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Summery

32 33

' P are most frequently used in life science research for more than 40

years, and will be expected the prospective use in the nuclear medicine for

treatment of a number of diseases. This review (state-of-the-art report)

described overall aspects of process technologies for "' P production, and

will be used as a reference for development of process and equipments for '
33

P domestic production.

The technology of ^ ^P production, isolation from target, and purification

from impurities is well established, and a number of papers can be found in

literature describing various aspects of this technology. Unfortunately, no

reviews are available considering all the problems of this technology, starting

from the basics of the process to the methods of quality control of the final

product, simultaneously. This review is intended to cover the problem. In

particular, the following aspects are discussed:

- production of phosphorus-32 and phosphorus-33 using various nuclear

reactions!

- chemical properties of sulfur and phosphorus effecting the technology

of radioactive phosphorus production;

- chemical state of ^ ^P in neutron irradiated sulfur;

- the technology of radioactive phosphorus isolation from neutron

irradiated target and ortho-phosphoric acid production!

- purification of ^ ^P-orthophosphoric acid from impurities and some

related problems, like the nature of impurities, the storage of the final

product, etc.

- the quality control procedures of carrier-free (32' 33P)-orthophosphoric

acid preparations.

Consequently, in order to successfully develope process for ' T3

production, fundamental experiments and actual test must be carried out to

set up optimum operating condition and get reliable design data for

equipments.
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I . Introduction

At least nine isotopes of phosphorus are known [1-5]. Among them

only P is stable and can be found in nature, while all others are radioactive

(Table 1) and can be produced artificially.

Table 1. Radioactive isotopes of phosphorus [1-5]

^ p
^9p

3Up

Sip

3^p
33p

34p

bsp

Sip

270.3 ras
4.142 s

2.498 min
Stable
14.28 d
25.34 d
12.44 s
47.4 s
5.49 s

0*
0'
0*
-
0'
0~
B~
0~
0'

11.531
4.945
4.226

-
1.71

0.249
5.374
5.374
2.388

4.591
4.771
1.435

-
0.659
0.076
2.306
2.306
0.988

Due to the short half-lives, isotopes ^P, ^P, ^P, MP, 35P, ^P are not

practically used. Phosphorus-32 and phosphorus-33, having convenient

half-lives and beta particle energies, are widely used in biology, genetics,

molecular biology, pharmacology, nuclear medicine, hydrology, agrochemistry,

etc [6-83.

The technology of 32i33p production is well established as its various

versions were developed for more than 40 years. Due to the relatively high

cross-sections of the producing nuclear reactions discussed below [9-13],

radionuclides P and P can be produced in many research reactors, as there

are no special requirements for irradiation conditions. Thus, at present these

radionuclides are routinely produced by a number of radioisotope companies

worldwide [14]. One of the largest and the most important applications of t5

and P is the synthesis of nucleoside phosphates and some other labeled
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compounds, used for the sequencing of human genome. In this case, ^P has

the preferable application, as it has a longer half-life, which is better suited

for long-term experiments. The smaller energy of phosphorus-33

beta-particles enables a higher resolution in autoradiographs, a lower recoil

energy of the S nucleus, created by the decay of ^P, helps to prevent

destroying the labeled protein molecules and so on.

Another important application of phosphorus radionuclides is nuclear

medicine, namely - therapy of malignancies is predicted to grow sharply in

the near future. Phosphorus-32 offers the attractive features of easy

abundant availability at relatively low cost, convenience of production and

satisfactory radiation characteristics. It was already extensively used as a

radiocolloid for the treatment of pleural and peritoneal effusions secondary to

a primary malignancy [15-17]. It has been suggested for use as an effective

adjuvant treatment in ovarian malignancies [18], for treatment of malignant

pericardial effusions [19], and for prevention of post-operative liver

metastases in high-risk colorectal cancer patients [20]. It has been also

suggested for use in radiation synovectomy, and for hemophilic arthropathy

[21]. Therefore, the interest in maintaining the production capacity of these

radionuclides and more over, in the installation of new production facilities, is

still vital. The half-lives of ^'^P are suitable for research needs, but they

are relatively short for long-distance transportation. So, in some cases their

domestic production seems to be reasonable. In particular, the development of

32 S^

' P production technology is of interest of the Korea Atomic Energy

Research Institute.

As the technology of phosphorus isotopes production was developed in

detail, a number of papers can be found in the literature, describing various

aspects of this technology [14,22]. Unfortunately, no reviews are available

considering all the problems of this technology, starting from the basics of

the process to the methods of quality control of the final product. This
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review is intended to cover these problems. The data gathered will hopefully

be useful for the personnel involved in the process development and

operation.
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n . Production of 32P and 33P in a nuclear reactor

2.1. Phosphorus-32

Phosphorus-32 can be produced via a number of nuclear reactions

[2,4,13,14]

®Si(a,v>7 fV (1)

^ ^ . p r )32P (2)

? (3)
MS(d, a )32P (4)

^ . p 3 2 (5)
31P(n, r )32P (6)

(7)

(8)

The first five reactions take place in a charged particles beam.

Reactions (l)-(4) yield carrier-free ^P, i.e. a radionuclide with the maximum

specific activity available that is essential for many practical applications.

Unfortunately, using charged particle bombardment is expensive with a

low-yield production; so, only reactions (6)-(8) are of interest for practice as

they can be used for large-scale production of phosphorus-32.

Reaction (6) takes place in a thermal neutron flux; its cross-section is

0.19 barn [23]. This reaction allows the quick production of large amounts of

™V via irradiation of elemental phosphorus or its compounds. The specific

activity of phosphorus-32, produced by this reaction, does not exceed 10 Ci/g

[4]. This is the main drawback of this production rout. Nevertheless, low

specific activity phosphorous-32 can be used for some particular purposes,
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for example, for synthesis and properties study of phosphor-organic

compounds.

Phosphorus-32 specific activity can be significantly (up to 5000 Ci/g of

phosphorus) increased using the Szillard-Chalmers effect [24]. The yield of

this reaction is low, but the final product is of highest radionuclide purity (it

contains no P impurity). This reaction can be used for production of the

standard sources applied in -spectroscopy.

Reaction (7) is accompanied by a number of other nuclear reactions,

yielding radionuclides with half-lives comparable to that of phosphorus-32:

(T1/2 = 87,4 days)

, Y )36C1 (T1/2 = 3.105 years)

, a )33P

These radionuclides are produced with a high yield, complicating the

isolation of phosphorus-32. Besides, the yield of reaction (7) is low, so it

was used for research purposes [25].

Reaction (8) advantageously differs from all the others listed above.

First of all, the start-up material and reaction product are different chemical

elements. It allows the production of carrier-free phosphorus-32, and allows

easy separation of sulfur and phosphorus, as their chemical properties are

quite different. Next, the competitive nuclear reactions do not yield the

interfering radionuclides in a significant quantity.

The reaction 32S(n,p)33P is the threshold one, and it takes place in a fast

neutron flux with a neutron energy higher than 0.96 MeV. The averaged

neutron cross-section is 66.8 mbarn [26-28], The real value depends on the

type of nuclear reactor and the irradiation position [26].

The nuclide composition of natural sulfur is as follows [4]:
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32S

333

34g

365

95.0%

0.75%

4.2%

0.017%

Reactor irradiation of elemental sulfur or its compounds leads to the

production of some other isotopes

(T1/2 = 12.4 s) (9)

S(n,ff)31Si (T1/2 = 2.64 s) (10)

^SCn, Y )3?S (Tm = 5.1 m) (11)
MS(n, r )35S (Ti/2 = 87.4 d) (12)

^Stn.p)33? (T1/2 = 25.4 d) (13)

The radioisotopes produced via reactions (9)-(11) are short-lived, and

they are completely decayed within a few hours after the end of

bombardment. The real interference for ^P production is reactions (12) and

(13), yielding relatively long-lived beta-emitting radionuclides S and P.

The yield of P is usually low in case of irradiation of natural sulfur; its

activity is not higher than 1-2% relatively to ^P [29]. Long-lived ^S is

produced via reaction (12) with the activation cross-section 0.26 barn (for

thermal neutrons) [23].

2.2. Phosphonis-33

Phosphorus-33 can be produced hy the following nuclear reactions

[2,30-33]

(14)
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MS( r . P ^ P (15)

^CK 7 ̂ p)33? (16)

^CKr.fffP (17)
31P(t,p)33P (18)

^CKn, a )33P (19)

^Sdi.p)33? (20)

Reactions (14)-(18) have no practical application as they provide a low

yield and allow for the production of small quantities of phosphorus-33 only.

