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FOREWORD 

The Subcommittee on Radiochemistry ia one ot a number or 
subcommittees working under the Committee on Nuclear Science 
within the National Academy ot Sciences - National Research 
Council. Ita members represent govemment, industrial, and 
university laboratories in the areas ot nuclear chemistry and 
analytical chemistry. 

The Subcommittee haa concerned itaelt with those areas ot 
nuclear science which involve the chemist, such aa the collec
tion and distribution or radiochemical procedures, the eatab
liBhment or apeciticationa tor radiochemically pure reagents, 
availability or cyclotron time tor service irradiations, the 
place or radiochemistry in the undergraduate college program, 
etc. 

This aeries or monographs haa grown out or the need tor 
up-to-date compilations ot radiochemical intormation and pro
cedures. The Subcommittee haa endeavored to present a aeries 
which will be or maximum uae to the working scientist and 
which contains the late at available intormation. Bach mono
graph collects in one volume the pertinent 1ntormation required 
tor radiochemical work with an individual element or a group or 
closely related elements. 

An expert in the radiochemistry or the particular ele•nt 
has written the monograph, tollowing a etandard tormat developed 
by the Subcommittee. The Atomic Energy Commission has sponsored 
the printing or the aeries. 

The Subcommittee is contident these publications will be 
usetul not only to the radiochemist but also to the research 
worker in other tields such as physics, biochemistrJ or •dicine 
who wishes to use radiochemical techniques to aolve a specitic 
problem. 

111 

V. V8Jlle Meinke, Chail'IUil 
Subcommittee on RadiochemistrJ 
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INTRODUOION 

This volume which deals with the radiochemistry of phosphorous 
is one of a series of monographs on radiochemistry of the elements. 
There is included a review of the nuclear and chemical features 
of particular interest to the radiochemist, a discussion of prob
lems of dissolution of a sample and counting techniques, and 
finally, a collection of radiochemical procedures for the element 
as found in the literature. 

The series of monographs will cover all elements for which 
radiochemical procedures are pertinent. Plans include revision 
of the monograph periodically as new techniques and procedures 
warrant. The reader is therefore encouraged to call to the 
attention of the author any published or unpublished material on 
the radiochemistry of phosphorous which might be included in a re
vised version of the monograph. 

1v 
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The Radiochemistry of Phosphorus 

W. T. MULUNB and G. W. LBDDICO'M'B 
()all Ridge Natimtal lAboratory• 

Oall Ridge, TnMssee 

I. GENERAL REF!iRI5RCES OB 1'BE Ili:RlABIC ABD AKAI.!'.riCAL CB1IMIB1'RI' 
OF PHOSPHORUS 

~~ H., Treatise on IDOrpnic Chelliatry, Volu.e I, Zlaerter, 
Alllaterdalll ( 1956). 

Kleinberg, J., Arprainpr, w. J., Jr., aDd Gr1avo14, B., IDorp!ic 
Cbellliatry, Heath, Boston ( 1960) • 

Hillebrand, W. F., LuDdell, G. E. F., Bript, H. A., aDd BoffiBD, 
J, L., Aplled IDorpnic AD&lJ!181 Jobn Wiley aDd Bona, 1lev York, 
1958. 

Wilson, c. L., aDd WUaon, D. w., Colll;prebeaaive All&l7tical a..:iat17, 
El.aevier, Alllaterdalll, 1959. 

Sieuko, M. J., &lid Plane, R. A., Cbeaiatq, McGrav-Hill, 1lev York, 
1957. 

Cbarlot, G., &lid Bezier, D., rtitative IDorpn1c AD&lJ!ia, JobD 
Wiley and Sons, Rev York, ·195 • . 

Sidgwick, B. v., '!'he Chemical Bl-.nta aDd 'l'beir Cos?ooa""•, tl11verait7 
Preas, Oxford, 1951. 

Van Wazer, J. R., Pboa~rua aDd Ita ~mda: Vol~ I: Cbeatatq, 
Interacience, Rev York, 958. 

Hutch1.naon, E. , Chem1a'!1 - 'l'be BleMnta aDd '!'heir Reactioaa, 
Saunders, Philadelphia, 959. . 

II. RADIOACTIVE~ OF PHOSPH<IlUB 

Tbe radioactive nuclldea ~ pboe]ilborua tbat are ot 1Dtereat 1D tbe ra41o

chelll1atry of pboapborua are stven 1D Table I. 'l'h1a table baa been CCIIpiled 

Operated tor u. s. Atom.c BDerQ ec-.taaiOD b7 U'AiOD C&ri)ide CorporatioD. 

1 
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fraa intonation appearing in reports by Strominger, et al. 1 (l) and by 

Bugbee and Harvey.(2 ) 

TABLE I 

'l'HB RADIOAC'l'IVE NUCLIDES OF PHOSPHORUS 

Radio- Half- Mode of Energy of 
nuclide .!!!!.__ De!:!l Radiation Produced !!l 
J!-9 4.6 8 13+ 7 1.28, 2.42 Si-p-n, 8i-d-n, P-7•2n 

p30 2.55 • 13+ ~+ 3.4 abs Al:-o-n, 3 8i-p-n, Si-He -p, 
P-n-2n, P-7-n, 8-d-c; 
Cl-7-a,n 

p32 14.3 d. 13- 13- 1.70 Si·d-71 Si-d-p, Si-He3-p 
P-d-p, P-n-7 1 8-n-p, 8-d-a, 
Cl-n-a, Cl-7-c;n, Cl-d-pa 

p33 25.4 d ~- 13- 0.2$ abs S-n-p, &-7-p, Cl-7-a 

p34 12.4 I 13- 13- 5.1, 3.2 8-n-p, Cl-n-a 

III. 'l'HB GERERAL CHEMISTRY OF PHOSPHORUS 

Phosphorus is never found in nature as the element. The chief sources 

of phosphorus are pbospbate rock, ea3(P04 )2 , and apatite, CaF2 ·3Ca3(P04 )2 • 

It 1s usually obtained trom these sources by mixing coke and sand vith the 

crushed rock o~ ore and heating the mixture in an electric furnace. Since 

the temperature of the reaction is quite high, the pbosphorua distills ava.y 

t'raa the reaction mixture and is trapped and condensed under va.ter as yellov 

or vh1 te phosphorus. 

A. Elementary Phosphorus 

Phosphorus exists in at least three allotropic form&. The vhi te phos

phorus (or yellov phosphorus, if it is impure) obtained by a distillation 

of phosphorus bas a meltir.g point of 44°C. It dissolves in organic liqui~s, 

crystallizes in the cubic form, and burns spontaneously in air. 'When heated 

in the absence ot' air to a t~.ratu.re of 250° C, it is converted to 

red phosphol~~. The color and physical properties of red phosphoru~ 

depends upon the temperature and the length of the heat!~ period. It 

11111 crystallize in the rhombohe:i.ral form, and it 1.s stable in 'lir at 

room temperature. Red ,ho~phorus ~s insoluble in organie liquids. A 

black allotropic foru of l'h:;sp1.orus is obt" ined by heating white 
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phosphorus at 200° C and at a pressure of about 131 000 atmospheres. It 

is rhombohedral in form and is a good electrical conductor. Black 

phosphorus can be converted to red phosphorus by heating at ~ratures 

above 500°. 

B. Tbe Chemical CompoUDds of Phoa;phorua 

Phosphorus exhibits oxidation states of -3, -2, +11 +21 +31 +41 and 

+5. The principle oxidation state ot phosphorus is +5; however, +3 CCIID

pound.s are not unCC81011. Pboaphorua can form compowlda vith b;yd:rosen1 ox;ypn1 

sulfUr, the halopna, and nitrogen. It can react vith certain IDIIItals to form 

phosphides. Table II lists JIBliY ot the phosphorus compowlda and gives infor-

mat ion on their solubill ty in water and otber qents. Scae general intona

tion about these and other phosphorus com.pounde is given belov. More specific 

information hu been given in reviews by Van Wazer(3) aDd Bu.tchinaon. <4> 

!'!IE! 
..._101.-IWI. 

