. An insoluble complex
has been reported to form between H3P04 and molybdic acid although
this did not happen in these experiments. This was presumably

due to the range of concentration of the phosphate compounds used

in these experiments being below that required for solid precipitate,

> 1o 10—2M. 1t was however noted that at SXLO_ZM H3P04 and

i.e. 10
10—2M molybdic acid such a complex, a yellowish precipitate, was
formed in 3M HNO3 solution.

The effect of the metal ions on the extraction of HDBP
from 3M HNO3 solution by EOH was checked by contacting the metal
ion solution in 3M HNO3 with the HDBP solution in ECH. Zirconium
was the only lon to affect the extraction of HDBP by EOH and also a
third solid phase was formed in the organic solution at certain
concentrations of HDBP and zirconium. This implies that
the metal ion - HDBP complexes are rather weak and the bonds between
the metal ion and HDBP readily broken by the alcohol . In a further
series of experiments the insoluble complex between HDBP, zirconium
and uranium were first formed in the aqueous phase and the suspensions
contacted with EOH.  The precipitates disappeared and the values
of the distribution coefficient were unaffected. This confirms the
fact that the HDBP - metal ion complex is broken by EOH and the
HDBP extracted.

In the cases of HZMBP and H3P04 also zirconium was the only
metal ion to affect their extraction by EOH : a third solid phase

was formed in the organic solution in the case of HZMBP and in the
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aqueous solution in the case of H3P04.

Experiments were also carried out to check the effect of
these metal ions on the kinetics of extraction of the phosphate
compounds by EOH. The equilibration times were exactly the same
as those reported in section 6.6. This implies that the presence
of the metal ions does not affect the rate of transfer of the phos-
phate compounds into the alcohel phase.

The preliminary experiments are summarized in table {(7.2}.

The effects of zirconium on the extraction of HDBP, H_MBP and H3P04

2

were studied in greater detail.
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Table (7.2)

5

[ffect of metal ions on the extrdction of_Ehosphgzp compounds from 3M HNO3 solution by EOH

Phosphate concentration = 1077 to 1072,
Metal compound Form of complex in Effect on the Effect on the
concentration range 3M ”NOS distribution coe- Equilibration time
(107> to 1072
) fficient
4] >
HDB! HEMBP H3P04 HDBP HZMBP H:,)IO‘4 HDBP H2MBP H3P04
CSNO3 soluble Soluble Soluble None [ None Nene None None None
Ce[N03)3 soluble Soluble Soluble None | None None None None None
Fe(N03)3 Insoluble Soluble Soluble None None None None None None
H2M004 Insoluble Soluble . [nsoluble None None None None None None
above 10 °M

UOZ(NOS)Z Insoluble Soluble Soluble None None None Nonc None None
Zirconyl nitrate Inscluble Insoluble | Insoluble Some | Some Some None None None
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7.3 Effect of Zirconium on the Extraction of the

Phosphate Compounds

7.3.1 HDBP

Results for the extraction of HDBP from 3M HNO3 sclution by
EOH in the presence of ziconium at 10_4, 10-3 and IO-ZM concentrations
are shown in figure (7.1). At IO—SM zirconium there was no signi-
ficant effect on the extraction of HDBP. Results in figure (7.1)
show that zirconium (10-4; ID-SM) depresses the extraction of HDBP
at low HDBP concentrations but at concentrations above about 10_3M,
more HDBP is extracted than in the absence of zirconium. At 10_2M
zirconium where the third solid phase is formed,DHDBp is lower than for
pure HDBP at all HDBP concentrations. Note that the distribution
coefficient values are the ratio of the HDBP concentration in the
organic phase to the HDBP concentration in the aqueous phase which
excludes the amount of HDBP in the third solid phase.

Since some knowledge of the composition of the precipitate
formed in the organic phase was essential for an understanding of
the mechanism of the extraction of HDBP in the presence of zirconium,
some studies were carried out on the distribution of zirconium
between the phases and the solubility of the precipitate.

Results for the extraction of zirconium by HDBP-EOH mixtures are
shown in figure (7.2). At low HDBP concentrations the extraction of
zirconium by the solvent is constant and rather low. At concentrations
of HDBP ahove about 5X10_4M, D, . increases with increasing HDBP concentr-

ation but then falls when the third phase is formed. In this case also;

i.e. determination of DZr’ the amount of zirconium contained in the
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third solid phase is excluded from the distribution coefficient values.
The distribution of HDBP and zircomnium between the three aqueous,
organic and solid phases in terms of concentrations are shown in
Appendix C.

The solubility experiments showed the third solid phase to
be insoluble in EOH but readily dissolved in acetone and EOH-HDBP
mixture (large amount of HDBP present).

At low concentrations of HDBP the effect of added zirconium is
seen to be a reduction of D qualitatively consistent with com-

HDBP

petition of zirconium and the extractant for the HDBP; e.g

(Zr)aq + m(HDBP) aq —_— {Zr(DBP)m}aq

a[EOH)Org + b{HDBP}aq o {(EOH)a(DBP)b}OrU

o

Thus for a given HDBP concentration the greater the zirconium
concentration the poorer the extraction of HDBP. Conversely for a
given zirconium concentration increasing HDBP results in values of
DHDBP increasing to values characteristic of the system in the absence
of zirconium.