Reaction (18) also yields a low-specific activity product.

Reaction (19) is rather of a research interest, than a practical one, as

the process of phosphorus-33 is time and labor consuming [30,33]. Long-term

(approx. 4 years) irradiation in a nuclear reactor was employed to chlorine
OF

compounds, followed by the separation of chlorine radionuclides ° Cl (its

content in the irradiated target was 37%) and 36C1 (38%) from the other

radionuclides formed under irradiation: S, P and P. The isolated chlorine

radionuclides were additionally irradiated, producing a mixture of ^P and 33P.

Cross sections of the 35Cl(n, a )32P and ^CKn, a)33P reactions do not

significantly differ, and their ratio depends only slightly on the neutron

spectrum [34]. Approximately equal amounts of ^P and "̂ P were produced at

the second irradiation. The isolated mixture of ^P and ^P was stored for

4-5 months to decrease the ^P content to less than a 5% level; the 33P

activity decreased approx. 50 times during this period.

In fact, production of P via reaction (20) is only practically vital. This

reaction takes place in both fast and thermal neutron fluxes. The threshold

energy of this reaction is -0.55 MeV. Therefore, like in the case of P, to

provide a high yield of phosphorus irradiation in a high flux reactor with a

broad spectrum of neutrons is preferable. In contrast to the (n,p) reaction of

P production, the reaction 33S(n,p) P is an exothermal one, and the

formation energy is 0.52 MeV. The average cross-section is 76±15 mbarn
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[34], but a number of other estimations can be found in the literature: 70

mbarn [30] and 29 mbarn [29]. To get exact estimations of the

phosphorus-33 yield, the effective cross-section should be determined and

used for the particular irradiation conditions.
on

A long time production of P via reaction (20) was difficult because of

the low content of ^S in the natural mixture of sulfur isotopes (0.75%).

Enriched sulfur-33 was not available. Two approaches were applied to

produce this radionuclide using natural sulfur as a target:

1) the adjustment of a neutron spectra (33P is mainly produced in a
low-energy neutron spectra [35,36])

2) long-term storage of irradiated sulfur to produce the desirable ratio of

32P and 33P activities; unfortunately only 85% of the ^P content in

the final product was reached and the yield was obviously very

low [35].

The third approach of carrier-free P production, based on the

irradiation of isotopically enriched ^S, has found a practical application

[33,37].

The first attempts to produce isotopically enriched sulfur-33 were made

in the late 50s [38]. One of them was based on an ion-exchange separation

of SO4 and SO3 ions on Dowex-2 resin [39]. The continuous one-year

operation of this facility produced sulfur of the following isotopic composition:

^S 50 %

^S 4 %
MS 46 %

Later, a more effective electromagnetic isotope separation technique to

provide higher enrichment, up to 11%, was used. Unfortunately, the yield of

enriched sulfur in this technique is typically low, which significantly

increases its price.

Modern electromagnetic separators, equipped with a powerful focusing
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systems, allows for production of highly enriched ^S (up to 99%). The price

for this product is still high and at present it can go beyond 20-25 USD per

mg.
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m. Some chemical aspects of P and HP radionuclides
production

It seems to be useful to precede an overview of the technology of

phosphorus radionuclides production with a short description of the general

chemical and physical properties of sulfur and phosphorus, which can be

used for the separation of these two elements. It would help to understand

the principles of the separation process and the main problems and

troubleshooting of the technology discussed below.

3.1. Sulfur chemical properties

The chemical properties of sulfur are described in detail in a number of

textbooks, for example [40], and reviews, for example [41]. The most

important item for the discussion of the technological aspects of phosphorus

radionuclides production are the following properties of sulfur. These data are

mainly cited by [40,41].

The main chemical form of sulfur, which is most commonly used as a

target for phosphorus production, is elemental sulfur. Elemental sulfur is not

soluble in water, but it can easily be dissolved in CS2 (a few exceptions for

some modifications are listed below) and some organic solvents like benzene

or cyclohexane. Sulfur is chemically active; it readily combines with

hydrogen and oxygen, consequently producing H2S and SO2. It easily reacts

with most metals and non-metals, producing sulfides. The chemistry of

sulfides is very complex. Sulfides of alkali metals are readily soluble in

water, but mainly metal sulfides are insoluble compounds; they react with

mineral acids producing H2S and corresponding salts.

In a high oxidation state S(VI) sulfur produces sulfuric acid H2SO4, able
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to form salts with many metals producing sulfates. Some of them are

water-soluble (for example, alkali and rare-earth metals), and some not (e.g.,

alkali-earth metals). In principle, these properties of sulfides and sulfates can

be used for the separation of sulfur and phosphorus. Some examples of the

procedures, based on these salt properties, can be found below. Forestalling,

we can mention that these technologies are of historical value and they are

not used in modern processes of phosphorus-32 and phosphorus-33

production, which are mainly based on distillation of sulfur. It seems

reasonable to concentrate on the volatility of elemental sulfur.

Sulfur is a volatile element; it can easily be separated from many other

elements by distillation at moderate temperatures (details see below). This

property is very useful for sulfur separation from phosphorus because no

additional reagents are needed. As can be seen from Table 2, sulfur can be

distilled at moderate heating under decreased pressure, or, as it easily burns

with heating in air (the flash point is c.a. 150 °C), at normal pressure in an

inert gas atmosphere, e.g. nitrogen.

Table 2. Vapor pressure of elemental sulfur [41]

1 P, tear

10"b

10~4

10"3

10"z

lO"1

1

10
100

760

39
58.8
81.1

106.9

141

186
244.9

328

444.61

Pt atna

1
9

5

10

20

40
50

100

200

441.61
495
574

644

721

800
833
936

1035
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The physical properties of elemental sulfur, i.e. volatility, melting point,

viscosity, density, etc., are determined by its molecular structure. The

surprising features are the molecular complexity of elemental sulfur, and the

fact that the physical properties of solid sulfur are dependent on its

temperature history [40,41]. All modifications of solid sulfur (allotropes)

contain either sulfur rings with 6 to 20 atoms and are referred to as cyclo -

sulfur (cyclohexa- , cycloocta-, etc.), or chains of sulfur atoms, referred to

as catenasulfur. However, as it was noted by Meyer [41], the nomenclature

of sulfur species is unsatisfactory and confusing. More then 40 modifications

of solid sulfur, discovered and described by various researcher at different

times, are listed in Meyers review [41], There are so many sulfur allotropes

that systematic nomenclature yields long and complicated names. However,

cyclooctasulfur is the most stable form of sulfur, and it has three

well-established allotropes S«, S# and Sy.

Orthorhombic sulfur S« is the most thermodynamically stable form,

probably because of the symmetry of the molecule (Fig.l). The melting point

of Stf is 112.8 °C. At 95.5 °C it transforms to monoclinic sulfur Sp. The

transformation is so slow that at rapid heating of orthorhombic sulfur it is

possible to attain the melting point of S»; while S/? melts at 119 °C. The Se

molecules contain Ss rings as in Sa, but are differently packed.

Monoclinic sulfur, Sr, (m.p. 106,8 °C) can be obtained by decomposition

of some sulfur containing compounds, e.g. copper-ethyl xanthate in pyridine.

It contains S8 rings, and it transforms slowly to S/? or Sa.
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'12

Figure 1. The structure of Ss and S12 molecules [40]
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The structure of the solid allotropes of cyclooctasulfur are shown in

Fig.2.

Figure 2. The structure of the solid allotropes of cyclooctasulfur [40]:

a) orthorhombic a-sulfur

b) monoclinic b-sulfur

c) monoclinic g-sulfur

- 21 -



In a similar manner (by controlled decomposition of sulfur compounds),

many other modifications of cyclosulfur can be obtained. They can contain

7-, 9~, 10-, 11-, 12-, 18-, 20-membered cyclic molecules (Fig.3). In general

these molecules are unstable and sensitive to light and air, although they can

be preserved at low temperatures.