@A @ ......... ..., D .. If D1 I II laale*11 loWI1.e .. .... ~ ... --~ ,..., 1111 I II loWI1.e ...... ~ ... --

IC1e ~ 

~ 11111111111 11111111111 
loWI1.e ...... --· --,_, ...... ~ 

..n, II a11a II D1 I II .... 141 M1ale Ia 

~-- ... ., D 1 .. 11 II .. II la~l Mlalela 
ale*1 

., D I I JJ 

·~ 
D I I JJ loWI1.e ..... 

n, D I II II D1 I II 'fw7Mlale ..... 

''h ~ Yw7~ 1-w.le ..., ....... 
Mlalel 
II I II .,, DIUIIIIIII --yo, 

'A 'fw7 Ml~Me. D .. If --yo, ., D ~ .. II D I I II loWI1.e .. ~· 18M1.*le .. ......... ' 
1011', D1 .. If loWI1.e ........ Clf, ..... 

'--'41lw ..... 
~ D11a11 II 

IOCl' D all If Duruann II Ill II Ia ale*l..&..U 

,,~ D1 I II 

ro..p D I I II .. , D1 I II Dl 1111 II Sa ale*1 .. I..w.le I..w.le Ia •14 ..& ~ 

... ¥.. D 1 .. 1J lclliiUe .. Cia 
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1. Reactions v1 th Hyd.rogen 

The hydrogen compounds of phosphorus cannot be prepared by a direct 

union of the elements. Phosphine, PH3, and diphosphine, P2H4, are usually 

formed by heating white phosphorus in the presence of aqueous sodium hydroxide 

or by hydrolyzing al111111num phosphide vith sulfuric acid. PH3 ip extremely 

volatile and is 1nfl..aDDable in air. Phosphine ia a toxic compound and is 

considerably less soluble in water than is ammonia. It is a much weaker 

base than ammonia, forming only a rev phosphonium,PH4+, salts vith tbe halides. 

These salts are strongly hydrolyzed in solution and exhibit strong acid 

characteristics. D1phosph1ne is not basic and forms no salt compounds. 

2. Reactions v1 th Ox.ygen 

Phosphorus forms 'three oxide compounds vith oxygen: the trioxide, 

P2o3, the tetroxide, P2o4, and the pentoxide, P2o5• The trioxide and 

the pentoxide are tbe moat important of tbe oxygen compoUDds. F.req01ently 1 

the formulas are written as P4o6 and P4o10 because of the densities of 

tbeir vapors. 

The triox;de is produced by burning vb.ite phosphorus in a lilllited 

supply of oxygen. P4o6 is ~ cclorless solid which melts at 24° and boils 

at 173°. P4o10, a colorless liquid, sublimes at temperatures above )60°. 

Phosphorus tetroxide, P4o8, is formed by heating P4o6 to temperatures 

above 200°. It is a solid, having a melting point higher than 18o0 • '!'be 

pentoxide is formed by burning phosphorus in oxygen. 

P4 o8 reacts vigorously v1 th water to form the oxyac1c1, phosphorous 

~~ H3P03• H3P03 can also be formed very slowly by reacting P4o6 vith 

cold water. In hot water, the u3P03 that forms rapidly decomposes to pro

duce phosphoric acid and phosphine. P4o10 also reacts vigorously vith 

water to first produce meta-phosphoric acid, HP03, and tben by a fUrther 

hydrolysis reaction, orthophosphoric acid, H3P04• 

Phosphorous acid, H3P03, can also be formed by reacting phospborus 

halides, i.e., PC13, P.Br3, and PI3 vith water. H3P03 is a colorless 

crystalline solid which melts at 73°. When heated above 200°, it decom-

poses to give phosphine and phosphoric acid. Phosphorous acid is an active 

reducing agent because it can be readily oxidized to phosphoric acid. Its 
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alkali salta (such ae ~P03) wilJ. lose vater when heated to l61:P to give 

a pyl'Ol)boaibite salt, e.g., Ra2~P2o5 • 

l!n!oJ!hospborows acid, Hf02, is produced aa transparent cr,yatala by 

the reaction of bariua salta of pboaphorws with H2so4• The cr,yatala melt 

at 26.5°. H3P02 and ita aalta,the bnol!hosphjtea, are strong reducing 

apnta (P baa an oxidation state of p+l 1n these cOIIIpOUDda) and can be 

used to reduce such el..nta ae tbe balopDS and Fe+3 iODS, e.g., chlorine 

to chloride and ferric iODS to iroD. 

Meta]lhoa;pboroua acid, HP02, can be formed b7 burning phosphine 1n a 

l1J111ted supply ot oxygen. !)'rollbo!pl!oroua acid, B4P2o5, is a colorless 

solid that is fOl'llled by heating alkaJJ.ue ~pbitea, e.g., ~3, 

at ~0• B4P2o5 IDI!lta at ~0 and it will decompose when it 1a heated 

0 &bon 1~ • HP02 and H1l 2o5 are rapidly converted to s3ro3 1n tbe presence 

of water. 'l'be pbo!pb()roua acids contain phospborws in the +3 oxidation 

state. All ot these acids and their salta are reducing agents. 

P4o10, at various degrees of ~tion, reacts to form the aeries 

of oxy&eids of phoapborws knovn ae the phosphoric acids. Ortbol!boepboric 

acid, Hf04, is formed b7 reacting P4o10 with an adequate supply of water. 

Hf04 is a colorleaa solid that IDI!lta at 142°C. It is very soluble 1n 

water. It will react with moat of tbe IDI!tala to form ortbopboaJ!bate salta, 

claaa1t1ed e1 tber ae Fi-ZZ• aecoD!!ary, or ~ phosphatee. 'Dle priary, 

or~~ pboaphatea, e.g., ~P04, are soluble 1n water and Jield 

alipt.J.Y acid aolutioDS. 'Dle aecoudary, or ~cpn, phosphatee, e.g., 

~~ altbou8b only al18btly soluble 1n water Jield alkaline aolutiODS. 

1'be DOl'al, or tripbc)a))hatea, e.g., Ra3P04, are more c011pletely b;ydrolyzed 

1n aqueous solution to yield alkaUne aolutiooa. The pn.ry and aecoudary 

pboapbatea deCOIIQii08e rapidly when heated into ..taphospb&tea and ~hates. 

1'be tripboapbatea are stable toward heat. 

Bf04 loaea water ae it is beated to 250° c, aD4 it 1a ~ 

converted to PJTORboa;pboric acid, B4P2o7• P,yropboaphoric acid will 

cr,yatalllze from the JDelt aa a colorless solid. '!'he solid IDI!lta at 

0 
55 • H4P 2o7 can also be produced by strongly heating ~HP04 • It 

Jields tvo aeries of salta in its reactiODS with other elementaJ 

5 
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namely, normal salts, such as Na4P2o7 or ~P2o7, and dihydrogen salts, 

such as Na2H2P2o7. The alkali metal salts of both series are soluble 

in most reagents; however, only the dihydrogen salts of other metal 

ions o.re readily soluble. l~P2o7, magnesium pyrophosphate, is an 

accepted gravimetric weighing form for the quantitative determination 

of either phosphate ions, P04- 3, or magnesi~in many different types 

of sample materials. ( 5) The iDsoluble caapound, Mgllll4P04, ia first 

precipitated and then converted by heat into the pyrophosphate compound. 

0 If H4P2o7 is hes.ted to 200 1 it vill lose vater to fom metaphosphoric, 

or g!acial phosphoric, acid, HP03. The acid is very soluble in vater and 

it vill change slovly in cold vater into orthophospboric acid, H3P04 • In 

hot vater (100°C) this change is very rapid. The salts of this acid are 

the metaphosphates, e.g., (NaP03)3 or (NaP03)6• Other complexes, having 

the formula, (NaP03)x' are also known. The hexa metaphosphates, such as 

(NaP03)6 form soluble complexes vith ~~any multivalent cations, e.g., Na2~P6o18 • 

3. Reactions vith Sulfur 

Phosphorus and sulfur can combine direct~ vith each other to form 

sulfur compounds. I:L' white phosphorus is used, an explosive reaction occurs. 

When red phosphorus and sulfur are mixed, chemical combination occurs and 

proceeds quiet~, and, according to the proportions used tor each element, 

vill form either P4s3, P4s5, P4s7, or P4s10• Tetraphosphorus trisulfide, 

P4s3, is the most important of the phosphorus sulfide compounds, being 

used chief~ in the manufacture of "strike-o.nyvb.ere" matches. PhospboX')lS 

penta&ulfide, P4s10, can be hydrolyzed to H3P04, and this reaction vith 

vater makes it possible to use P4s10 to introduce the group SH in the place 

of the hydroxyl group into organic compounds. 