This simple picture however does not explain the situation
at higher HDBP and zirconium concentrations. It can be seen that
at 10_3M zirconium and concentrations of HDBP above about 10_3M,

DHDBP actually rises above that in the absence of zirconium. The
results on the distribution of zirconium show that this increase in
DHDBP is associated with the transfer of zirconium into the organic
phase. Zirconium nitrate is extractable, albeit poorly, by the

solvent, EOH, but this extraction is reduced in extent by low

concentrations of HDBP presumably as a consequence of the formation
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of the Zr - DBP complex. However at higher initial concentrations of
HDBP the amount of DBP in the organic phase is such that complex
formation between this and the extracted zirconium can occur signi-
ficantly. This complex formation has the effect of increasing

the nett amounts of both zirconium and HDBP extracted. In the
analytical method used the zirconium complex in the organic (and

the aqueous phase) will be estimated as DBP and consequently DHDBP will
increase and values above those in the absence of zirconium are poss-
ible and indeed are seen.

The extent of the increase in this apparent D will be

HDBP

limited by the total amount of zirconium present and ultimately

by the solubility of the Zr - DBP complex formed. Figure (7.1)
shows that at lO_4 and lO—SM zirconium the maximum increase obtained
is quite small and indicates that rather little DBP is "fixed" in the
organic phase this way. At 10-2M zirconium precipitation of a
complex in the organic phase occurs at quite low HDBP and since this
solid is not measured as material in the organic phase the enhance-
ment of the value of D above the no zirconium case does not

HDBP
take place.

7.3.2 l{zMBP

Figure (7.3) shows the results for the extraction of HZMBP

from 3M HNO3 solution by EOH in the presence of zirconium. At 10-5M

zirconium there was no significant effect on the extraction of HZMBP

and the values of distribution coefficient obtained were the same

as in the absence of zirconium. At 10—4M zirconium a solid third
phase was formed in the organic phase at 3x10" M H,MBP, but D yup

2
subsequently remains unchanged. At IO_SM zirconium, D is still

HZMBP
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Figure(7.3) Extraction of H MBP from 3M HNO, solution by EOH in the presence of zirconium,

3
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the same as in the absence of zirconium and the precipitate in the

. -4 - . -
organic phase was formed at about 10 M HZMBP. At 10 2M zirconium

D is the same as in the absence of zirconium at very low
HzMBP

HMBP concentrations but as soon as the precipitate forms (at

about 5%10°°M H_MBP), D

2 falls to lower values, Subsequently

MBP
HZ

DHjMBP rises to values somewhat less than the no zirconium case.

Th; difference (1.4 compared with 2.2} may arise in part from the
difficulty of measuring the HzMBP at the low concentrations observed
in this experiment.

Results for the extraction of zirconium by H2MBP - ECH
mixtures are shown in figure (7.4). These results illustrate that
D:r falls to low values as soon as the precipitate is formed and
then starts to increase with increasing HZMBP concentrations. The
extraction results for zirconium also showed that most of the zirconium
contained in the aqueous and the solid phases and very little in the
organic phase. The distribution of HZMBP and zirconium between the
three phases in terms of concentrations are tabulated in Appendix C.

The behaviour of the HZMBP - EOH - Zr system does not
resemble that of HDBP to a great degree. At low concentrations of
zirconium (10—4M and 10_3M) virtually no change in DH MBP is recorded.
This would seem to indicate that the complexing powerzof HZMBP for
zirconium is weaker than that of HDBP but the situation is complicated
by the precipitation of zirconium complexes in the organic phase at
quite low initial HZMBP concentrations.

By comparison with HDBP it might have been expected that
2MBP effects on DHZMBP would be

noticed as a result of the formation of soluble complexes with

at the higher concentration of H
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zirconilum. This effect is not seen since the majority of zirconium
transferred to the organic phase is precipitated and the phosphate
associated with the soluble fraction is small in comparison with the
MBP not complexed with zirconium.

7.3.3 H3PO4

Results for the extraction of HSPO in the presence of zir-

4

conium from 3M HN03 solution by EOH are shown in figure (7.5). of

the four zirconium concentrations used in the extraction studies,

IO-SM and 10“4M did not have any significant effect upon the extraction;
i.e. the values of the distribution coefficient were the same as in

the absence of zirconium. At IO-SM zirconium the extraction of

H3P04 is depressed at low concentrations but subsequently the dis-

tribution coefficient rises to values of no zirconlum case. At

10 zirconium, D decreases with increasing H,PO, concentrations

H3P04 374

and then starts to increase to reach the values obtained in the absence

of zirconium. Precipitate was present in the aqueous phase at high H_PO4
ol

concentrations.
The effect of zirconium on the extraction of H3P04 most nearly

resembles that of HZMBP. The complex with zirconium is weak and

readily broken by EOH. The shape of the curve in figure (7.5)

does not however indicate that the HSPO complexes are possibly stronger

4
than those of HZMBP.



10 Figure(7.5) Extraction of H3PO4 from 3M HNO3 solution by EOH in the presence of zirconium.
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CHAPTER 8

RADIATION DAMAGE TO THE SOLVENT

8.1 Introduction

In separating the phosphate compounds from HAR by solvent
extraction, the solvent (EOH) will be in contact with a highly active
aqueous solution which could damage or degrade the solvent. The
degradation of the solvent could have several consequences, e.g.
reduction of the extracting power of the solvent for the phosphate
compounds and formation of possible metal extracting products.

Radiolytic degradation studies of TBP have shown that most
of the damage to the solvent is from the beta-gamma radiation from the
fission products. The level of beta-gamma activity in the HAR per
litre of solution is about 1 - 100 Curies (1] for present day wastes.
This will increase with increasing fuel burn-up. The amount of
activity which will be received by the solvent will be dependent
upon the contact time between the phases and also the number of
recycling of the solvent.

In this chapter the effect of gamma radiation damage on the

solvent interms of its extracting power for HDBP and H.MBP is reported.