>20

Figure 3. The structures of Se, S7, Sis and S20 molecules [40]

When molten sulfur is sharply cooled, e.g. by pouring it into the ice

water, so-called plastic sulfur is obtained. This is polycatenasulfur, of which

the molecules are long helixes (Fig .4). Unlike the other sulfur allotropes,

catenasulfur is insoluble in CS2. According to Meyer [41] solid catenasulfur

comes in many forms. They are rubbery sulfur, plastic sulfur, laminar sulfur,

fibrous, V -, M ~, insoluble, supersublimation, white and crystex. All of these

forms are metastable mixtures of allotropes containing more or less
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well-defining concentrations of helices, cyclo-Ss, and other forms, depending

on how they are made. Their composition changes in time - they transform

slowly to S a.

The melting point of various allotropes is approximately 110-120 °C. The

composition of liquid sulfur varies too, depending on the temperature (see

Fig.5). Around 159.4 °C almost all the properties of liquid sulfur density,

heat, electric conductivity, etc. suffer a discontinuity. The most striking effect

of this temperature, called the temperature of Lambda Transition, is the

sadden change in viscosity. (Fig.6a-6c). A possible explanation of this effect

was suggested by a number of authors, which developed the polymerization

theory [41], considering breaking of the cyclic bonds of Ss molecules,

formation of catenasulfur followed by the formation of catena-cyclo

complexes

Cyclo - Ss -» catena - Ss

Catena -Ss+ Cyclo -Ss-> Catena - Ss v2
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Figure 4. The structure of the sulfur helix [40]

100 200 300

Temperature
400

Figure 5. Composition of liquid sulfur (mole fraction of molecules, containing

from 2,3,4,5,6,7,8,10 atoms, rings and chains) [40]
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0,75 x

100 200 300

Temperature, °C

400

Figure 6a. Change of sulfur specific heat (curve A) and viscosity (curve B)

as a function of temperature

1, / IViJ '

1,7794 -

rf- 1,7793 -

^ 1,7792 -

1,7791 •

1.779 -

\ . Lambda
N . Transition

(

-0,03 -0,01 0,01 0,03

Figure 6b. Density changing near the Lambda transition temperature [40]
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Liquid polymeric sulfur is dark yellow. At high temperatures (above 250

°C), the viscosity of liquid sulfur decreases rapidly and the color turns to

red, then brown and almost black. Sulfur becomes extremely reactive.

Typically, except in the highest purity sulfur, the darkening is irreversible

due to a reaction of organic impurities.

The boiling point of sulfur is 444,64 °C. The vapor of sulfur contains Sn

molecules, where 2<n<10, including all odd-numbered species (Fig.7). At low

temperature more then 90 % of the molecules are Ss, and the rest are S6 and

S7. Upon heating, the concentration of Ss decreases, and above 1000 K the

most abundant species are S2. Sulfur atoms are not present in the

equilibrium vapor below the critical point, which is T=1040 °C (1313 K) and

P=179.9 at.

-1 -

-3 -

500 1000

Temperature. °C
1500

Figure 7. Equilibrium pressure of sulfur: partial pressures of Sn molecules

(2<n<8) are shown with the corresponding numbers: total

pressure is shown with Si [40]
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3.2. Phosphorus chemical properties

Phosphorus exhibits oxidation states of 3, -2, +1, +2, +3, +4 and +5.

The principal oxidation state is +5, however many stable compounds of P3+

are known. Phosphorus can form compounds with hydrogen, oxygen, sulfur,

the halogens and nitrogen. For the technology of radioactive phosphorus

production, the most important are compounds with oxygen and sulfur.

Phosphorus oxides and oxo-acids

According to the most stable oxidation states, phosphorus produces

trioxide, P2O3, and pentoxide, P2O5. It should be noted that these formulas are

trivial ones and they do not reflect the real composition of these compounds.

In accordance with the vapor density measurements, they should be written

as P4O6 and P4O10, correspondingly.

Trioxide is produced in a limited supply of oxygen. This is a colorless

solid melting at 23.8 "C and boiling at 175.4 °C [42 ]. The structures of P4O6

molecules are shown in Fig .8. Heating of P4O6 above 210 °C decomposes it

to red phosphorus and the other oxides PxOy, for example, P4O8 [40].

- 27 -



(a)

o

p
( b )

Figure 8. The structures of P4O10 and P4O6 molecules (a, c), P4O10 sheets(b)

[40]

Pentoxide P4O10 is formed under an excess of oxygen. This is a white

solid sublimed at 360 °C (sublimation can be used for purification of

phosphorus from non-volatile impurities). The molecular structure of

crystalline pentoxide is shown in Fig.8. Under heating, it converts to a

glassy form with a changing molecular structure, yielding P4O10 sheets .

P4O10 reacts with water vigorously producing orthophosphoric acid,

H3PO4 (with an adequate supply of water)

P4O10 +6H2O -» 4//3PO4

Orthophosphoric acid is a colorless solid, melting at 142 °C, and very

soluble in water. Its structure is shown at Fig.9. It reacts with most metals

producing primary, secondary and normal orthophosphates (acid residuals
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H2PO, HPO\ PO^t correspondingly). Orthophosphoric acid and phosphates form

complexes with many transition metal ions. Multi-valence metals produce

insoluble phosphates, and that fact should be considered in the processes of

orthophosphoric acid, as these complexes can be formed with the impurities

of the solution, of which the concentration can be comparable or even higher

than that one of the radioactive phosphate. Formation of these complexes can

decrease the yield of radioactive orthophosphoric acid. As the concentration

of insoluble metal phosphates can be very low, the independent solid phase

will not be formed, however the properties of radioactive phosphorus, and

particularly its binding ability to proteins or nucleic acids (so called

biological activity) will be sharply decreased, thus spoiling the properties of

the product.

Figure 9. The structure of anhydrous orthophosphoric acid
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Heating of orthophosphoiic acid or phosphates leads to a loss of water

and to production of condensed phosphates those containing more than one

atom of phosphorus and having a P-O-P bond. The possibilities of formation

of these species (so called polyphosphates) should be considered too, as their

properties, in particular biological activity - are quite different from the

properties of orthophosphate. The chemistry of condensed phosphates is

rather complicated, which is determined by their molecular structure.

According to [40] there are three main building units in condensed

phosphates: the end unit (Fig.10a), middle unit (Fig.lOb), and branching unit

(Fig.lOc). The units can be incorporated in either a linear chain containing

two to ten phosphorus atoms, simple ring metaphosphates, containing three

to ten or more phosphorus atoms, and infinite chain metaphosphates.

O" O" O

—o—p—o~ -o—p—o— -o—p—o—
II 1 I
0 0 0

POl~5 P 0 3 PO3,5

Figure 10. Fragments of condensed phosphate molecules: the end unit (a),

middle unit (b) and branching unit (c)

Linear polyphosphates are salts of anions of general formula WP^y' .

M\pi°i M\ppK (Fig.lib), a tripolyphosphate.(Fig.lla), a pyrophosphate or

dipolyphosphate, and Some examples are

Cyclic polyphosphates are salts of anions of general formula vPinT.

M%pp9 M^P4O12J etc.(Fig.llc), a tetramethaphosphate They are a

trimetaphosphate
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O—P—O —P—O"

.i i.

o o o
I I I

"O—P—O— P—O-P—O~ "O
I I I 1/°

Figure 11. The structures of linear dipolyphosphates (a), tripolyphosphates

(b) and cuclic poyphosphates (c)

Condensed polyphosphates are usually prepared by dehydration of

orthophosphates at elevated temperatures (300-1200 °C), for example,

, +2Na7HPOA-±^Na»jpp^xH«-W& (polyphosphate formation)

(metaphosphate formation)

A mixture of polyphosphates can be separated by using chromatography

procedures, for example paper chromatography, as shown in Fig.12.

Ortho

Octameta
Heptameta
Hexameta

Trimeta

retrametaPentameta

Basic solvent

Figure 12. Two-dimensional paper chromatography separation of a complex

phosphate mixture using two consequent acid and basic runs [40]
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Phosphorus sulfides

Heating of elemental phosphorus with sulfur yields molecular sulfides

P4S3, P4S7, P4S9 and P4S10, in accordance with the ratios of elements in the

initial mixture [40]. Melts of composition intermediate between P/S=4:3 and

P/S=4:7 contain at least five other molecular phosphorus sulfides. The known

structures of phosphorus sulfides are shown in Fig.13. Like the oxides,

sulfides are structurally based on a tetrahedral array of P atoms with

bridging S atoms.