4. Reactions vi th the Halogens 

Trivalent phosphorus can combine direct~ vith all of the halogens 

to form the trihalides, PF 3, PC13, PBr 3, and PI3• Pentavalent phosphorus 

vill on~ form pentahalides vi th fluorine 1 chlorine 1 and bromine. The 

pentaiodide is not known; however, a tetraiodide, P2r4, can be fomed by 

dissolving hydrogen and iodine in carbon disulfide. Several mixed halides 

of the type PF2Br are also known. 

6 
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The tribalide compounds react readily with water to fo:nn eydrogen 

halides and bypophospborous acid, H3P03• Since the tribalides contain 

phosphoru.a in the +3 oxidation state, they a.re easily oxidized. For 

example, PC13 reacts with air to room temperature to fol'll the Olcybal.ide 

POC13 or lld.xed oxybalidea of the type,POF2Cl. PC13 and PBr3 c:an react 

with chlorine and bl'OIIIine, respectively, to fol'll the pentavalent balidea, 

PC15 and PBr5• 

The pentahalide cOIIIpOUDd.e are a.ll rapidly attacked by water to fo:nn 

eydrogen halides and phosphoric acid, H3P04• PF 5 is stable toward h•t 

but PC15 and PBr 5 can easily dissociate into free bal.osen and the trivalent 

phospboru.a halide when heated. The pboaphoru.a pentahalide compounds can 

Wldergo lzy'drolyais to rom oxybalides of the type, POF3, POC13, and POBr3• 

5. Reactions vi th lf1 trop 

Pboepboru.a and nitropn do not coabiDe di~; bolle'rer, a nitride, 

P f 5• can be for.d b7 beating P4s10 in an •-onia ataoepbere at a 

taperature of 2~0 • P 3• 5 is a colorless solid vbich can be ~ 

at SOo0 to give nitrogen and another nitride, Plr. Bot water will 

lzy'drol.7ze both nitrides to fcma • ..,..1& and ~i~ ot pboapboru.a. 'l'be 

r.ctiona of the pboepboru.a pentab&l.1dea with •wwmia will produce pboe

pboru.a-nitropn balidea of the tn-, Plf~. All ot theM t'O'IpO'md• v1ll 

lzy'drol.7ze to produce --=.a and 01eyacida of pboepboru.a. 

6. ae.ctiona with Metals 

Pbollpboru.a can also react directly with •tala to fOl'll Jlbo9b1dea, 

e.g., Baf• Several Mta1 pboepbidea, such u ea3P2, can be :prepared 

by reducing the corre•pond1ug pboepb&te with caz'boo. 'l'be •tal pboepbidel 

are rap~ ~ by water or deCCIIIpOMCl by acids to fol'll pboepbiDe 

and •tallic ions. 

Phoepboru.a, after ita aeparatiOD frca other cbellical el~ta, il .. t 

frequently converted to ortbopboapboric acid, and the ortbopboapb&te iOD 

detel'llined gravimetrically. Sllcb precipitating asenta u masneaia mxture, (5) 

ferric chloride and .-onil.lll acetate, (6,7) zirc~l chloride, (S) and moly-
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bdic acid, ( 5,9) barium acetate, (lO) thallium acetate and silver nitrate, (ll) 

(12} ---and ox.ine have been used to precipitate :ro4 • The precipitation of 

the pyrophosphate ion, P2o7----, with zinc sulfate has &lao been used in 

the gravimetric determination of pllosphorua. (l3-l5) The compouDda resulting 

from the reactions of these agents vi th :ro4- 3 are as follovs: 11111110nium 

magnesium phosphate, NH4MgP04·6~0; iron posph&te, FeP04; zircon.yl Ndrog!n 

phosphate, (Zr<>)HP04; ammonium phospbomol.ybdate, (NHq.) 3(Mo03)12POq.; 

barium phosphate, BaHP04; silver thallium phosphate, ~TlP04; oxinium 

24-mo1ybdo-2-phos,nate, 6c9~oN·P2o5 ·24Mo03•llH20; and zinc phospb!te, 

ZnPOq.· 

Any one of the above gravimetric forms can be used in a c:arrier 

radiocnemical procedure for radioactive phosphorus. However, it is not 

always necessary to obtain the phosphorus carrier and the radioactivity 

in a precipitible form before the radioactivity measurements. One of 

the phases obtained in a solvent extraction method or an aliquot of an 

eluate from an ion-exchange separation column could be used. T.llU81 the 

information that follovs generally reports on current analysis ideas 

used in isolating and determining nonradiOI\ctive phosphorus. The same 

techniques can be easily applied to analytical determinations of radio-

active phosphorus. 

A. Separation by Precipitation 

A complete separation of phosphorus from many other elements can be 

obtained by precipitating phosphorus in nitric acid solution as ammonium 

phosphomolibdate.( 5•9) Sodium hydroxide will precipitate and completely 

separate iron, nickel, cobalt, trivalent chromium, titanium, and zirconium 

from phosphorus. The acid-sulfide elements can be easily separated by 

saturating a mineral acid solution with hydrogen sulfide. The volatility 

of arsenic and germanium chlorides can be used to separate these elements 

from phosphorus. 

The ammonium phosphomolybdate precipitation is usually considered a 

preliminary separation method, since a stoichiometric composition of the 

phosphomolybdate compound is difficult to achieve. Thus, this compound 
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ia aubaequently treat.d all4 tbe pboapborua precipitated 1n ~ other fora. 

Tbe moat treqQently used method inYolTea a precipitatioo aa -eealua 

...oDi~a pboq!ate, Msllll~P01.-~o, vlth .apeaia llixture. <5> Tbe pao.pbate 

C<:11P0UD4 ia then 1plted to !!p!!iua pyropbo!J!bate, ~P2o7, 1n a IUt'fle 

f1mlace at 1050 to 1100° C. 

Arsenic, &D4 .oderate ..aunts ~ iron, alWiinua, VIIMdiua, sine, tin, 

aeleni~a, telluriua, tit&Diua, or z1rcoD11a C&D interfere 1n the pboapb&te 

prec1p1tat1oo. BOftftr, arMDic -.:~be r.onct b7 ad41Ds aol1d .-mila 

brcede to the aol.utiou &D4 boiliDs the aolutioo to near dr1De••· 'l'be 

otbe7" eleiMmta cao be cc.plexed b7 ad41Ds citric acid to the aolutioo before 

tbe Uditioo ~ u exceaa ~the .apeaia .uture. Mo~, T&Dadiua, all4 

tlmpteD C&D &lao be aeparated trca :pbotlpbol'WI b7 precipitatiDS it vlth 

.apeaia ll1xture at a lov teJiiperature aDd in the preaace ~ tartrates. 

Cal,pl.ete aeparatioaa ~ iroD, vua41ua, z:11"CoD11.111, ti t&D1ua, D1ob1ua, 

t&Dtal.ua, aDd plli~a trca pboepbol'WI cube obta1Ded b7 precipit&tiDS tbeae 

e~ta trca ice-cold aolutiou ccot.aiDiD(l tree a1Deral or orp.Dic acids 

vith cupfel'I'OD. (16-1.8) AluaiDua, beryll11.1111 boi"'D, ...,..,. .. , Dickel, all4 

Ul'&Di~a cao interfere in tbia aeparat1oo. 

B. S!pl!:t1oo bz Blectl'olpia 

Altbou&b :pbotlpbol'WI C&DDOt be Mparat.d trca .olutioo b7 electrodepoai-

tioo, it cao be eftectiftl.y aeparat.d b7 electzo:Q'aia vith a •Z'CU17 ca~. (l9-2 

&Old, ..rcu17, tball1~a, &D4 biamtb are ree41J.y depoeit.d QIIOil the ..rcu17 

ca~ trca dilute ault\ar1c acid aolutiou. :Ptloepbol'WI (aDd al•w1niw1 

tit&D1~a, vua41~a, zirCOD1~a, aDd Ul'&Di~a) v1U DOt depoeit 011 the 

ca~. 