2

8.2 Experiments

EOH and 30% EOH in kerosene in contact with 3M HN03 solutions
. . -1
were irradiated in the cobalt source (dose rate ~ 0.5 Mrad h 7).
During the irradiation period the phases were kept more or less in

equilibrium by shaking the container twice every 24 hours. After the
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irradiation the phases were separated and the organic phase was con-
tacted with HDBP and HZMBP in 3M HNOS. Also some experiments were
carried out by first washing the irradiated solvent with water and
0.1M Na CO3 solution and then contacting with HDBP and H_MBP solutions.

2 2

8.3 Results and Discussion

There were some changes in the physical appearences of
both the organic and the aqueous phases after the irradiation period
depending on the time of irradiation. These changes are shown in
table (8.1). Results for the extraction of HDBP and H2MBP by the
irradiated EOH and 30% EOH in kerosene are shown in tables (8.2)
and (8.3).

The colour of the irradiated alcchol suggested that it is
oxidised or nitrated by the nitric acid in the presence of gamma
radiation. The alcohol did not show any colour change when irra-
diated in the absence of HNOs.

The colour change of the aqueous phase is due to the oxidation of
the dissolved alcohol.

The oxidation of the alcohol could explain the reduction in

its extracting power for HDBP and H_MBP which is shown by the

2
distribution coefficient values, table (8.2). Also since the water
and NaZCO3 washes do not improve the extracting power of the alcohol
we can say that the damage to the sclvent has been permanent.

Results in table (8.3) also show that the presence of kerosene in

the organic phase has no appreciable effect upon the rate of oxidation

of ECH.

The effect of irradiation upon these systems is rather complex



Table (8.1) Irradiation of EON and 30% EOH in kerosene by pgamma particles in presence

of 3M l[NO3

OBSERVATIONS
Irradiation | Radiation
time dose FOH 30% EOH
{hrs) (M)
Sample Organic Aqueous Organic Aqueous
phase phase phase phase
é misty clear clear clear
— 1 168. 14 84 green colourless yellow colourless
misty clear misty clear
9 32705 163 green colourless yellow colourless
r misty clear misty clear
3 485. 88 243 green colourless yellow colourless
dark clear dark misty clear
4 653.08 320 misty yellowish yellow yellowish
greoen colour colour
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Table {(8.2) Extraction of HDBP and HZMBP from 3M HNO3 solution

by 1rradiated ECH

* *
Sample Dipip D Hosp DHZMBP DHZMBP
Unirradiated 117.2 115.0 2.19 2.21
! 1
1 C110.0 108.6 1.38 1.22
2 98.6 96.3 1.07 1.08
3 93.1 93.1 0.89 0.90
4 34.8 84.9 0.82 0.82

Table (8.5) Extraction of HDBP and HZMBP form 3M HNO3 solution by

irradiated 30% EOH in kerosene

*
* D D
, A
Sample DHDBP D HDBP HZMBP HZJBP
Unirradiated 40.1 39.8 0.45 0.46
1 36.0 36.0 ¢.26 0.26
2 32.0 32.0 0.21 0.21
3 29.5 28.9 0.14 0.13
4 24.5 24.5 0.09 0.10
*

Note: D - organic phase was washed with water followed by Na,CO

273

after the irradiation
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but the scheme below indicates some of the routes leading to
decomposition.

C.H

25

(i) CHS.CHZ.CHz.CHZ.CHZ.CH—OH
Radiation

CHS.CHZ.CHZ.CHZ.CHZ.Q—OH

v
ketone and acid formation

5
(11) CHS'CHZ'CHZ'CHZ'CHZ' H-0OH

Radiatien

szs

.CH2'+'CH2.CH .CH-QH

CHE.CH 2

2
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C - C chain scission at various points in the molecule leading to
oxidation and nitration at the free radical sites.

C_H

|2 5

(111) CH..CH,.CH,.CH .CHZ.CH—OH

3 2 2

Radiation
CZHS

CHS.CHz.CH.CHZ.CHz.CH-OH

H atom loss at various points along the molecular chain. The sub-
sequent oxidation and nitration reactions at the free radical sites
will result in some scission. Many of these reactions - oxidation
of the hydroxyl group and at least some of the chain scission will
be manifested as a loss of extractant capacity.

Yields of radiation - induced reactions are expressed as G-values,
where G 1is the number of molecules changed (formed or destroyed)
per 100ev energy absorbed. A crude estimation of the G-value for
EOH would be to assume that the reduction in DHDBP caused by the irra-
diation of EOH is proportional to the reduction in EOH concentration.
Thus for example EOH irradiated to 243 Mrad suffers a reduction in
DHDBP to 93.1, table (8.2}, which is equivalent to 79% reduction in
DHDBP and hence the amount of EOH destroyed by irradiation is;
0.21x6.31 = 1.33M. A G-value of 6 is obtained for EOH destruction

which lies within the range of G-values of organic compounds (1-10).
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CHAPTER 9

CONCLUSIONS, FLOWSHEET DECISION AND

FUTURE WORK

9.1 Conclusions

The purification method developed and used for HDBP and HZMBP
produces highly pure solutions of these compounds  (>99%). This
method may not be suitable for large scale purification of these
compounds because of large losses during the purification procedure.

The chemical method for the analysis of the phosphate compounds
has proven to be sensitive and accurate. This method is as accurate
as the radiochemical method for the solvent extraction studies of the
phosphate compounds if the distribution coefficient values are
moderate. For very high or very low distribution coefficient values
this method is rather inaccurate to use.

The selected solvent is quite stable when in contact with nitric
acid solutions up to 10M. Some nitric acid is extracted by EOH which
exists as monomers in the organic phase.