Phosphorus sulfides are stable solids. The melting and boiling points of

some sulfides are listed below [42]

Compound

P4S7

P2S5(P4Sl0)

P4S3

Melting point, C

310

286

174

Boiling point, C

523

514

408

PA a-PA p-PA

>
X

p-PA

n s
S=P .-s-7—

PA.

Figure 13. Structures of P4S11 molecules [40]
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Phosphorus sulfides can be decomposed by oxidation or reaction with

strong acids.

It is important to note that in accordance with the molecular structure

formation of phosphorus, sulfides require four phosphorus atoms. This should

be taken into account when considering the chemical state of phosphorus in

irradiated sulfur.

3.3. Chemical state of ' P in neutron irradiated sulfur

Radiation and chemical transformations, taking place in the materials

under irradiation, can lead to the formation of radionuclides in a variety of

chemical forms. The properties of these chemical species should be

considered at the development of a chemical reprocessing procedure. It is

especially important in the case of poly-valence elements, like phosphorus.

The most detailed investigation of the chemical forms of phosphorus

produced via the (n,p) reaction was carried out for irradiated elemental

sulfur, as this is the main and seemingly the only way of phosphorus

radionuclides production at present. The assemblage of published data

ascertains that under irradiation of elemental sulfur radioactive phosphorus-32

(33) is stabilizing in the form of orthophosphate or phosphorus oxide, which

are able to hydrolyze forming ortho-phosphoric acid.

It was initially supposed that, due to high chemical activity, atoms of
3 P and ^P, produced in the target, form phosphorus sulfide [43] or transform

to this form due to heating of the irradiated target [44]. However, it was

shown by Cifca [45] that in preliminary out-gassed or SO2" saturated sulfur

phosphorus is present in the maximum-valence state (+5). Radioactive

phosphorus cannot form sulfides, as no auspicious conditions are for the

formation of such a compounds during irradiation. All known phosphorus

sulfides have 4 atoms of phosphorus per molecule of sulfide (see previous
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chapter), but only 2 atoms of phosphorus are produced per each 109 atoms

of sulfur. This quantity is so small that the probability of formation of a

molecule containing 4-atoms of phosphorus is extremely low. The reaction

between recoil atoms 32>33P and oxygen containing compounds seems to be

more probable. The oxygen compounds will probably be absorbed on the

walls of the irradiation ampoule, partially dissolved in sulfur or absorbed on

m-sulfur.

This supposition was proven by the fact that phosphorus compounds,

isolated from irradiated sulfur, are non-volatile, readily soluble in water and

poorly soluble in organic solvents. These properties are typical for

oxo-compounds of phosphorus, and not for phosphorus sulfides. According to

Cifca [45], these compounds are formed in the solid phase and their quantity

does not change during the following dissolution process. In our opinion, this

hypothesis can be adopted, but as a model only. Alluding the properties of

elements and their compounds in this particular case is not quite correct, as

the radioactive atoms produced under neutron bombardment are hot atoms,

and their properties can differ considerably from the properties established for

non-radioactive substances. Besides, it should be taken into account that the

properties of a single hot atom can differ from the colligative properties

established for the substance, consisting of many atoms or molecules in a

ground or normal state the radioactive atom can show some unusual

features conditioned by excessive energy.

Another detailed study of the chemical state of phosphorus in irradiated

sulfur was carried out using two-dimensional paper chromatography of

solutions produced by the contact of irradiated sulfur and water (in the

presence of a wetting agent octanol) [46,47]. This study showed that

immediately after irradiation the content of orthophosphate is approximately

60-70%. The rest of the phosphorus presents as pyro-, tri-, tetra- and

poly-phosphates with long chains (P>5). Meta-phosphates (cyclic phosphates)
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were not discovered. Typical chromatogram, produced by the consequent

two-dimensional distribution in basic and acidic solvents, is shown in the

Fig. 14. Chemical reprocessing leads to the hydrolysis of poly-phosphates. The

content of ortho-phosphates increases to 99%; it does not increase during

long-term storage in a water solution. The rate of poly-phosphates

transformation increases at increasing acidity and temperature of the solution.

Figure 14. Autoradiogram of carrier-free phosphorus-32 solution after

phosphors washing-out from irradiated sulfur [46]

A orthophosphate

B pyrophosphate

C triphosphate

D tetraphosphate

E long-chain polyphosphates

F trimetaphosphate

G tetrametaphosphate
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The chemical state of phosphorus depends on the content of oxygen in

the irradiated target. In the presence of oxygen, phosphorus presents as the

ortho-phosphate [48], However, if the oxidizing agents are absent,

phosphorus should be in the elemental form. At the same time, it was

shown that phosphorus stabilizes in the oxidized form even after irradiation

of sulfur in the evacuated capsule [45]. It was supposed that the oxygen

impurity in elemental sulfur is essential to oxidize the phosphorus produced

under neutron irradiation.

It seems to be impossible to describe the real chemical state of the

phosphorus recoil atoms during irradiation. Nevertheless, Ware and Kendall

[46] have supposed direct ortho -phosphate production via the following

reactions

P + O, -> (PO2) - » HyPOA -> MPOt

Various substances can serve as an intermediate. They can be metal

impurities (for example aluminum), silica oxide (for example the walls of

the quartz capsule), or some allotrope modification of sulfur (for example S?

- sulfur) [45]. SA-sulfur can be produced as a consequence of nuclear

transformation. According to estimations made by Cifka [45] and Nilsson [49]

the drops of S^-phase produced under neutron bombardment are smaller

than the drops created by prolonged heating of sulfur. The value of recoil

energy in the 32S(n,p)32P reaction is 45 eV. The heat of fusion of sulfur is

0.02 eV per atom, and the specific heat is 2.8xlO~4 eV per atom per degree

[50]. Approximately 0.08 eV per atom is needed for heating sulfur to 130 °C

and melting. The absorbed energy of 45 keV can melt at most 5.105 atoms.
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It is known, that less than 5 % of sulfur is transformed to m-modification at

130 "C [cited by 31]. Therefore, only 3xlO4 atoms can be expected in S^

modification in each ^Sfa.p)32? reaction. These S^ drops (if they exist) are

able to absorb and to retain radioactive phosphorus. Up to 80% of

phosphorus can be retained depending on the pre-history of sulfur.

Another hypothesis of the state of phosphorus in irradiated sulfur is the

formation of S7P compound, that can be formed by a replacement of one

atom of sulfur in the Ss ring by a ^P atom, which was suggested in [45].

Unfortunately, it could not be checked directly.

The behavior and the chemical state of "P under irradiation of

phosphorus and chlorine compounds as targets depends on the irradiation

conditions and post-irradiation reprocessing. For example, according to the

data presented in [51-53], after neutron irradiation of phosphates and

poly-phosphates ca. 40 % of radioactive phosphorus presents in the

non-orthophosphate forms, which can be easily separated using

anion-exchange resin. After short-term irradiation of phosphates "P yielded 9

various chemical forms, and it yielded only 2-3 forms after long-term

irradiation [54], To produce radiochemically pure ortho-phosphoric acid the

following treatment was applied:

- the irradiated targets were heated for a long time [55],

- the polyphosphate ions were adsorbed on the anion exchange resin,

eluted with the 8 M HC1, and the eluate was boiled to completely convert

the polyphosphates to orthophosphates [51].

For the production of phosphorus radionuclides via Cl(n, a) r* and
36Cl(n, a f2? by irradiation of sodium and potassium chlorides, approximately

50 % of the radioactive compounds were identified as five-valence

phosphorus compounds [25,56]. Sintering or additional gamma-irradiation of

the irradiated samples facilitate formation of P5* species [25].
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W. The technology for ( ' P)-orthophosphoric acid

production

The technology of (32' 33P)-orthophosphoric acid production includes the

following stages:

- preparation of the target material, target production,

- target irradiation in the nuclear reactor,
QQ CO

- separation of ' P from the irradiated material, conversion to the

orthophosphate,

- purification from impurities (if necessary),

- quality control of the final product

The way of realization of the process as well as the quality of

preparation at the intermediate and at the final stages of the technological

process are determined by the nature of the target material and by the

selected procedure of phosphorus isolation. The elemental sulfur of natural
on ryj

isotopic composition for the production of P or enriched with S for the

production of P, sulfur compounds, like sulfates, sulfites, polysulfides, CS2,

Na2S, Na2S2O3 [14,57], phosphorus and its compounds [24,583, and chlorides of

the alkali metals (KC1, NaCl, LiCl, etc.) [13,30,33] are used as target material.