C. Sept.n.tioo 'by Volat1UV 

:Ptloepbol'WI C&D be Uberat.d frcll u acid 110l.ut1oo (BCl) aa pboapb1De 

1n a aveep1nc at.lepbere ~ &r&OD• ( 24•25) Gezlerall:T applied to the deter

JiiD&tiOD ~ pboeJ:Ibol'WI 1n aluainua •tal or ita al.lo7a, tbia aeparatiOD 

treea ,pboepbol'WI trca ~of the e~ta. 81Ucco aDd orp.Dic •tter 
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are the ebiet interferences; bovever, these can be ~ b7 ~tiOD 

with pereblorie acid. 

D. Solvent ExtractiOD Separations 

p+5 can be part1al.ly extracted (about 15~) tro. a 21 M MID' solution with 

ethyl ether. (26) In such a syate. only lb+5, 'la+5, and a.+7 are extracted 

+2 +4 +3 +2 +4 +4 +4 +3 .... 5 +6 g~:eater than ~; Sn , Sn , Aa , Aa , 'l'e 1 Ge , Se , V , v · , Mo , 

and Sb+3 will also partially extract. P+5 as (lll4)2P04 is part1al.ly extrac

ted (about 21~) troll an 8!! HJK)3 into ethyl ether. (27) tl:lder tbeee coa41-

~ +6 +4 +4 ~ +2 +6 tiona, Au is eaapletely extracted vbile U , Zr , 'l'h , '1'1 , Bs , Cr • 

Ce +4, Bi + 3, and Aa + 3 are extracted in varied eooeentratiODS. 

Pbospborus as the beteropoly acid JDO~epboepborie acid e011plex can 

be separated troll JDOlybdosilieie acid b7 extractions with eth;rl acetoacetate, (2B) 

etbyl acetate, (29) or butyl acetate. (30) It can a1ao be extracted tro. ateela 

with a lllixture ot 1-butanol (20j b7 volu.e) in eblorotora. (31) Btber(32) and 

isobu~l (33) have also been used to extract pboaphorus beteropoly acids tro. 

otber elements. 

The solubility ot a3P04 (and ~804) in ether can be used tor the 

aeparatiOD ot phosphate. (34) P04 can be q~Wltitatively extracted b7 

converting it to a3P04 by tbe addition ot eaocentrated ~804 and extrac

ting the a~4 with excess ~804 into ethyl etber. Aa, Sb, v, Zr, Mo, 

and U are partially or caapletely dissolved in tbe solvent llixture. Ag, 

Pb, Bi, eu, Cd, an, er, Al, Ti, 'l'h, ea, Ba, sr, IH, eo, Mn, Zn, Ms, Ba, 

K, and tbe rare earths are practically insoluble under these coa41t1ona. 

A butaool-eblorotora 111.xture bas been used to extract P tro. a 

5 !! Hll)3 solution. (35) Mn, 811 Cr1 and V do DOt interfere in this extrac

tion. 

Solvent extraction IDI!tbods have &lao been used in tbe carrier-tree 

aeparatiOD of p32 (14.3 d) neutron-irradiated sulfur targets. (36-38) 

B. ~~hie Separations 

1. IDOrpnic Absorbents 

P04 + 3 baa been separated tna a 111.xture ot at least 12 other aniou 

by use ot alUIIIin& columa pre-treated with nitric acid. (39} Kubll <42) 
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baa also extended this method to the separation ot P04 + 3 t:n:a ~ otber 

anions. 

Carrier-tree p32 (14. 3 d) baa been separated trolll Deutroo-11 :adiated 

elementary sulrur by adsorption either on a silica gel col~mn traa a cs2 

solution(4l) or on al.UII:lna trca an alkal1 solution. (lt2) Tbe etticioenc;y ot 

adsorption ot P32 vaa about 95~. 

2. By loD Bxcbanp BesiDe 

Sullelaon and Rwmebers( 43) report tbat -.:rq applications uai.Ds iOD-

excbanp resin colu.na are possible tor eitber the quantitatin 4etenl1Da-

tion of pboepbate ions on their separation tro111 other el.-nta an4 aDieu. 

These extensive studies should be consulted. Ill a441tion to these studiee, 

exebanp resin •thoda b&ve been developed either to detel'ld.De pboepbate 

in rock, ( 44) pboapborua in copper an4 terrows alloya(45) or to ~~epante 

cations previoua to the detenliD&tion ot pboapbates. ( lt6-49) ~pborua 

(lloDd sulfur and arsenic) have been separated t:n:a nickel and copper by 

ion excbanp. (50) 'l'beoretical. studies on the elutiCD of ortbOpboepbate, 

pyrophosphate, tri-, •ta-, and tn.ta-pboaphate trca a Dovex 1-no resin 

colu.n with different Cl- concentratiODS and at ditterent pa b&ve been 

IBde by Benhenkang, et al.. (52) Yosh1Do(53) baa separated ortbopboapbatea 

3. By Paper ~top;aJ!IIl 

Pbospbate iODS, P04- 3, shov a distinct rate ot .ar~t in paper 

cm-c.atograpey aystaa uai.Ds suc:b solvents u butanol-BCl ldxtures, (54) 

alcohol-mm3 ld.xtures, (55) and butaDol-BBr ld.xtures. (56) Pboepbate iou 

have been separated trca terrocyanide, ferrieyanide, sulfide, arsenate, 

an4 iodide ions by use ot butaDol-ethaDol-vater llixtures as solvents. (57) 

lblbel"'U8 aniODS ot p+5 have been separated by Bbel and Volllar(58) uai.Ds 

filter paper vaahed with BCl or treated with 8-~liDe. Pboepbatea, 

pboaphites, and bypopboapb&tea have separated on BCl-vaahed paper ua1Dg 

equal volu.es ot n-butaDol, dioxan, and 1 !! JB40B as a solvent. (59) otber 

studies concemed with phosphate llixtures included those :lDvestipted by 

Bbel, (6o-62) Y~chi, (63) Gauthier, (64) MeissDer, (65) Crowther, (66) aud 
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others. (67,6B) Weil (69) has separated phosphor-organic compounds, e.g., 

phosphonous, phosph1nic, and phosphinon acids, by paper chromatography. 

Marinette, et al., <7o, 71 ) Benson, et al., <72) and Benson (73) have 

used silicic acid-impregnated paper and solvents such as phenol-distilled 

water ( 100 g to 4o g) and n-butanol-propionic acid-water mixtures to 

separate phosphorus as phoaphatides. Benson, et al., <72) and Benson(73) 

have separated the phosphatide components ot a mixture on paper prior to 

an activation in a nuclear reactor. 

V. DISSOLtlriON OF SAMPLES CONTAINDil PHOSPHORUS 

Moat of the methods used to decompose phosphorus-bearing aaterials 

produce phosphorus in the orthophosphate form. (74) Most of the phosphorus 

chemical salts are readily soluble in water or dilute acid. Most metals 

and alloys containing phosphorus must be put into solution with a strong 

oxidizing acid such as HN03 in order to prevent its loss as phosphine. 

It HF is used, it should be removed after dissolution by evaporation. 

Rocks and minerals are usually fused vi th sodium carbonate or peroxide, 

and the melt extracted vith water. Prolonged fusions vith pyrosultate can 

result in some loss of phosphorus by volatility. 

Biological materials, such as tissues, body fluids, vegetation, etc., 

can be decomposed vith HCl, HB03, HB03-~so4, or HN03-Hclo4 mixtures.(75,76) 

Compounds of phosphorus mixed vith organic aaterial must not be ignited in 

platinum unless good oxidizing conditions are maintained. (74 ) 

If any of these dissolution techniques are used in a radiochemical sepa

ration of phosphorus radioactivity, the addition of inactive phosphorus carrier 

to the solubilizing mixture vould assist in achieving an isotopic exchange 

betveen the radioactive and inactive phosphorus atoms. 