The extraction studies have shown that EOH is an effective
extractant for HDBP and HZMBP and not so effective for H3P04. These
studies have also shown that the phosphate compounds exist as monomers
in the organic phase and they form complexes with undissociated nitric
acid molecules. The model equations derived for the extraction of

phosphate compounds are valid for any concentration at 25°C. The rise

in temperature does not affect the distribution coefficient values
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significantly, The phosphate compounds are effectively stripped

from the organic phase by water and sodium carbonate (0,1M) washes.

The kinetics of extraction is mass transfer controlled. The presence
of HDBP in the solution increases the extraction of HZMBP but neither
have any significant effect on the extraction of H_PO4. Kerosene

b

could be used as a diluent at 30% mixtures of EOH in kerosene.

The metal ions, Cs, Ce, Fe, U and Mo do not interfere with
the extraction of the phosphate compounds by EOH.  The extraction of
phosphate compounds iS affected in a complicated way by the presence
of zirconium. Both reduction and enhancement of the distribution
coefficients occur and under conditions of high zirconium and higher HDBP
and HZMBP concentrations solid phases are produced which may cause certain
problems in the solvent extraction process.

EOH is oxidised by 3M HNO3 solution in the presence of gamma
radiation. This causes a reduction in its extracting power for HDBP
and HZMBP. The presence of kerosene in the organic phase has no

effect on the stability of EOH in the presence of gamma radiation.

9.2 Flowsheet Decision

0f the three possible flowsheets mentioned in Chapter 1, the
most suitable for the proposed solvent extraction process would be:
immediate treatment of HAR by solvent extraction after leaving
Column I, to remove all the phosphate species including the TBP. The
reason for the preference of this flowsheet to the other two are;
1. In the studies which were carried out to remove TBP from 3M

HNO3 solution by EOH, distribution coefficients of 888 were
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obtained which indicate that TBP is effectively extracted

by EQH. Therefore there will be no need for the TBP

to be steam stripped from HAR before the solvent extraction

treatment.

2. The solvent extraction studies have shown that the order of
the extraction of the phosphate compounds by EOH 1is

TBP > HDBP > HZMBP > H3P04. Thus HAR should be immed-

iately treated after leaving Column I before the buildup of

HzMBP and H3P04 which are difficult to remove.

An outline flowsheet based on using pure EOH as the extractant
is shown in figure (9.1). A distillation unit as shown in the flow-
sheet (distillation unit E) or other appropriate processes may be
needed for the purification of the solvent because of the radiation

damage and also to remove the TBP and odourless kerosene. The estimated

composition of the streams in figure (9.1) are shown in Appendix D.

9.3 Future Work

More detailed studies of the complex formation between the
phosphate compounds and nitric acid in EOH and the effect of zirconium
on the extraction of HDBP and HZMBP by EOH is recommended. Also

further work is necessary to study the radiation damage to the solvent

with the identification of the degradation products.
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Appendix A: Sample Calculaticn for the HSPO4 Distribution Coefficient

Aqueous phase: 107 °M H.PO, in 3M HNO,

Organic phase: EOH
.. .. 4
Initial activity of the aqueous phase (10ml) = 2.78x10 c.p.m.
The above value must be corrected for the dead time of the counter

which 1is done as follows:

A
F—
1-A ¢
m
where A = actual activity
Am = measured activity
= dead time = 1.67><le_6 min.
Hence:
4
2.78x10
A= 7 s
1-(2.78x10  1.67x10 )
4
A= 291210 c.p.m.
Final activity of the organic phase {10ml) = 528.7 c.p.m. . The activity

of the organic phase must be corrected for the difference in the den-
sities of the organic and the aqueous phase which would affect the
emission of the B-particles. The correction factors are taken from
Dvrssen (o]

Final activity of the organic phase after correction for the density

= 473.2 c.p.m.

The distribution coefficient, D, is calculated using the formula

Vfaq Aforg

(v )

iaq Aiaq) } (Vforg Aforg
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where V and A are the volume and the activity respectively and the
subscripts aq, org, f and i refer to the agueous phase, organic

phase, final and initial respectively.

9.6%473.2
Hance D =
(2.91x10%) - (10.4x473.2)
2
D= 1.588x10
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Appendix B:  Calculation of the Dissociation Constants of HDBP,

HZMBP and H3P04 (ref 93)

1. Dissociation Constant of HDBP

1.1 Method of Calculation

The thermodynamic dissociation constant of a monobasic acid

at 25°C is calculated using the formula:

fnon-protonated species] 0.512v1

p](a = pH - log +
(protonated species] 1+1.6V1
(C, +IH" -[OH™1) 0.5121

or pKa = pH - log — +
(C, - C, + [OH'] - [H']) 1+1.6/1

Ct is the concentration of the acid in the solution and it is calculated

as:
V.Cm
Ct = T
( T
where V = initial volume of the acid.
VT = volume of the titrant added.
Cm = initial molarity of the acid.

The concentration of [Na'l in the solution or CA must be calculated

similarly by

) VT'Cn
CA =
(V+VT)
where C = normality of the alkali added.
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The ionic strength (1) is calculated by using the formula:
+ +
I =10Na ]+ [H]
In the above equation (1"1 is the hydrogen ion concentration.
However initially only H+ activity is available i.e. from pH values.
ionic  strength (I} is, therefore, approximated initially to
I = [Na“1+ pH in order to calculate (y), the activity coefficient,

from the equation

0.512/1
1+1.6v1

_log Y =

Then this approximate activity coefficient (y) 1s used to calculate
+ +

the hydrogen ion concentration (i.e. [H 1 = {H }/(y) and alsoc the

ratios of the activities of the non-protonated to protonated

species which is

c, + tH'l - [oH 1y

- +
{Ct - CA + [OH ] - [H]

Then the value of the activity coefficient (y) 1is recalculated wusing
+ .

the value of [(H 1 in the calculation of the ionic strength. This

process should be repeated until successive values of the activities

of the non-protonated to protonated species are constant.