4.1. Production of orthophosphoric acid by irradiation of

phosphorus and its compounds

This production technology (Table 3) is based on the reaction (3).

Phosphorus and its compounds were used as target material when a large

quantity of relatively low specific activity was required, for example, in

pharmacological studies or agricultural research. The advantage of this

production method is the possibility to use the simple technology of labeled

compounds synthesis. The typical example of this technology is the
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production of orthophosphoric acid and various phosphates by the irradiation

of phosphorus pentoxide [58,59]. The irradiated target is dissolved in water,

and the solution is boiled with activated charcoal to decompose

pyrophosphoric acid to orthophosphoric acid by hydrolysis and to remove

impurities of insoluble polyphosphates.

This way cannot be used for carrier-free phosphorus-32 production.

(32P)orthophosphoric acid of high specific activity can be produced by the

Szillard-Chalmers reaction [24]. The irradiated anhydrous KH2PO4 target is

dissolved in a mixture of HC1 (0,05 M) and KC1 (0,05 M) and the solution is

purified by ion-exchange. The final preparation contains no ^P and other

impurities; it is good for use in -spectroscopy.

4.2. Production of phosphorus preparations from irradiated

chlorine compounds

The first attempts to produce large quantities of carrier-free

P-orthophosphoric acid were based on the irradiation of KC1 (aiming to

produce ^KCl) followed by separation of radioactive impurities and repeated

irradiation of purified ^KCl. A mixture of the radionuclides produced (P, ^P,

S) was sorbed on the column containing hydrated zirconium oxide (HZO-1,

Bio-Rad) [30,33]. The radionuclides were consequently eluted and purified by

ion-exchange with synthetic resins. The phosphorus-containing fraction was

stored until the ^P activity was less then 5 % of the ^P activity.

The yield of phosphorus-33 with this technology was less then 85 %.

Many intermediate reagents were used for reprocessing, so it made the

production of high purity preparation more complicated. The irradiation was

carried out for a long period (up to a total 4 years) and it did not allow for

the production of the desirable ratio of 32P and ™? activity. In fact, this is

just a historical example, but it should be kept in mind that this was the
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only way to produce a considerable quantity of P for research purposes

until the enriched ^S became available for practical use.

4.3. Production of the (32> ^Pj-orthophosphoric acid by
irradiation of sulfur compounds

The principal advantage of carrier-free ( ' P)-orthophosphoric acid

production using sulfur compounds as a target material (Table 4) is the

simplicity of irradiated target reprocessing, as the properties of sulfur

compounds and orthophosphate are quite different. Isolation of phosphorus

radionuclides can be carried out by an adsorption or precipitation after

dissolution of the target in water [14,57,60-64]. The yield of phosphorus is

within the 70-90 % range.

Sodium sulfate [42], magnesium sulfate [46-49], and sodium (potassium)

polysulfide [43,50] are used as target materials. Aluminum or magnesium

oxides [43,49] are used as adsorbents, and magnesium hydroxide [49] and

ferric hydroxide [50] as co-precipitation agents. Unfortunately, all of these

compounds, even after additional fine purification, cannot warrant the purity

of the final product. Besides, the sulfur content in any sulfur compound is

less then in elemental sulfur (22.57; 24.95; 57.7 and 67.9 % in Na2SO4,

MgSO4, potassium and sodium polysulfides, correspondingly). Obviously, it

decreases the phosphorus yield per the target weight. Due to these

disadvantages, sulfur compounds are not used for phosphorus radionuclides

production at present.

oo qo

4.4. Production of ( ' P)-orthophosphoric acid by

irradiation of elemental sulfur

The sulfur targets are blast proof, radiation resistant, and convenient for
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handling; the elemental sulfur allows for more effective use of the irradiation

holes capacity. This is why elemental sulfur (as a target material) is widely

used for phosphorus production, despite the more complicated procedure that

is required for irradiated target reprocessing.

The following procedures were applied for phosphorus isolation from the

irradiated target (Table 5):

- extraction from molten sulfur,

- extraction from crushed sulfur,

- extraction from dissolved sulfur

- sulfur distillation.

Radioactive phosphorus can be extracted from molten sulfur by

contacting with concentrated [65,66] or diluted [67] nitric acid, with a mixture

of acetic acid and acetic anhydride [68], and with an acidified solutions of

salts [69-71]. After transferring to the aqua phase, phosphorus can be

isolated by co-precipitation with ferric hydroxide [66], lanthanum hydroxide

[67,72], or by sorption on the iron supports followed by ion-exchange

purification [73].

Extraction of phosphorus by concentrated nitric acid is accompanied

with the production of a large quantity of sulfuric acid (nitric acid reacts

with sulfur). This complicates the following isolation of phosphorus from the

solution and its purification from impurities. Extraction with acetic acid gives

a low yield (less then 75 %). Besides, the solution is then contaminated with

corrosion products (Fe3+, Cr3+ and Ni2+) and some other cations (Mg2+, Al3+,

etc.). In all cases of extraction with acids additional purification of

phosphorus is required. The principal disadvantages of this method (epy

extraction from molten sulfur) are multi-staginess and a relatively low yield

of the final product.

Extraction of phosphorus can be done by boiling in water in the
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presence of 2-octanol [75,76] or in a hydrochloric acid and hydrogen peroxide

mixture [77]. In these conditions sulfur is not melted, and remains in the

solid state. After boiling, the sulfur is filtered out, and the solution containing

radioactive phosphorus is passed through the cation exchange column. This

method is based on the fast diffusion of phosphorus from the bulk of the

sulfur particles to its surface at the temperature of phase transformation (at

95 °C sulfur transfers from the rhombic to the monoclinic modification).

2-octanol serves as a wetting agent. The yield of orthophosphate depends

strongly on the sulfur particle size: it is up to 90 % for finely grained sulfur,

and only 75 % for sublimed sulfur. Unfortunately, there is no sense to

irradiate fine-grained sulfur as it melts out under irradiation due to

radiation-stimulated heating. Grinding of irradiated sulfur is not suitable for

practice because of difficulties of realization of this procedure inside a hot

cell or glove box, and because of a high risk of environmental contamination.

Sulfur can be easily dissolved in a number of organic solvents, both

miscible and immiscible with water. This allows for various methods of

process realization for phosphorus isolation.

In the first case, two-phase systems can be used. They are a sulfur

solution in any organic solvent (carbon disulfide, benzene, toluene, aniline,

decaline, chloroform or bromoform, di-, tri- or tetrachloroethylene) and a

diluted mineral acid (mainly - hydrochloric acid) [14,30,78-82]. Up to several

stages of extraction are applied, and they are followed by cation-exchange

purification [83] or by a combination of cation- and anion-exchange

[80,84,85]. The overall yield of phosphorus is 80 - 90 %.

In the second case, irradiated sulfur is dissolved in dimethylformamide

or dimethylacetamide at 80 - 120 °C. After cooling to the ambient

temperature, sulfur crystallizes, living phosphorus in the solution, which is

passed through the anion-exchange column. Phosphorus, retained by the

column, can be eluted with hydrochloric acid [86,87],
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Sulfur can be dissolved in some inorganic solvents, e.g. in a water

solution of ammonia sulfide [88]. After dissolution, sulfur can be precipitated

by acidifying the solution with hydrochloric acid and separated from the

solution by filtration. Phosphorus-32 can be co-precipitated with ferric

hydroxide and purified by cation exchange.

In some cases, phosphorus is isolated by direct adsorption from a sulfur

solution in an organic solvent (CS2, toluene, etc.) on the silica gel [62],

aluminum oxide [89,90], active charcoal [91], glass powder [92], barium

sulfate [93], etc. Phosphorus, retained by the sorbent is eluted with water,

diluted mineral acids or bases depending on the nature of sorbent.

The principal disadvantage of all these methods include multi-staginess,

complexity, and applying of large quantities of reagents, containing (or able

to contain) a considerable quantity of impurities, including non-radioactive

phosphorus. These impurities contaminate the final product and decrease its

specific activity.