VI. SAFETY PRACTICES 

Chemical decomposition and processing of any sample material can be 

hazardous. Adequate safety precautions for processing any sample aaterial 

have been recently described by Pieters and Creyghton. (77) This manual, 

as vell as others on laboratory safety, should be consulted before arq 

analysis is undertaken. 
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Wheuever radioactive Jaterial 1a processed 1D a laboratory area, the 

needa for sate laboratory practices are gnatly IIIBgllified. A diecb&rge 

ot radioactivity into a laboratory area by evolution or spillage can 

result 1D bazardowl coDditiona tor personnel and possible vide spread con

tud.Dation througbout the laboratory area. Safe baMlins practices for 

proceaaiDS r.dioactive Jateriala appear 1D such aoutcea as the Oalt Ridge 

Ratioaal lAboratory'• Muter A.Dalytical MaDual (78) aDd 1D the Interuatioaal 

Atcaic Bbersr Agency' • publicatioo, enti tl.ed, "Safe-Bandl1 "8 ot Blldioiaoto

pea. ,.(79) l4lmy other aild.lar sources at !nfomation exist and should be 

COD8ulted. 

i'be nuclear characteriatica at the r.dioactive isotopes of pboapborua 

are au.artsed 1D Table I of this JIIODOSr&pb. 

The D:)llt frequently •uured pboapbonua r.dioiaotope is p32 (14.3 d). 

It aita 1.7o-Mev beta radiations 1D ita decay, aDd ita radioactivity can 

be •aaured b7 such countiDS techniques as Geiger-lobeller countiDS or propor

tioDal COUDtiDS. (8o,8l) Gaerally, the au,ple •terial contaiDiDS ~32 auat 

be processed r.diochaically before the r.dioactiv1ty MUuroe.nta are ..u. 

VIII o COLLBC'l'IOlt OF JB'lAUBD RADIOCBI!MICA.L PROCBOORBS P'CE PHOSPHORUS- 32 

Meet ot the radiocba.ical procedures tbat follov bave been developed 

either to obtain 14.3 ~ P32 as a tracer~B2) or to separate it frail fission 

products, (83) or to uae p32 1D the deterainatioo of stable pboepbonua 1D a 

variety of HllliPle •teriala b7 the radioactivatioo au&lyaia •thod. (B4,85) 

'l'h1a aualyaia ~ baa al.re~ been used to detel'lliDe pboephorua 1D 

alu.im.la al.l.OJS, (87) niobi•, (86) leed, <86> alumna, <86,87> allllliDua pboa-

pbate, (86) biolog1cal •teriala, (88-97~ graphite, (98) iodine, (99) silicon, (lOO,lOl) 

1roo, (l02-l05) nickel (l05) -sneaiua, (lo6) and orpnic CCliiiPO\IDd8. (97) 

Both carrier and carrier-free techniques bave been used in these 

procedures. 'l'bia 1Dfomatioo, as well as that concemed with the type of 

•terial IUI&l.ysed, nuclear ~nt, .etbod, time required for separation, 

IIDd decootud.Datioo of p32 frca other radioactiVities, appears as part of 

each procedure o 
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Most of the procedures mentioned in the references are generally the 

same in that the phosphorus is first precipitated as the phosphomolybdate, 

and the final precipitate as MgNHt.POt.•6H20 with magnesia mixture. The 

procedures chosen for this monograph as illustrations of P32 radiochemical 

separations vere based mostly on the matrix of the sample 1 the reactor faci-

lity used for irradiation, and the dissolution of the irradiated samples. 

The procedures used by Odeblad. and others, (90,9l) Reiffel (92) Sc:bllleiser and 

Jerchel} 93) Spencer and others, (9t.) Tobias and Dunn, (95,96) Lvov and Naumova, (96) 

Herr, (l02 ) Ovenzan and Swartout, (l03) Talbot and others, (l04) Thompson, (l05) 

and Dow(lo6) use techniques similar to those given in the procedures in this 

section. 

'ROCEuURE 1 

Procedure Used In: Preparation of p32 t!'acer 

Method: Precipitation 

Type Material Analyzed: Copper 

Type of Nuclear Bombardment: a. 6o" cyclotron l37 l~ev a.1.phas, 9.5 Mev protons, 
19 Mev deuterons) 

b. 184" cyclotron (3M Mev alphas, 348 Mev 
protons, 19t. Mev deuterons) 

Procedure By: Batzel (Reported by Heinke(B2)) 

Separation Time: 2 hours 

Chemical Yield of Carrie!": 6o'l> 

Decontamination: Factor of 100 from all activities present except vanadium; 
probably a factor or 50 from v~~ium. 

Equipment Needed: St.andard 

Procedure: 

l. Add c me P as PC, - 3 and neutralize most .. 
of free llCici '-'ith NHhOH. 

i·:a.ke 1 N in !lN03 "'nd adci "'nmonium molybd:•te to the varm solution 

(';Cc C) (add 6 m1 of molybdate for every 4 mg of P). 
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PROCEDURE 1 (Continued) 

3. Allow to settle tor 15 minutes. Centrifup ADd vaab with 1~ H11)3• 

4. Dissolve vitb KH40H citrate solution ADd add HCl until tbe ppt tbat 

torma dissolves vitb difficulty. 

5. Bubble 802 through the solution to reduce vo3- to vo++. Add 2 81 

ot cold MgC12 mixture - allow to settle 5 m.1nutes ADd add e011e. m4oH until 

solution is 1/4 ot original volume. Allow to settle tor 15 atn. Centrifuse 

and vaah precipitate vitb 1:4 Im40B:~O. 

6. Add 5 1118 vanadium holdback carrier and repeat step ( 5-). 

7. Dissolve ppt in 1 !! Hlf03• 

8. Repeat (2) ADd (3). 

9. Veigh as u.mium pbospbomolybdate. 

Raarka: 

Vanadium eo ppta with pboapborua it it is in v+5 state. It sbould be 

reduced to vo++ state and the cycle repeated tvo tilles in order to re.mt 

vanadium CCII,Pletel.y. 

PROCEDlltE 2 

Procedure Used In: Separation t'l"ooll tiaaion pro4u.eta 

Method: Precipitation 

Type Material Analy'zed: Sepai'ation ot phosphorus trom tiaaion products 

Type ot Nuclear Bombardment: p3l(n, 1 )P32 trca p3l in tuel 

Procedure By: Bonner, 5. A., and Potratz, H. A., in report CCII,Piled by 

Kleinberg(B3) 

Separation Time: 7 hours 

Chemical Yield of Carrier: 7~ 

Decontamination: Complete trom fission products 

Equipment Required: Standard 

Procedure: 

1. To the s:.mple in a 4o-ml wsteroid .;entriiuge tube (Mote 1), add 

20 ml ot 6 ~ HN03 and l.O ml of (NH4)2HPC4 carrier solution. Heat the solu-
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PROCEDURE 2 (Continued) 

tion on a steam bath and add 2 ml of Zr carrier to precipitate zirconium 

phosphate. Continue heatill8 for 3 to 5 min. Centrifuge and discard the 

supernate. Wash the precipitate W'ith H20 and discard the washill8S· 

2. Dissolve the precipitate in 0.1 ml of cone. HF and add 5 ml of ~0, 

10 ml of 6 ~ HN03, 5 drops of 0.1~ aerosol solution, and 5 ml of 8111110nium 

molybdate reagent. Heat the mixture on a steam bath for 2 to 5 min. Centri

fuge and discard the supernate. Wash the ammonium phosphmolybdate precipi

hte W'ith 10 ml of H20 conta1nill8 a few drops of aerosol (Note 2). 

3. Dissolve the precipitate in 0. 5 ml of cone. NH40H, add 10 ml of H20 

and 4 drops of ~ H2o2 (Superoxol) and stir thorough.l,y. Add 10 ml of cone. HCl 

and 2 ml of Zr carrier (Note 3) 1 and heat on a steam bath for 5 min. Centrifuge 

and 41scard the supernate. Wash the precipitate W'ith H2o and discard the washings. 

4. Dissolve the precipitate in 0.2 ml of cone. HF and add 10 ml 

ot 3 ~ HCl, 0. 5 ml of As carrier and a few drops of aerosol solution. Heat 

on a steam bath for 15 min. while bubbl1ll8 H2S through the solution. Centri

fuge and transfer the supernate to a clean 4o-ml Lusteroid centrifuge tube. 

Wash the precipitate W'ith 1 to 2 ml of H20 containing a few drops of aerosol 

solution. Vhile the precipitate is being washed, pass H2s through the 

original supernate which is beill8 heated on a steam bath. Combine the super

nate from the washing with the original supernate. Discard the As2s5 precipi

tate. 

5. Add 2 ml of La carrier to the solution from Step 4. Centrifuge, 

transfer the supernate to a clean 4o-ml centrifuge tube, and discard the LaF3 

precipitate. 