1.2 Results

The pKa value for HDBP is calculated by taking several points
from the pH titration curve of pure HDBP, figure (3.2), and following

the above method. Results are shown in table (B.1).

The
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Table (B.1} Determination of the dissociation constant of HDBP
Titrant C C [non-protonatedly_512/1 ¢
0.1M NaOH pH t A Eprotonatedﬂ1+1.6/1 Pa
(V) ml (M} )]
T
. -2 -3 - -
5 2.37 .048x10 4,762%x10 9.44 0.04531 .438
6 2.45 .038><10—2 5.660X10_J 12.03 0.0433 .414
7 2.55 .028><10-2 6.542X10do 15.50 0.0435 .403
-2 -3
8 2.68 | 1.018x10"° | 7.407x10"° 20.77 0.0436 |1.406
9 2.86 | 1.000x107% | 8.257x10"°> 31.75 0.0437 |1.404
10 5.18 .000x10™% | 9.091x10"° 49.80 0.0438 |1.483
pKa average = 1.424x0.043
2. Dissociation Constants of H2MBP
2.1 Method of Calculation:

HZMBP is a dibasic acid with two dissociation constants.

The

first dissociation constant is calculated the same as for a monobasic

acid.

For the second dissociation constant, this method is not appli-

cable because the ionic strength term is different and the activity

coefficients much smaller than for the first ionization

process.

The following method is used to calculate the second dissociation

constant

pKa2 = pH + log

2C

~ Na'1 - u") + [OH ]

1.5345/1

(tNa™7 - c_+ [H'1 - [OH]

1+1. 641
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where Ct and ([Na+] = CA) are calculated in the same way as for pKal'

Note that [Na'l is the total concentration of sodium hydroxide added,
including that used in the neutralization of the stronger group.
The ionic strength I = 2[Na’l - Ct + 2[H'3 - [OH7]

+ - .
Both H and OH should be expressed as concentrations. For this

purpose [H'1 = (H'} x 107" °12°F5 \nere '} is calculated from pH
and FS = ——ﬁL—— ;
1+1.6/1

This method is only applicable where the dissociation constants do

not overlap, i.e. where pKa2 - pl(a1 > 2.7.

2.2 Results

Tables (B.2) and (B.3) show the values of pKla and pKZa for

HZMBP for several points from the pH titration curve of pure H_MBP,

2

Figure (3.3).

Table (B.2) Determination Of—pKal of HZMBP
gliﬁa:toﬂ [non-protonated] | 0.512/1
e I [protonated] | 1+16V1
(VT) C C pK
(Cm)S H t A al
P (M) (M)
6 2.27 . 230x10 "2 5.660x10'3 8.483 0.0471 |1.388
7 2.33 .289><10'2 6.542x10‘3 10.318 0.0473 | 1.364
8 2.41 .278><10'2 7.407x10"° 11.353 0.0473 |1.402
9 2.49 .266x107% | 8.257x107> 14.952 0.0475 |1.363
10 2.60 .254x1072 9.091x10"> 18.240 0.0475 | 1.386
11 2.73 .243x107% | 9.9101x10"3 26.980 0.0477 {1.347
PK,; . average = 1.375:0,041
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Table (B.3) Determination Og—EKaZ of H_MBP

2

Titrant

0.1M NaOH

Yg pH €, Ca PKa2
(cm™) (1) ()
19 6.49 1.160x107 1.600x10™2 6.882
20 6.60 1.150x107 2 1.670x10" 2 6.868
21 6.71 1.141x10" > 1.736x10"° 6.861
22 6.83 1.131x10" % 1.803%10° 2 6.857
23 6.97 1.122x107° 1.870x10 2 6.866
24 7.11 1.113%10" 2 1.936x10"° 6.859
pKa2 average = 6.865:0.14
3. Dissociation Constant of H3P04

in order to check the accuracy of the pH titration method used to

determine the dissociation constants of HDBP and HZMBP, the pKal

is also calculated for several points from the pH titration curve of H

for H3P04

3p04’
figure {B.1}. This method is not valid for the calculation of pKaZ of H3P04
as it is affected by the pK__ of H PO, .

al 3 4



-161-

Table (B.4) Determination of pKal of H3PO4
Titrant
N -
PRSI | & G (mongmoronstedl | o5t
T, p (M) (M) P 1+1.671 | P a1
(em)”
14 2.40 | 3.906x10"° 2.187x10" 2 2.112 0.0661 | 2.141
-2 -
16 2.55 [ 3.788x10 2.424x10"° 2.661 0.0671 | 2.192
18 2.65 3.676x10‘2 2.647x10'2 3.792 0.0686 | 2.140
- -1
20 2.80 | 3.571x107° 2.857x10" 5.762 0.0698 | 2.109

pKal average = 2.14620.064
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12

i

10 ]

T I ] I ] H T f T A

0 20 40 60 80 100
NaOH Volume (Cm3)

Figure(B.1) pH titration of H_PO, at 25 °.