Another disadvantage of the wet methods of irradiated sulfur

reprocessing, based on sulfur dissolution, limits their applicability for ~P

production only. As we have already noticed, phosphorus-32 is produced by

irradiation of natural sulfur, which is readily available and inexpensive. After

phosphorus-32 isolation, this sulfur can be discarded. In the case of

phosphorus-33, isotopically enriched sulfur-33, very expensive material, is

used and after isolation of phosphorus-33 it should be recycled. Sulfur is

mainly dissolved in sulfur-containing solvents, thus, dissolution of isotopically

enriched sulfur-33 in, for example, carbon disulfide, decreases the sulfur-33

concentration in the sample. In principal, using isotopically enriched ( S)-CS2

allows for avoiding this drawback. However, it is very expensive (as the

synthesis of isotopically enriched labeled compounds is very expensive), and

it does not prevent the shortcomings listed above.

The large-scale production technology of 32> 33P is based on distillation
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of elemental sulfur [13,94-98]. As it can be seen from the properties of

sulfur, described in the section 3.1, distillation can be carried out at various

temperatures and pressures. High-temperature distillation is carried out at

400 - 500 °C, close to the sulfur boiling point [94-97]. Under these

conditions, the process is carried out in the stream of an inert gas, typically

in a nitrogen atmosphere to prevent sulfur burn up (its flash point is 150

°C). Distillation under decreased pressure (typically less then 5 - 1 0 torr) can

be carried out at lower temperatures [98]. In this case, the temperature

should be set at a level corresponding to the pressure in the distillation

apparatus (see Table 2). Typically, it is within the 150 - 220 °C range.

Radioactive phosphorus remains on the walls of the glass or quartz

capsule containing sulfur before distillation. It can be washed out with hot

diluted hydrochloric acid. To produce high-purity orthophosphoric acid this

solution should be additionally purified by ion-exchange chromatography. The

yield of phosphorus in the distillation methods is close to 100 %.

The distillation process is carried out in a special apparatus, typically

consisting of a heater, a still tube with the tubing for inert gas in-flow or

for the vacuum pump connection (depending on the distillation conditions

used), and a sulfur condenser. Examples of the particular design of the

distillation apparatuses used for phosphorus-32 production are shown in

Figures 15-17, and some other examples can be found in [14].

The apparatus design for phosphorus-33 production should be changed,

as it has to provide sulfur collection for recycling. Unfortunately, there are

no detailed descriptions of such an apparatus in the literature.

A comparison of high- and low-temperature processes shows that the

last one is preferable because of the following reasons. First,

high-temperature heating of phosphorus oxides can lead to simultaneous

distillation with sulfur. A typically high phosphorus yield after distillation of

sulfur can be explained by the presence of some phases, like m-sulfur, able
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to retain phosphorus and preventing its loses even at high temperatures. If

the phase does not exist in the system (due to various reasons), at high

temperatures phosphorus will be unavoidably and un-predictably lost. Second,

to avoid formation of polyphosphates on local hot areas of the glass (quartz)

surface during the distillation process (as well as at evaporation of the

solution of phosphoric acid) overheating should be avoided; the last one can

be easier achieved at low-temperature distillation.

Distillation methods of phosphorus isolation from irradiated sulfur

targets provide the highest purity of the final product, as the quantity of

reagents used is minimal. Besides, they allow for the simultaneous

purification of phosphorus radionuclides from sulfur-35, produced by the

accompanying nuclear reaction from mother sulfur.

It should be noted that the distillation method has a number of

drawbacks. First is the difficulty to remotely control the completeness of

sulfur distillation. Besides, some loss of sulfur with the carrier-gas or

vacuum is possible. It is negligible in the case of phosphorus-32 production,

but it should be considered in the case of phosphorus-33. Unfortunately,

there is not much information on the features and modes of the sulfur

distillation process on the yield and quality of phosphorus radionuclides.
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Table 3. Production of

as a target
orthophosphoric acid using phosphorus compounds

Target

P2O5

KH2PO4,

Sodium/p-

otassium

phosphates

Tripolypho

-sphates

Reprocessing

procedure

Direct production of
( P)- orthophosphoric
acid by dissolution of
target in water

Anion exchange
separation of
ortho-phosphate from
an acidified solution
of the target

Separation of
ortho-phosphoric acid
by anion exchange

Purification

procedure

Boiling with the
charcoal to activate
hydrolysis of
pyro-phosphoric
acid and to remove
insoluble
polyphosphates

Edition of
ortho-phosphate
with 8 M HCl,
boiling of the
eluate to
decompose
polyphosphates

Yield, %

-

-

50

Reference

[58,59]

[51,55]

[52]
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Table 4. Production of

as a target

orthophosphoric acid using sulfur compounds

Target

Na2SO4

MgSO4

Sodium or

polysulfides

Reprocessing

procedure

Sorption of P-32 in

the ion-exchange

resin in Fe-form

Adsorption of

phosphorus from
water solution of the
target on:

-aluminum
-metal magnesium
-powdered magnesium
-co-precipitation of
P-32 with the

magnesium hydroxide

Co-precipitation of

P-32 with magnesium
tiydroxide from boiling

water solution of the
target

Purification •

procedure

Elution with
sodium hydroxide

Removal of

magnesium using
cation exchange

Removal of

magnesium using
cation exchange

Yield, %

up to 80

70

up to 90
80

80

70-76

Reference

[14]

[60]

[61]

[62]

[63]

[57,64]

- 47 -



Table 5. Production of

target

orthophosphoric acid using elemental sulfur as a

Isolation of

phosphorus from

the target
material

Extraction from
the molten
sulfur with the:

-concentrated

nitric acid

-diluted nitric

acid, under

pressure

-mixture of acetic

acid and acetic

anhydride

-calcium chloride
solution

Adsorption of

phosphorus from
the molten

sulfur with
silica gel, glass,
aluminum,
stainless steel

Conditions for
phosphorus

isolation

Boiling nitric acid,

t=121 °C

[HNO3]=0.1 M,
heating at 135-138

°C for 15-18 h or

[HNO3]=0.2 M,
heating at 130 °C

for 3 K

T=120-130 °C,
mixing with air

flow, 15 min

Acidified solution in
diluted nitric acid

Agitation at

120-160 °C for 2-5

h

Procedure for purification

from impurities

Co-precipitation of 32P

with ferric hydroxide,

purification by cation
exchange

Co-precipitation of 32P
with La(OH)3, adsorption

on the dialysed iron

metal or Fe(OH)3,
cation-exchange
purification

Ion-exchange purification

Precipitation with the

lanthanum hydroxide,

dilution of the precipitate
in 2 M HC1, removal of

lanthanum by cation

exchange

Desorption with diluted

solutions of acid or base

Yield

(%)

Qn-QR

60-80

70-85

on

70-80

Reference

rp;cj cci

[67, 72]

[68]

[70, 71]

[74]
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Isolation of
phosphorus from

the target
material

Extraction from
solid sulfur with
water

Extraction from

a sulfur solution

in organic
solvent with
diluted HCl
(0.01-0.1 M)

Conditions for
phosphorus
isolation

Fine-grained sulfur,
boiling in water for
1-2 h at the
presence of

n-octanol (wetting
agent) or 3-4 h in
HCl with the 30%
solution hydrogen
peroxide added
(10:1)

Sulfur is dissolved
in:
Trichloroethylene
Carbon disulfide
Tetrabromoethane
Chloroform
Bromoform
Benzene
Toluene
Paraffin
Aniline
Decalin
Tetrachloroethylene
Dichloroethylene

Procedure for purification

from impurities

Ion exchange

Purification using
cation-exchange resin or
a combination of cation-

and anion exchange
resins

Yield

{%)

76-90

80-90

Reference

[75-77]

[83-85]

[78, 79]
[78, 80]

[79]
[78]
[81]
[14]
[78]
[81]
[78]
[82]
[30]
[30]
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Isolation of
phosphorus from
the target
material

Sulfur
recrystallizatio
n

Sulfur
OU.11UI

dissolution in

ammonium
sulfide

Direct
adsorption from

sulfur solution

Sulfur
distillation

Conditions for
phosphorus isolation

Dissolution of sulfur in
organic water-miscible
solvent

(dimethylformamide or
dimethylacetamide) at
80-120 °C,
crystallization at
cooling

Acidifying of the
sulfur solution in
(N£Lj)2S, separation of
precipitated sulfur by

filtration

Dissolution of sulfur in
CS2 or toluene and
adsorption on:

- oiuca gel
- Alumina
- Active charcoal
- Glass powder
- Sintered BaSC>4

Distillation is carried

out at various
temperatures and in an
atmosphere of inert
gas or under a
vacuum
T=450-500 °C, nitrogen

atmosphere
T=400 °C, vacuum
T= 130-150 °C, vacuum
T= 180-200 °C, vacuum

Procedure for purification
from impurities

Adsorption of
phosphorus on an
anion-exchange column
and elution with diluted
hydrochloric acid

Co-precipitation of
phosphorus with
Fe(OH)3,
cation-exchange

purification

Elution of phosphorus
with water, diluted acids

or bases

Desorption of sulfur with
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Figure 15. Schematic diagram of the apparatus for phosphorus-32

production designed by JAERI, Japan [14]:

a) Sublimation vessel

b) Receiver

c) Condenser

d) Position of sublimation vessel for extraction

e) Cation exchange resin column

f) Evaporator

g) Product bottle

- 51 -



SILICA STILL

SULPHUR DUST
AND SOj TRAPS

SULPHUR
RECEIVER HIGH PRESSURE

BLOW-OFF

Figure 16. The scheme of apparatus for high-temperature sulfur distillation

(Australian Atomic Energy Commission) [14]
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Sulphur distillation equipment

Sulphur melting furnace (front removed)

Figure 17. Schematic diagram of the apparatus for sulfur distillation, designed

by ORNL, USA [14]
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V. Purification of the final product and related problems

In contrast to the production technology of phosphorus radionuclides, the

problem of purification of the final product is sparingly covered by the

literature. Meanwhile, the modern irradiation techniques and distillation

methods of phosphorus isolation from irradiated sulfur allow to produce

phosphorus-32 and phosphorus-33 preparation with specific activity close to

the theoretical value, thus providing their effective use for labeled compounds

synthesis as well as in nuclear medicine. In this aspect, the purity of the

final product becomes very important and in some sense, this is the first

issue of the entire technology of carrier-free radioactive phosphorus

preparation production. In this respect, a number of problems should be

solved. They are preparation of the target material for irradiation; purification

of the intermediate products from impurities as well as the reagents used for

purification; elimination of the losses of the specified radionuclide both in the

reprocessing and storage stages.

The necessity of thorough preparation of the target material before

irradiation is obvious. Natural sulfur, used for phosphorus-32 production,

should be subjected to at least 2-3 cycles of additional purification [14].

These are: washing with acid or with a mixture of an ammonia solution and

ethanol, treatment of molten sulfur with magnesium oxide for organic

impurities removal and, at last, sulfur distillation. Of all impurities, the most

carefully controlled was arsenic, producing short-lived As, as its chemical

properties are similar to the properties of phosphorus, and this impurity is

hard to separate [13,143. Sulfur-33, isotopically enriched up to 98-99 %, is in

general sufficiently pure and can be used without additional purification.

The target sulfur can be encapsulated in an aluminum container,

preliminarily treated with hot concentrated nitric acid to purify the inner
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surface and to inhibit its corrosion [14]. Another method of target preparation

includes sealing the sulfur in a quartz capsule, which is placed into an

aluminum container [98].

Before sealing, the capsule can be evacuated or filled with an inert gas

to prevent partial sulfur oxidation to the sulfate- state [14]. This is not

required for technologies based on isolation of phosphorus by sulfur

distillation [98].

As has already been stated, the irradiation of natural sulfur and to a

less extent of enriched sulfur-33, leads to the production of a number of

radioactive impurities (^S, ^P for ^P and visa versa). Besides, there is the

risk of contamination with the inorganic and organic impurities contained in

the reagents used for irradiated target reprocessing. Phosphorus, produced by

neutron irradiation, can form pyro- and polymeric phosphates. It is obvious

that the content of impurities depends on the purity of the target sulfur, the

procedure of target preparation and reprocessing, and the purity of the

reagents as well as the purity of the equipment used. For example, if sulfur

is irradiated in an aluminum capsule phosphorus should be purified from

impurities of aluminum and ^Na, which is produced by the ^AKn, y ^ N a

reaction. This problem does not apply in case of irradiation in quarts

capsules. The content of ^S impurity in the final product can be considerably

decreased by removing the oxidizing agents (air oxygen, water vapor) from

the capsule for irradiation or by using the sulfur distillation technique for

phosphorus isolation. Additional separation of phosphorus and sulfur can be

carried out by ion-exchange chromatography using a weak-base anion

exchange resin [99].

As a rule, it is impossible to completely avoid contamination of

orthophosphoric acid with impurities. This is why all production technology

should include a stage of fine purification.

After the primary isolation of phosphorus from the target, the solution
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contains cationic impurities, such as aluminum, iron, sodium, barium, calcium,

copper, and a number of other impurities found in the acid solution used at

this stage. To remove these impurities ion-exchange chromatography using

Dowex ion-exchange resins (or their analogs) is recommended. In contrast to

alumina, used for phosphorus purification for a long period, ion-exchange

resins do not contaminate the solution and are more effective. Purification on

cation-exchange resin [83,100] or anion-exchange resin [101] can be applied.

Besides, anion exchange chromatography allows additional concentration of

phosphate-ion and additional purification. The combination of anion- and

cation exchange chromatography gives more effective purification [98].

It should be noted that the reagents used for reprocessing should be of

the highest purity available, as it allows for decreasing the level of reagent

contamination. The water used for preparation of the technological solutions

should be double distilled or deionized [14,102,103]. Hydrochloric acid can be

purified by isopiestic distillation [104] or by sub-boiling distillation [105].

Ion-exchange resins should be additionally purified also [102], Besides, the

purification should be carried out in the separated specially equipped glove

box, avoiding contamination by dust particles from the laboratory

environment.

The special problem is the purification of orthophosphoric acid from

polymeric phosphates. It should be noted that in case of carrier-free

orthophosphoric acid, the so-called polyphosphates are various in nature.

They can be real polyphosphates and pseudo-polyphosphates.

The real polyphosphates are polymeric phosphoric acids with relatively

short chains of phosphorus atoms (P<5), produced by sulfur irradiation [46],

The same compounds can be formed by heating; so, overheating should be

avoided at any stage of reprocessing [47]. Ortho- and polyphosphate fractions

can be separated by chromatography or electrophoresis, using different

mobilities of ions in the mobile phase or in the electric field [14,47]. The
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mobility of polyphosphates is lower than that of orthophosphates.

The pseudo-polyphosphates seem to be of various and unclear natures.

In general, phosphorus-containing species with low mobility, having a nature

different from that of the real polyphosphates, can be referred as

pseudo-polyphosphates. First, they can be strong complexes of the phosphate

ions with the multi-charged impurity cations, for example aluminum, iron,

cobalt, nickel, etc. The content of these impurities in the solution is

comparable with the content of phosphorus, and in the worst situation,

formation of these complexes will cause considerable losses of phosphorus. In

other cases, the presence of these complexes will change the behavior of

phosphorus in biological systems or under the conditions of synthesis of

labeled compounds.

Another source of pseudo-phosphates is -sulfur, produced under neutron

irradiation of sulfur and able to adsorb phosphate ions. This allotrope can

also be formed at the sulfur distillation stage at 170-180 °C and higher as

has been already stated above.

According to the data presented in [47], the relative content of various

forms of polyphosphates and orthophosphates depends on temperature,

solution acidity and storage duration. In general, polyphosphates are unstable

forms. At increasing acidity and increasing temperature they hydrolyse to

orthophosphates. However, overheating of the dry residue, produced after

evaporation of the solution, can cause polycondensation processes.

Some information can be found in the literature on an adsorption study

of phosphorus microamounts on glass surfaces. A strong dependency of

phosphorus adsorption on pH and storage time of the solution was reported

in [47]. At pH < 3 and pH > 9 adsorption was not higher than 10 %. At

pH= 4-6 and pH = 7 -9 the adsorption of phosphorus can reach 50-70 %,

and it is approx. 30 % within the pH range from 6 to 7 (Fig. 18). At pH <

2-3 adsorption of phosphorus is not higher than 5-7 % of the initial

- 57 -



phosphorus concentration, and this process manly takes place at the first 5-7

days of solution storage.

Besides, the pH of slightly acidic or slightly basic solutions is shifting

to the neutral range. A solution with the initial pH = 6,9 keeps this value for

a long time, but the portion of phosphorus adsorbed on the walls of the

glass flask used for storage increases 3 times. This can be explained by the

changes of the nature of a glass surface due to partial dissolution under a

long-term storage or due to radiation effects [106].