6. To the supernate, add 4 ml of cone. H11>3 and 5 ml of 8111110nium molybdate 

reagent. Heat on a steam bath for 2 to 5 min., centrifuge, and discard the 

supernate. Wash the precipitate W'ith 10 ml of ~0 conta1nill8 a few drops of 

aerosol and discard the washings. 

7 - 14. Repeat Steps 3 - 6 twice more. 

15. Dissolve the 111111110nium phosphomolybdate precipitate in 1 ml of cone. 

E 40H and add 2 ml of citric acid solution (0.5 f!IA/ml). Add 10 ml of magnesia 
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PROCEDURE 2 (Continued) 

mixture and cone. MH4 OR ( dropwise) until the solution is Just alkaline, then 

add 10 dr9pe more. Swirl the solution for about 1 min. and if a precipitate 

does not begin to form, add an additiOD&l 5 drops of cone. IH40H. After preci

pitation begine, evirl the mixture for at least 1 min. and then add 4 additiOD&l 

ml. of cone. IH40H. Allow the mixture to staDd with occaeiOD&l stirrin8 for at 

least 10 min. Filter through a 15-m.l. fine, eintered glaes tunnel and vaeh the 

precipitate with a s•ll 81110Ullt of 1:20 JH40H. Dissolve the precipitate 1n a 

fw drops of cone. HCl and a fw miWliters of H20. Collect the filtrate 

in a 100-m.l. beaker. 

16. Add 10 ml. of ~esia mixture and Just enough cone. IH40H to 

neutralize the HCl 1n the mixture. (One drop of IH4 OK 1n excess should 

cause the precipitate of Mg11H4P04 ·6H2o to start fol'lll1ng.) Swirl for about 

1 min. and then add 3 ml. of cone. IH40H. Allow the 1111xture to staDd for 

at least 10 min. Filter onto a weighed No. 42 Whatlan filter circle, 7/8• 

diameter, using a ground-off Hirsch twmel and filter chimne)'. Wash the 

precipitate with s•ll portions of 1:20 Im40H, 50~ etbanol, and 95~ ethanol. 

Pull air through the filter for 5 llin, allow the precipitate to staDd 1n 

the balance case for about 30 111n., veigh, .aunt, and count (llote 4). 

~: 

1. If large 81110Ullts of so4 ion are present 1n the euple, the precipita

tion of zirconium phoepbate is not complete. 

2 . If the 811110n1um phospbam~te precipitate shova a teadenqo to 

peptize, dilute Im4B03 solution should be used for the vaeh. 

3. The rea.aente should be added in the 1n41cated order. It BCl is a4ded 

before dilution with ~0, 811110n1um phosphomoJ.ibdate reprecipitates. 

4. 14.ld P32 is the isotope dete~nod. 'l'bis has a 1.71-Mev beta aDd 

no sa-. 
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PROCEDURE 3 

Procedure Used In: Radioactivation analysis (Note 1) 

Method of Separation: Precipitation 

Element Separated: P32 (14.3 d) 

Type of Material Bombarded: Niobium~86) lead, (86) alum1n1a1 ( 86 ) al\llllinull 

phosphate, (86) and biological -.teriala. (86) 

Type of Nuclear Bombardment: p3l(n,y)P32 

Procedure By: Ledd1cotte(l07) 

Chemical Yield or Carrier: At least 65~ 

Time of Separation: 3 hours 

Equipment Required: Standard 

Procedure: 

A. Irradiation of Sample Material 

1. Irradiate known amounts of test (Note 2) and comparator (Mote 3) 

samples in a neutron flux of at least 6.5 x lOll nfr::m.2/aec tor one (1) week 

longer (Note 4). Prepare the teat and comparator sample tor the irradiation 

either by wrapping each specimen in aluminum foil or pl.&cins it in quartz 

ampoule. Liquid samples should be irradiated in polyethylene bottles (Note 5). 

B. Preparation of Irradiated Materials tor Anal.ysia 

I. The CaDpe.rator Sa!ple 

1. After the irradiation, quantitatively transfer the CO!Ip&r&tor aiiiiPle 

(Note 3) to a 25-m.l volUJDetric flask. Dissolve the saaple in water, and dilute 

to volUJDe. Mix tbe aoluticn well by careruJ.ly abakins it. 

2. By meana or a volu.tric pipet, pipet a 1.00-~ aliquot or this solu

tion into a 50-ml volUJDetric flask; then dilute tbe aliquot to 50 ~ vith water. 

3. Shake the solution thoroughly; tben pipet a l.oo-~ aliquot ot it 

into a 50-m.l glass centritup tube . By --.na of a vol\lllllttric pipet, add to 

the aame tube, 2. 00 ml of a standard carrier solution or known pboapborua 

concentration (Note 6) . Also, add 1 ml each of boldb&ck carriers or cobalt, 

copper, iron, and sodium (Note 7). Dilute the solution and adJust it to 

1.0!! in HR03• Continue vith Part C belov. 

II. Solid Test Sam,ple 

1. If the s~~o~~ple is a metal or alloy, quantitatively tr&Dafer tbe 
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. PROCEDURE 3 (Continued) 

irndiatecl teet portion t1'Qil the quartz tube or alUIIi.Dua wrap to a 50-Ill 
J 

glue ceatrituse tube, aDd tben add., by --.u ot a volu.etnc ptpet, to the 

.... centrituse tube 2.00 Ill ot a etaDdard carrier solutiOII. ot kDovn pboepborua 

CODCentration (llote 6). Alllo add 1 Ill each ot holdback carriere ot cobalt, 

copper, iron, aDd eodiua (llote 7). To this 1111xture, add dropviee enoucb 

concentrateclllineral acid to cOIIPletely dissolve the ~le (llote 8). Dilute 

the solutiOII. aDd lld,Juet it to 1.0 !! in B11)3• Continue vith Part C below. 

III. Liquid Teet Su,plee 

1. Pipet an aliquot ot the irn41atecl portion into a 50-Ill gl.aee centri

tuse tube. B7 •ana ot a volumetric pipet, add. to the .,._ centrituse tube 

2.00 Ill ot a et&Dd&rd carrier eolutiOII. ot kDOVI1 phosphorus concentration (Rote 6). 

Aleo add. 1 Ill each ot bol4back carriere ot cobalt, copper, iron, aDd eodiua 

(llote 7). D1lute the eolutiOII. and lld,Juet it to 1.0 !! in HJI)3• Continue vith 

Part c below. 

IV. Orpic Teet Se!plee 

1. It the MII,Ple is a tieeue, veptation, or a eillilar ll&terial, quantita-

tively tr&Diter the irn41atecl teet portiOII. t1'Qil the irradlatiOII. COII.tainer to a 

50-111 be&Ur. B7 ..._ ot a volUMtric pipet, add. to the .... beaker 2.00 Ill 

ot a et&Dd&rd carrier solution ot kDovn pboepborua concentratiOII. (llote 6). 

Aleo add 1 Ill each ot boldback carriere ot cobalt, copper, iron, and eo41ua 

(llote 7). 'l'ben add. 3 Ill ot c011c. ~804 aDd 4 Ill ot cone. HJI)3• Cover the 

beaker vith a watch gl.aee; then boll the solution tor 15 lllinutee. Cool. · the 

solution, add. to it 3 Ill .,re ot c011c. BJI)3, aDd boll the eohlt1011. tor 15 

llinu.tee (or to t'ullee ot 803). Repeat the addlti011 ot HJI)3 and the boilins 

untll the MII,Ple is dissolved. Dilute eolutiOII. to ake it 1.0 !! in BJI)3• 

T:raneter to a 50-Ill centrttuse tube; tben continue v1 th Part C below. 

c. Red.iocbeaical aepratiOII. ot p32 

1. Add 15 - 20 Ill ot .,l.ybdlc acid reaaent and beat vith etirrins 

over a tl.ame until the yellov ....:miua pboapbalo~te precipitate 

(IH4)3 P(Mo3o10)4 occurs (Bote 9 and 10). Centrituse, discard the super

nate, aDd vaeh the precipitate vith 20 Ill ot 1 !! HB03• 
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PROCEDURE 3 (Continued) 

2. Dissolve the precipitate with 1 ml of cone. NH40H, a4Ju.at to a 

volume of 10 ml to 1 ~ HN03, and repeat step 1 twice for purity. 