3774
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Appendix C: Distribution of HDBP, H_MBP, H_PO and

2 —4

Zirconium Between the Three Aqueous,

Organic and Solid Phases




Table (C.1} Extraction of HDBP from 3M IINO3 solution by EOH in the presence of zirconium

L . . . . -3
Initial zirconium concentraction in aqueous phase = 10 M

Initial 1DBP Final HDBP Final HDBP Final Zr Final Zr Ratio DoBP D,
cancentruation concentration concentration concentration concentration [(HDBP1/LZr] T
. . . . . . R ) ] . column 2 column 4
in organir in organic in aqueous in organic in aqueous in organic | == | 53 S
phase phase phase phase phase phase
(M) (M) {M) (M) {M)
<+ -5 -6 6 -6 9.952x10" 1.5 3.88 4.8x107°
3 0.9185%]0 7.303%10 |.882%10 4.8%10 e - ’
I - -4 . -3
5. 140%5077 4.913%107°" 2. 274%x10°0 SETIT 9.947>10 9 21.6 } 5.5x10
-4 -3
-4 - - - { { ] k4
boodoatn ! t.otaxio”” 2.5937107° 1811070 F-#o2x10 21 59-1 | 4810
-4 -3
- ) - - - [SENSTRRe B 3
4.410%10 1. 342x107" 6.805%10" " 9. 1x107° 2.0l a7 63.8 | 9.2x10
. -4 -2
- - - -0 { 377
0.97x10 " 9.008x10" % 9, 15%x107° 127x107° 7. 87510 s 105 L.3x10
-4 -1
- -3 : - 01 - .
5.14%107° 5. 100%10 4.012x107° 2. 0gx10”" 7.014X10 17 127.1 | 4.3x10
) - -5 - _
1.23%10° ¢ 1.229%10" 2 6.12%107" 9. 42%10”% 5. 8%107° 13 200 16.3
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Table (C.2) Extraction of HDBP from 3M IiNO, solution by EOM in the presence of zirconium

Initial zircopium concentration in aqueous phase = 10_2M
Initial LIiDBP Final HDBP Final HDBP Equivalent Final Zr Final Ir Equivalent Ratio Ratio D D
concentration concentration concentration HDBP concentration concentration Ir HDBP ir
in organic in organic in aqueous concentration in organic in aqueous concentration (ipBP1/0Zrl] typeprl/LZrllcolumn 2| column5
phase phase phase in solid phase | phasec phase in solid phase | in solid in column3| column6
M) M (M) M) (M) (M) (M) phase organic
phase
- . - R - -3
0.9185x10™° 6.620%10"° 2.56%10" % - 6.7x10"° 9.933x10 > - - 0.1 2.58 |6.7x10
5.140%x107° 4.820x10"° 3.20x10°° - 6.2x10"° 9.938x10"° . - 0.8 15.1 {6.3x10"°
1.040x10" 4 9.980x10"° 4.21x107° - 5.5%107° 9.045%10" > - - 1.8 23.7 |s.ex10”>
a.atox10™* 4. 3010”4 1.10%10"° - 1.0x10™* 9.900%10" > - - 4,3 39.7 {1.0x1072
0.97x10™° 9.51x10™% 1.92¢107" - 1. 8x107° 9.820x10"° - 5.3 49.4 |1.84x1072%
S.140x10"° 2.128x10"° 3.53%10"° 2.960%10"° 1.937x10"° 8.006x10"° 5.700%107° 52 1.1 57 2.42x107}
1.23x10"2 1.71x107° 2.22x10"° 1.057%10°° a.848x10" 5.430%10"° 4.085x10"" 2.0 3.5 73 8.9x107%




Table (C.3)
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Extraction of H_MBP from 3M HNO

solution by EOH in

2 3
the presence of zirconium
Initial zirconium concentration in aqueous phase = 10-4M
.. \ . , . .
Initial HZIBP Final HziBP Final HZMBP Eqﬁ;;alent DHZMBP
concentration concentration conenetration 2
in organic in organic in aqueous concentration| column 2
phase phase phase in solid column 3
(M) (M) (M) phase
{M)
1.54%107° 1.061x10"° 4.78x10°° - 2.22
0.974x10 "7 6.54x10"° 3.20%107° - 2.04
1.98x1074 1.394x10" % 5.86x107° - 2.38
5.16x107 7 2.150x10 "4 8.091x10°° 1.996x10 7 2.45
6.43x107% 3.87x10” % 1.610%10 7 9.53x10" > 2.22
1.23x107° 7.93x10"% 3.20%10” % 1.161x10" 2.29
6.60x10" " 3.63x10°° 1.571x10°° 1.40%10° 7 2.13
1.095x10"° 7.37%x107" 3.16x10°° 4.13%x10" " 2.15
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Table (C.4)

—

Extraction of H_MBP form 3M HNO

solution by EOI in the presence of zirconjum.

Initial zirconium concentrition

in aqueous phase : 107°M

3

D

Initial HzMBP Final HZ}MP Final HZMBP Equivalent Final Zr Final Zr Equivalent latio Ratio H_MBP DZ
. . . . H,MBP concentration concentration ir 2 T
concentration ; concentration | concentration 2 : in organic in aqueous concentration (1 MBPI/(Zr) | [H MBP)/{Zr)|€olumn 2 [ column 5
in organic 11 organic 1in aqueous concentration . : ; 2 2 colum 3 colum 6
S phase phase in selid phase . . : _—
phase phase phase in solid (M) (M) in solid in organic
M) (M) (M) phase phase phase
()
1.54x107° 1.o61x10™> | 4.78x107° - 1.400x10°% | 9. 08ex107" - - 7.6 2.22 1.ax10~3
5.144x107> 3.51x107° 1.633x107° - 1.958x10"° 9.980x10™4 - - 17.0 2.15 1.96%10""°
-4 -5 -5 =5 -7 -4 -t -3
0.974x10 3.59%10 1.300%10 4. 85x10 B.400%10 4.970%10 2.200%10 22 44 2.56 g.40% 10
6.43x10™% 1.83x10” 4 7.21x10°° 3. d48x1p™? 3.770%107° 9.234x10"" 3. 890x107° 10 4.8 .34 & 1x1078
1.23x10°° 1.986x107* 8.04x107° 9.51x10" 5.870710°" 8.003x10" " 1 atuso™ 6.7 3.4 2.28 7.34%10
- - - - -5 - -4 -
6.60x10™° 2.380x107° 1.042x10"° 3.180%107° 1.000x107 3.100%107° 958910 3.3 235 2.11 3. 70x10 2
e yn-2 -3 -3 -3 -5 -6 BT
1.095 10 6.160%10 2.69%10 2,210 10 2.490%10 2.800%10 9.723x10 2.3 243 2,080 8.87
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Table (C.5)