To minimize the loss of phosphorus during the production process and

final product storage the following recommendations can be given:

- avoid, if possible, the evaporation of solutions

- control the pH of the solutions and maintain it within the range from

2 to 3

- use laboratory ware made of non-adsorbing materials like Teflon,

polyethylene, nylon, etc.

- use freshly prepared reagent solutions.
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VI. Quality control of carrier-free ( ' r)-orthophosphoric

acid preparations

The requirements for the quality of radioactive phosphorus preparations

are determined by the field of its application. In all cases, the controlled

parameters are:

- the radionuclide purity

- the radiochemical purity

- the phosphorus specific activity

- the content of metal impurities.

The feature of the (32'33P)-orthophosphoric acid production is the

simultaneous production of T, P and S. Freshly produced P preparation
QO

always contains an impurity of IP, and the content of the latter can be

decreased by storage for a definite time only. The period of storage depends

on the initial and desired content of 32P. Storage for 4.5 months decreases

the 32P content 1000 times, but the activity of ^P also decreases up to 25

times.

If phosphorus-32 preparation is used in an experiment with the content

of phosphorus-33 initially equal to several percents, the soft beta-radiation of

P can easily be filtered off thus avoiding interference to the main counted

isotope. Nevertheless, if the initial content of ^P is equal to 2-3 % of 32P

activity, after 140 days storage (10 Tm of ^P) the activity of ^P will be

equal to 38 % of the total activity. In fact, the content of P impurity in P

preparations produced from natural sulfur is practically negligible. In contrast,

contamination of ^P preparation with 32P, emitting high-energy beta particles,

will produce too large an error in activity counting, as the effectiveness of
32P beta particle counting is much higher than that of 33P. Sometimes the

op oo

information of mutual contamination of P and P is very important,

especially in experiments with double-labeled compounds.
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Figure 18. Adsorption of carrier-free phosphorus on glass as a function of

pH and time [47]
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Any method used for routine beta counting can be recommended for

phosphorus-32 activity measurement. The low energy of phosphorus-33 beta

particles gives some restrictions on this choice, as there are some special

requirements for target preparation. Procedures that are more complicated

should be applied for phosphorus-32 low activity counting at the presence of

the high activity of phosphorus-33. Obviously, these analytical procedures use

the differences in beta particle energy of the discussed radionuclides.

The method for determining the content of P and P mixture was

described in [107]. It used total activity counting by liquid scintillation

counting; the phosphorus-32 activity was measured with a Geiger-Muller

counter using aluminum filters to cut off the beta particles emitted by

phosphorus-33.

Liquid scintillation counting is more effective for phosphorus

radionuclides activity measurement, as it is highly effective and sensitive,

and in some cases multi -channel counters can be used, providing

simultaneous determination of both phosporus-32 and phosphorus-33

[108,109].

The activity of P can easily be measured by liquid scintillation

counting using Cherenkov radiation. In combination with classical liquid
•JO

scintillation, this technique can be used for the determination of P content

in 33P preparations and visa versa [107].

Cherenkov counting is widely used for phosphorus-32 activity

measurement [110-113]. Cherenkov radiation is produced when a charged

particle, e.g., a beta-particle, passes through a transparent media at a

velocity greater than the speed of light in the same media. The method is

simple, and it requires no any scintillation cocktails. Its detection efficiency

can reach 40-50 % and rarely depending on the solution composition (in

contrast to classical methods based on using scintillation liquids), and various

salts (excluding nitrates) have a negligible quenching effect [108]. This
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method cannot be used for activity counting of a number of radionuclides,

such as 3H, 14C, ^S, ^P and 45Ca, because the energy of the beta particles of

these radionuclides are lower than the excitation threshold of Cherenkov

radiation in aqua solutions, which is equal to 0.265 MeV [114]. Therefore, if

the activity of the mixture of ^P and ^P is measured, the recorded counts

are conditioned by 32P radiation only.

To carry out the measurement, the detection system should be

preliminary calibrated, and the detection efficiency for the beta particles of

P and P in an aqua solution with and without scintillation liquid should be

determined using standard solutions. For these purposes 32P produced by the

(n, r ) reaction (not containing o3P impurity) can be used. Phosphorus-33

radiation can be simulated by 45Ca. This radionuclide has a beta particles

energy close to that of 33P (Emax = 256.9 keV) and is relatively long-lived

(162.7 days).

The assayed aliquots are measured in an aqua solution, and then in

scintillating liquid. The phosphorus-32 content is directly determined by the

results of the first measurement (no scintillating liquid added) and the

phosphorus-33 content is calculated as the difference of the second (in the

presence of liquid scintillator) and the first measurements. Considering both

assayed samples are identical (in terms of activity) and neglecting

phosphorus-32 decay during the measurement procedure, the activities of r1

and P can be expressed in the following

A _dN»._ Nc
12 dt (Ei2)ch (22)

(23)

The error of phosphorus-32 determination is less 2% and of
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phosphorus-33 is 5% [108].

The liquid scintillation counting technique, especially, based on

Cherenkov counting, was developed in a number of recent works for activity

measurement of multi-labeled compounds [115-117]. At present, the nuclide

composition of the preparation can be rapidly and easily determined by

mass-spectrometry, developed by the Research Institute of Atomic Reactors,

Russia. This method applies the originally designed ion-source, providing

highly effective ionization as well as effective use of analyzed sample [118].

The main advantages of this procedure are a high sensitivity and low

determination error. This is the direct method of analysis; the assayed

aliquot is placed directly to the ionizing source. It requires no dilutions, and

no reagents are used. As the quantity of the assayed sample (several

microliters) is essential for multiple determinations from one sample, this is

the precise method of analysis. The drawbacks of the method are its

uniqueness and using an expensive device the mass-spectrometer.

The obligator controlled parameter is the radiochemical purity of

orthophosphoric acid, or, in other words, the content of phosphorus in the

orthophosphate form and in the portion of rneta-, pyro- and polyphosphates.

The methods of paper chromatography [14,47,119-121], thin layer

chromatography [14,98], and one- and two-dimensional paper electrophoresis

[53] are widely used to control the radiochemical purity of orthophosphoric

acid.

The largest portion of radioactive impurities consists of sulfur-35

impurity (as a rule in a sulfate form). Its content can be determined after

chemical separation of the main portion of radioactive phosphorus using an

analysis of the decay curve [122]. The content of ^SO/" can be determined

by paper electrophoresis [123], thin layer [124] or paper [14] chromatography

or by chromatography on a BaSO4 column [125].

To determine the specific activity of (^D-orthophosphoric acid two
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parameters should be known the total solution activity and the total

quantity (concentration) of phosphorus. The spectrophotometric methods can

be used for determination of phosphorus in the solutions of low and medium

specific activity phosphorus (less then 500 mCi/mmol) [4,14]. These methods

are based on the formation of colored heteropoly- compounds of phosphorus,

for example, phosphorus-molybdate in acidic solutions [126,127], or more

stable triple complexes phosphor-vanadomolybdate[128,129] and

phosphor-bithmuth-molybdate [130]. To increase sensitivity of the

spectrophotometric methods, the extraction of phosphorus complexes can be

used. Nevertheless, the sensitivity of these methods is not better then 10-7

g. Consequently, these methods are not applicable for determination of the

content of carrier-free phosphorus radionuclides in this case, the activity of

the assayed sample should be at least several tens of millicuries. This is

hazardous for the analyst and can give wrong results because of the

radiolytic effects. The theoretical value of ^P specific activity is 285 Ci/g

(the molar activity is 9120 Ci/mmol), and ^P is 156 Ci/g (5130 Ci/mmol).

Preparations of the highest specific activity are required for modern

biochemical and similar research [6,7]. The modern technology of

( ' P)-orthophosphoric acid production provides the specific activities of

these preparations on levels close to the theoretical ones. For these products

methods of isotope dilution with sub- and super-stoichiometric isolation of

phosphorus [131-134] are used, as well as mass-spectrometry [98].

The sensitivity of substoichiometric isotope dilution analysis is 10-10 g

of phosphorus. Molybdate or a mixture of molybdate and vanadate is used as

the stoichiometric reagent, and tetraphenilarsonium as a substoichiometric

reagent [135,136]. Separation of bonded and not-bounded phosphorus is

carried out by extraction [134-139] or by paper chromatography [135].

Mass-spectrometry is the express-method, simple and precise, and can

also be used for the determination of the ^ ^P specific activity [98].
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