3. Dissolve the precipitate in 1 ml of cone. NH40H. Dilute the solu

tion to 10 ml with water and make it slightly acid with HCl. Add 1 graa or 

citric acid (Rote 11), stir well, and cool in an ice bath. 

4. Add 10 - 20 ml of J11&6Qesia mixture (Rote 12) and make baeic with 

NH40H to precipitate MgNH4P04·~0. Add 10 m1. of 1:1 Im40H 1n excess. Allow 

to digest 1n ice bath for 30 minutes. Centrifuge and discard the supernate. 

Wash the precipitate with dilute NH40H. 

5. Filter the precipitate on a tared filter disc of #42 Wba'bana filter 

paper using a hirsch f"unnel. Wash with 95~ alcobol, ether, and dry in a drying 

oven for 10 minutes at a temperature of 110° C. 

6. Weigh the precipitate and mount for beta radioactivity measure~~~~~nt. 

D. Measurement or P32 Radioactivity and Calculation of Stable 
Phosphorus Content of Test Sa!ple 

1. The P32 radioactivity in both the test and cc:.parator samples are 

assayed by beta measurement only, using a Geiger-Mueller counter. A 30 .,.Yct~.2 

Al absorber is used to shield sulfur and weaker beta energies. 

2. Following the radioactivity measurements, correct the p32 radioactivity 

for dee~ (Mote 13), dilution volume(a), and the sample weights {or volumes) 

of both the teat and comparator aam;plea. A ailllple ratio ot these radioactivi-

ties becaaes a measurement of the IIIIIOWlt of stable phosphorus in the teat 

sample: 

~ p in Teat Sample • Corrected P32 radioactivity in teat !!!fle X 100 
Corrected P32 radioactivity in comparator II&II,Ple 

~: 

1. This procedure can only be used to determine phoapborue in aai;erials 

that are soluble in oxidizing reagents or in samples in vhich tbe phoepborus 

is in the rom on P04--- for if the phosphorus is in a phosphide fom, it is 

likely to go as a gas, PH3, before ion exchange with the phoapborue carrier. 
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PROCEDURE 3 (Continued) 

2. Solid teat a~~~~plea should veigh trom 0.10 - 0.20 gram; liquid suplee 

should have a volume of troa 5 - 25 111Wli tera. 

3. use 0.025 to o.o~ gr&ll8 ot spectrographically pure (IH4)2BP04. 

4. '!'be 11111ta of ID8&8urement tor stable pboapborua by this procedure 

i& 4 X 10•8 gram. 

5. Irradiatiou of liquid1 vegetation1 or a1111l.ar type aii!IPle -.teriala 

IIWit be -.de in an air-cooled or water-cooled reactor irra41&tion facility. 

6. Standardized to contain at least 10 llil.l.igrula ot pboepborua per 

11111111 ter. 

7. Solutions ot the ions ot other 'elelllenta -.y be added u boldb&ck 

carriere; concentration equal to 5 llilligr&llll of eleMDt per llilliliter. 

8. Soila1 claya1 alld a1111l.ar aateri&la -.y require addi.tion ot KJI)3 

or tuaion. 

9. Molybdic acid reagent is pre~ by diaaolviDs 25 gr&ll8 ot ..m.• 

~M>J.ibd.ate (IH4)~4 in 1 liter of vater. 

10. H the solution is too acid1 the precipi1ate v1ll uot fora. Use 

e 4oa to Jllalte adJuat.Dt. 

11. Tbe citric acid is used to CQ~~Plex the Fe and prevent ita precipita

tion with e 40H. 

12. Masneaia mixture is prepared by dieeolviDs 50 gr&ll8 of~ and 

100 gr&ll8 of e 4 Cl in 1 11 ter of vater. 

13. Decay measurements -.y be tolloved1 it required. 

Procedure Used In: Radioactivation analysis 

Method of Separation: Precipitation 

Element Separated: P32 (14. 3 d) 

Type of Material Analyzed: Aluminum alld alumiDWII oxide ( 87) 

Type of Nuclear Bombardment: P31(n1 7)P32 
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PROCEDURE 4 (Continued) 

Procedure By: Foster and Ge.1tanis(87) 

Separation T1JDa: Several hours 

Chaic&l Yield ot Carrier: Ro statement llllde by authors (S7) 

Decontu11Dation1 No data presented by authors (87) 

Equipment Reeded: 8taD4ard. 

Procedure: 

A. Irradiation ot Suqlle Material 

1. The samples 11114 phoepborus ste.Ddard were irradiated tor 1 veelt 

in the graphite reactor at Oak Ridge, Tennessee. 1bey were placed in the 

14-Z position vbere tbe taet neutron population is very lov. ibis min1JI1zes 

the n1p productioa troa s32(n,p)P32. 

B. Cheld.cal 8eP!l'!:tioa 

1. 1 graa ot alUIIinull oxide activated sample, 0.013 graa ot nonradio

active IM)IIOIUD)niUil di¥rogen phosphate carrier and 6 gl'8ll8 ot boraxcarbonate 

nux lli.Xture were a4ded to a platinum crucible and heated tor 30 minutes at 

the highest temperature ot a Meker blast burner. Arter cooling the Mlt vas 

dissolved in dilute nitric acid. 

2. ror the alUilimlll alloys, 2 gl'8ll8 ot the •tal, 0.25 gl'8ll8 ot •rcurous 

nitrate, IUd 0.013 graa ot the carrier were dissolved in 100 al. ot 1 to 1 nitric 

acid (Mote 1). 

3. ror tbe alUIIIinua oxide samples, the acidity vas adJusted and tbe 

phosphorus vas oxidized to phosphate with J<Mno4• The phosphorus vas then 

precipitated as phospholllolybate usins &BDOnium IM)lybdate-citrate solution. 

'l'his precipitate vas dried and weighed; then 0.1 graa vas transferred to 

a planchet and the beta rad.ioa9tivity •aeured. Arter c:~unting, the 

precipitate vas dissolved and the phosphorus precipitated as ~esiua 

a11110niua phosphate which wae ignited 1n that tol'lll. 

4. For tbe aluainum alloys, atter dissolution, IM)St ot the acid wae 

1'ftiOVed by boiling, tbe solutions were gassed with ~s, filtered, and 

boiled. Tbe acidity vas adJusted and precipitated as phoapholllolybdate. 
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PROCEDURE 4 (Continued) 

!!2!:!!: 
1. No mention waa IIBde on the part of the author of any poae1ble loas 

of PH3 in the aluminum alloys. The HR03 probably oxidized it to P04--

W1tbout loss. 

Procedure Used In: Radioactivation analysis 

Method of Separation: Precipitation 

Element Separated: . p32 (14.3 d) 

Type of Material Bombarded: Iodine 

Type of Huclear llolllbardment: p3l(n,7)P32 

Procedure By: James and Ricbarda(99) 

Separation Time: Several hours 

Chemcal Yield of Carrier: Not given by authors (99) 

Decontamination: No 1nto1'11Btion given 

BquipMnt Reeded: Standard 

Procedure: 

A. Irradiation of Sample Material 

1. Approx1mately 0.5 grema aamples or iodine were sealed in silica 

ampules &Dd irradiated tor 1 week 1n tbe pile at Harvell, together vitb 

0.030 grema of di8111110n1UIIl bydrogen phosphate to act as a st&Ddard. 

B. Chemical Separ&tion 

1. After one ~ ot decay, the IIIIIPOUles were crushed W1 tb a percussion 

mortar and the 1111xture transferred to 20 ml or ~o conta1n1Dg 55 Jl8lll or 

redpbospborua (Note 1) 1n suspension. The iodine is dissolved. The solution 

waa warmed on a water bath until the iodine coloration disappeared. Tile 

residual red phosphorus waa dissolved by addins an excess of inactive iodine 

and digestins on a water-bath overnight. 

2. The fragments or silica Y&8 filtered orr and the filtrate treated 
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PROCEDURE 5 (Continued) 

vith H2o2 • The iodine crystals formed were filtered off and the excess iodiDe 

waa extracted into chloroform. 

3. The phospha'-8 was then determined ae the Jlla6l1eeium pyrophosphate. 

Their 111111ts of detection is about 0.003 parte per million on a graa ot 

sample. 