Extraction of 1I_MBP from 3M HNO3

2

solution by EOH in the presence of zirconjum

-2

Initial zirconium concentration in aqueous phase = 10 "M

. . 0 )
Initial H_MBP H_MBP Final HZMBP Equivalent Final Zr Final Zr Equivalent Raio Ratio HoMBP ir
2 2 ti . L MBP concentration | concentration| Ir [HZMBP]/[Zr] [HZMBP]/IZrJ columy 21 column §
concentration | concentration | concentvation| cncentration | in organic in aqueous concentratjon [ . © ... in organic column 3 column 6
in organlc in organic I aqueous in solid phase phase in solid hase hase
phase phase phase phase (M) (M) phase P P
. 540x10” > 1.061x10°° 4.780%10°° - 3.380%10"° 9.966%10"° - ) ¢. 31 2.22 3.40x107°
. 144x107° 4.960%107° 1.920x107° | 2.73%10°° 1.120%10°° 9.958x10" 3 .080%10"° 0. 88 4.4 0.238 [1.12%107°
.97ax10™* 2.060x10"° 1.090%10°° | 8.44x107° 1.760x107° 9.737x10"° 624x10” % 0.32 0.11 0.174 |1.80x10"3
.a30x10™% 8.450x107° 5.140x10"% | 6.290x107* 2.460%10"° 9,453x107° .469x10” 4 1.15 0.34 1.304 12.60x10
- - - . - . _ -3
.230x1073 8.450%10~° 5.140%10°% | 1.216%107° 2.210%107° 9.208x10"> .703x10" " 1.58 0.38 1.364 {2.40x10
< -3
- - - - - - - [
.600x10™ > 8. 450x10"° 5.140%10°% | 6.580x107° 1.710%x10"° 6.683%107° _317%10"" 1.98 0.49 1.364 12.56%10
-2
- - _ - - - - i
,095x1072 3.600x10" 2.280%10°° | 1.089x107? 1.540%10"° 3.703x10° . 293x107° b.73 2.3 1.420 14.15%10




~-165-

Table (C.6) Extraction of H3P04 from 3M HNO3 solution by EOH in the

presence of zirconium

Initial zirconium concentration in aqueous phase = 107N
.. . . . D
Initial H3P04 Final H3P04 Final H3P04 Equivalent H3P04
concentration concentration concentration HBPO4 column 3
in aqueous in aqueous in organic concentration column 2
phase phase phase in so?id hase
(M) (M) (M) F
(M)
1072 9.866x107° 1.34ax10"" - 1.364x10"°
SXIOFS 4.930%10°° 6.764X10—7 - 1,370x10'2
1074 9.860%10"° 1.360%107° - 1.380x10 2
5%x10” 4.908%x10" " 9.200%107° B 1.874%10 ~
-3 ! - - )
107° 9.843x107 " 1.570%10°° 1.595%10 >
-3 . -3 -5 -3 - -2
5x10 3.618%10 6.000x10 1.322X%10 1.535%10
1077 8.663%10 1.a48x10" 1.192x10"° 1.543x107°
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Table (C.7} Extraction of H_PQ, from 3MM HNO

374 3
the presence of zirconium.

solution by EOH in

R - . . . -2
Initial zirconium concentration in aqueous phase = 10 "M

Initial H3P04 Final HSPO4 Final H3P04 Equivalent H3P04 DH3P04
concentration concentration | concentration | concentration in colum 3
in aqueous in aqueous in organic sclid phase ium 2
phase phase phase (M)
(M) (M) (M)
107° 9.988x10" " 1.167x1078 - 1.169%10°°
5x107° 4.994x107° 5.484%107° } 1.098x10" "
1074 9.990%10 " 1.061%1077 - 1.062x10° "
5x10” % 4.990x10" 7 2.791%1077 - 5.586x10" 7
1072 9.996x10"" 3.860%10 - 5.862x107 "
5x107° 8.842x10" % 7.600%10"" 4.115%107° 7.930x10"4
-2 - - - -2
10 1.154x10" " 1.900x107° 9.883x10"° 1.518%10
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Appendix D: Estimation of the Composition of the Streams

in Figure (9.1)

Based on the information so far available, the composition
of streams in the flowsheet, figure (9.1), are estimated together
with the number of the stages required in columns A, B and C.

Feed Stream

The TBP content of the feed stream or the HAR depends
on the amount of entrained solvent, the TBP concentration of the
extractant and the composition of the HAR.  during the reprocessing
of the reactor fuels. The TBP content of the HAR resulting from
the reprocessing of the present day fuels in U.K. reprocessing plant
is estimated at about 2.3x107°M.  The major contribution to the
amount of HDBP present in the HAR is from the degradation of the
dissolved TBP which is estimated to be about 1/5th of the total TBP
(~ 5x107'M).  The amount of H.MBP and HPO, are estimated to be
1/10th and 1/100th of the HDBP concnetration respectively.

The above estimated concentrations of the phosphate compounds
in the HAR are based on the reprocessing of the present day fuels.
In future when much higher burn-up fuels are expected, the HAR
will contain much higher amount of the phosphate compounds. However
certain modifications in the processing plants are expected for
future fuel reprocessing, to reduce the radiation damage to the
solvent and hence reducing the phosphate content of the HAR.  One
such modifications would be the replacement of the mixer-settler

contactors with either pulsed column or centrifuge contactors which

result in a lower contact time between the phases hence reducing the
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degradation of the extractant. Therefore the estimated amount of
the phosphate content of the HAR . for present day fuels may be
close to what is expected in future wastes.