Notes: 

l. The 81110Wlt of red phosphorus used was calculated beforehand in 

>rder to bave an excess for the required reaction and to act ae a carrier. 

PROCEOORE 6 

Procedure Used In: Radioactivation analysis 

Method of Separation: Precipitation 

?:lement Separated: P32 (14. 3 d) 

Type of Material Bombarded: Silicon 

Type of Nuclear Bombardment: p31(n,y)P32 

Procedure By: James and Richarda(lOO) 

Separation T11111!: Several hours 

Chemical Yield: Not stated by authors (lOO) 

Decontamination: No info:r..tion given by authors 

Equi}lllltnt Needed: Standard 

Procedure: 

A. Irradiation ot Semple Material 

l. On irradiation of a silicon SUIPle, the following reaction takes 

place: 

p3l(n,y)P32 

Due to the fact tbat p32 is formed trna the reaction on silicon, the authors 

derived an expression by irradiation at a certain poaition for a certain 

time (1 week) the ~t ot phosphorus that would be tol"'lll!d. The equation 
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PROC!DURE 6 (Continued) 

uaed is tOWid in the origiDal paper. (lOO) 

B. Chaical Se;paratioo 

1. Atter the ailicOD. activit)- baa d~, tbe aample ia dissolved in 

~uoric-nitric acid llixture with diaodiua ~n pboaphate present 

u a carrier. Atter caa;plete r.oval ot the silicon u tbe paeoua aUicon 

tetrafluoride, the solution ia reduced to -n bulk, HCl04 ia added aDd 

teJum to t'uii1JI8 to raove tbe mr. D.Uute HCl ia added to tbe solution aDd 

tbe }lboapbate 1a precipitated u Ms~~H4P04·~ with -.gneaia· lllixture. 'lbe 

precipitate 1i allowed to digest 24 boura aDd ia rediasolvecl aD4 reprecipitated 

u betore in tbe preeence ot citric acid. It ia centri.tUged, filtered, ignited 

0 
in a adtle tumace at 11 100 C to ~P2o7 • Tbe Mc,!2o7 ia veiSbed, munted, 

aDd cowrte4 tor p32 radioactivit)o. 

PBOCBOORB 1 

Procedure Used In: R&dioactivation analysis (llote l) 

Metbod ot Separation: R&dioclu'Qatograpbic 

El-.nt Separated: p32 (14.3 d) 

~Material BQII)arded: BiolOSical 

Type lluclear ~t: P31(n,7)p32 

Procedure By: Benaon, et al. (aa) 

Separation Tillie: Several boura 

Cbaical Yield ot Carrier: Carrier tecbnique not uaed 

Bqui~nt Jleeded: Stalldard 

Procedure: 

Bov1De blood aerua, bovine apel'IIBtosoa, aDd green ILl.gae vere extracted 

exhaustively with bot ethanol. 'lbe pooled extracts vere concentrated to 

a nall voli.DIIe and taken up in chlorotol'll. 'lbe solution vaa passed drop-

viae several tilllea through a col\11111 ot water to raove water soluble 

aaten.ala. An aliquot portion ot tbe chlorotOl'll conta1ning 100 ~ ot P 

zs 

Radiochemistry of Phosphorus

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/21554


PROCEDURE 7 (Continued) 

was evaporated to dryness at room temperature and the residue taken up in 

0.1 ml ethanol and 0.1 ml toluene. An equal volume of 0.2 .!! KOH in dry 

methanol was added and the solution warmed to JT° C for 15 minutes. 

Alcoholysis was complete in this time for the plant phospholipids. The 

animal phospholipids were treated with aqueous acetic acid and alcohol for 

24 hours before alco}¥)lyaia in order to apli t pl.aaalogens (acetal lipids) 

vbich resist alkaline cleavage. The alkaline solution was acidified aDd 

decationized by adding acidic cation exchange resin (Dowex-50 H+) a.tter 

adding a drop of water. 'l'he suspension was separated by centrifUgation. 

The resulting glycerophoaphoryl eaters were c~tographed tvo-

dimensionall.y by acending or decending c~tograpby on 50 Clll x 50 ca 

Sand S 589 White Ribbon analytical filter paper. 

One lllicrosram quantities of p3l aa BIIIIIOniiDI phosphate were placed 

at edges of the papers which were sealed in 150 Clll polyethylene tubes. 

Arter 7 hours in the 5 x 1011 n/aecfcrl flux and six days decay, radio-

autographs were prepared. '!'be reversed single coated x•ray filJII vas 

exposed one to ten days to give the desired record of tbe location and 

relative intensity of the phosphate eaters. 

~: 

1. 'l'hia determination of phosphorus is unique due to the fact that 

tbe author DOt only determines phosphorus quantitatively, but also the 

pboapbatidea that are present. 
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PROCBOORB8 

Procedure Uaed In: Rll41oact1vation ~is 

Metbod ot Separation: Ion exchaqe cbl'a.topa:pey 

Element Separated: p32 (14.3 d) 

TJpe Mater:l.&l Balb&rded: Biolosical tissue ub 

TJpe Bllclear ~t: P31(n,y)P32 

Procedure By: Belvi8, et al. (89) 

Cbaical Yield ot Carrier: Bot l*ltiODed b7 tbe .atbor 

Bqui~t lleeded: 8taDdard 

Procedure: 

A. Prep:ration of tbe L;n-Bxcb!t:Dge Colu.a 

500 sr-a ot c~rcial.ly available amoo-exchaDp reeill vu placed 

ill a 9 ea dia colua aDd vubecl vith several litera ot 0.5!! BCl, fol.l.cNe4 

by several litera ot 5.0 !! BCl. 'l'be reaill vu atored ill 5.0 !! liCl. until 

~ tor uae. 'l'be col.umla ot about 1 . 4 ea croea-aectiOII&l ana were :pacUc'l 

dOVD b7 air pressure vitb 12 to 24 ea ot resin aDd equilibrated vith 

12.0!! BCl. 

B. Application ot S!!Rle on Coluaa 

'l'be carrier aalte were prepared b7 d1aao1Yill8 0.625 8 ot Pe, 0 . 625 8 ot 1111 

aDd 0.125 8 of Co ill IIOde:ratel)' strons BCl. Rll41oact1n tracers ot Pe, P, Ill, 

aDd Co were tbell added to tbeae salta aDd tbe solution beated to DIU' 4rJMM. 

A drop or tvo ot BM>3 vu a44.ed to 1ll8ure COII,Plete oxidation ot tbe ..tala. 

The OXides were converted to chloride• vi tb a tf!N 4ropa of CODC. BCl aDd 

heated w dryolss. The aalte were tben taken up ill a 25-111 ~c fluk 

aDd diluted to VOlUIIIIt vi th 12 !! HCl. 

A 2-1111 aliquot of this solution vu pipetted OD to the reeill bed 

aDd the P1 Co, Fe, and Zn eluted f'rolll the col\111111. vith 12 !!1 4 ~ 0.5 ~ 

and 0.005 !! HCl. The acid vu ted to the tol\111111. at a flov rate of 10-1111 

per em per hour. Elution curves tor P, Co, P'e1 aDd Zn were obtained b7 

collecting 1.67 1111 aliquot& of eluate continuously vitb an autaatic 

sample collector, dried at 6o° C ill an oven, and counted. 

Measurements were made by gross beta and sa-, usins sodium iodide 

crystal for gaDIII8 measurel!lents of the Fe, Co, and Zn and Geiger-Mueller 

l1 

Radiochemistry of Phosphorus

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/21554


PROCEDURE 8 (Continued) 

counter tor beta --..~nta or the P. 'l'be radioactivity ~~~~&aure.enta 

or the traeera were better than ~ recoveey. 

'l'be pboapborua vu eluted in the tirat 50 Ill of l2 !! HCl; DOtb.1Ds vu 

eluted ill the 6 !! HCl.; cobalt vu eluted in the 4 !! HCl. betveen 150-175 Ill; 

il"'Ol vu eluted in the 0.5 !! HCl. between 210-24o Ill; aDd &inc vu eluted 

in the 0.005 !! HCl. between 26o-275 Ill v1th DO croaa cODtui.Dation betveen 

the Co, Pe, or Zll. BoveYer, there aee.ed to be a al1S)lt eontui.Dation in 

the pboapborua traction ot ac.e long-lUe C<liiPOD8Jlta. 
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