Apart from the organic phosphate present in the HAR  there
will be some 1- butanol, degradation product of the TBP, and
odourless kerosene, the diluent, which must also be removed. Thus
the composition of the feed stream is;

o)

TBP = 2.0x10 "M
HDBP = 4.SX10'4M
H,MBP = 4.5%107"M
H3P04 = s.oxlo’em
1-butanol |

trace
ordourless kerosene

Fission products
HNO3 = 3M

Volume

It

3.5m3/teU.

The following assumptions are made in designing column A.

1. The contactors are mixer-settlers with 80% efficiency.

%]

The total phosphate content of the HAR . to be reduced to
about IO-SM which ensures that no precipitate will be formed
with the metal ions present in the HAR.

3. The overall efficiency of column A is taken as about 65%
because : {(a) the extracting power of the solvent is
reduced as the result of the radiation damage and (b) the
presence of zirconium in the HAR ([ ~ 10-2M) reduces

the transfer of HDBP into the organic phase at low HDBP

concentrations.
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Column A = 3 stages , solvent = 3.Sm3/teU

Stream 1A

TBP = 2.53x10‘9M
HDBP = 3.373x10"8M
HZMBP = 5.520x1o'6m
-6
H.PO, = 4.915%10 "M
ons = 2.3M

Fission products
ECH

Volume = 3.5m3/teU

Stream 2A (solvent)

TBP = 1.999x10 >
HDBP = 4.499x10~"
H,MBP = 3.948x10"°
H PO, = 4.497x1078
HNO, = 0.5M
1 - butanol

odourless kerosene

Volume <3.5m3/teU

Stream 1F

TBP = 2.534x107°
HDBP = 3.373x10°°
H_MBP = 5.520%x10"°
HoPO, = 4.915x107°
HNO, = 2.5M
Fission products
Volume = 3.5m3/teU



Column B = 2 stages,

Stream 2B (solvent)

TBP = 1.999%10°°

HOBP = 4.430x10™ M
H_MBP = 1.928x107°
H.PO, = 2.0x10" M

1 - butanol
odourless kerosene

Volume <3.5m3/teU

Column C = 3 stages

Stream 2C (solvent)

1.999x10'3M

TBP =
1 - butanol
ordourless kerosene

degraded products

Volume <3.5m3/teU
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H20 = 3.5m3/teU
Stream 1B
-6
HDBP = 6.9x10
HZMBP = 2.03x10'5M
_ -8
H3P04 = 4.495%10
HNO3 ~ 0.5M
ECH
. .3
Volume = 3.5m"/tel
. . .3
NaZCOS = (0.1M) 3.5m"/tel
Stream 1C
-4
HDBP = 4.430x10 M
HzMBP = 1.928%10"°
_ -11
H3P04 = 2x10
EQH
3
Volume = 3.5m™/teU
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Stream 1D Stream 2D

HDBP = 2.2495X10_4M HDBP = 2_2495x10_4m
H,MBP = 1.974x107° H,MBP = 1.974x107°M
H.PO, = 2.2485x10" % H.PO, = 2.2485x107%
HNO ~ 0.25M HNO. ~ 0.25

EOH .

Volume = 7.Om3/teU
Volume = 7.0m°/tel

Stream 1E Stream 2E

3

TBP = 1.999x10 “M

Pure Solvent
1 - butanol
odourless kerosene

degraded products
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Appendix E:

List and Sources of Chemicals

Name Source Specification
Acctone 8.0.H. Chemicals 99%
Amronium molybdate B.D.1t. Chemicals 99%
Arsenazo(111) B.D,H, Chemicals -
Barium nitrate llopkin & Williams 99.5%
Caesivm nitrate B.D.Il. Chemicals 99%

B.0.1l. Chemicals 999

Cerous nitrate
Di-n-butyl phosphate

Diethyl ether
2-Lthylhexan-1-08
Ferric nitrate
Glycerol

Kerosene
4-Methylpentan-2-One
Molybdic acid

Nitric acid
Orthophosphoric acid
Phenolphthalein
Phosphorous - 32

Perchloric acid
Sodium carbonate
Sodium hydroxide
Sodium hydroxide
Sodium hydroxide
Sodium nitrate
Stannous chleride
Sulphuric acid
Tri-n-butyl phosphate
Urany! nitrate
Jirconium nitrate
Zirconium sulphate

Eastman Kodak Company

B.D.Il. Chemicals

B.D.H. Chemicals

B.IM.H. Chemicals

Koch-Light Laboratorics Ltd
Shell Chemicals U.K. Ltd
B.D.H. Chemicals

B.D.1l. Chemicals

B.,D.H. Chemicals

B.D.H. Chemicals

B.D.1l. Chemicals

Amercham Radiochemical Centre

..M. Chemicals
B.D.I. Chemicals
B.D.H. Chemicals
B.D.H. Chemicals
B.D.t. Chemicals
B.0.H. Chemicals
B.D.1. Chemicals
B.D.l. Chemicals
Fisson Laboratory Reapuent
B.id.H. Chemicals
B.D.1H. Chemicals
k.00, Chemicals

Crude mixture of di and mono-n-butyl phosphate

99%
99%
98%
Pure
Sec table (6.7)
99%
85%
69 - 71%
85%
i% Solution in propan-2-0£
As orthophosphate in dilute HEY, pHl 2-3, carrier free

71 - 73%

98.5%

u8.0%
0.1M standard sotutiaon
1.0M (frec from carbonatce)

98%

47%

93%

049




