
507, greater than in mixture G. The 
sulfate concentration was varied in the 
same manner as with mixture G. 
Weight loss was greater in mixture H 
than in mixture G, but dropped sharply 
as the sulfate concentration increased 
and approached a minimum of 5.0 grams 
as the mole ratio approached 1 to 1. 

hlixture I, which contained 507, less 
ammonium nitrate than mixture G: did 
not lose so much weight as mixture G, as 
\cas expected. The losses again reached a 
minimum at  about the same mole ratio 
of sulfate ion to monocalcium phosphate 
as in mixture G and H. For comparison 
of the results of the runs made with the 
G. H> and I series of samples, the weight 
loss data for all runs were plotted against 
the SO4-*:'Ca(H2PO4)2 mole ratio in 
Figure 6 and the SO4-*, "?NO3 mole 
ratio in Figure 7. Maximum stability 
is obtained in all three mixtures as the 
S04-2  Ca(H2POJp mole ratio reaches 
1 to I .  This is not true as the SOr-' 
NHINOa mole ratio approaches 1 to 1 
in the fertilizer mixtures. In mixture 
H. maximum stability is reached at  a 
S04-*,'NH4X03 mole ratio of 0.5 to 1.  
and in mixture I. at a 2 to 1 mole ratio. 

These results indicate that an im- 
portant factor in inhibiting the decom- 
position is to prevent the formation of 
free acid in the mixture. This can be 
accomplished by adding either am- 
monium sulfate or potassium sulfate to 
the fertilizer. 

Conclusions 

The stability of laboratory fertilizer 
mixtures was found to be dependent upon 
temperature, acidity, concentration of 
chloride and sulfates, and the presence 
of both ammonium and nitrate ions. 
Under certain conditions decomposition 
of the samples was initiated at  tempera- 
tures as low as 100' C. and the rate of 
decomposition increased rapidly Lvith 
temperature. Sitrogen, nitrous oxide. 
and chlorine were identified as the 
principal gaseous reaction products. 
h key reaction in decomposition was 

the hydrolysis of monocalcium phos- 
phate, which resulted in the formation of 
dicalcium phosphate and phosphoric 
acid. Reaction of the acid, ammonium 
nitrate, and ammonium chloride caused 
substantial losses of nitrogen and chloride 

FERTILIZER M A T E R I A L S  

Characterization of Some Ammonium 
Polyphosphates 

from the fertilizer mixtures. The ef- 
fects obtained in these tests are those 
which would be observed during the 
commercial manufacture of fertilizer 
blends \vhere unammoniated super- 
phosphate is used. The stabilizing effect 
of ammonium sulfate or potassium sul- 
fate in the fertilizer blends was con- 
clusively demonstrated. 
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Methods of preparation and crystallographic properties are described for six ammonium 
pyrophosphates, six ammonium tripolyphosphates, an ammonium nitrate pyrophosphate, 
and a long-chain ammonium polyphosphate. The information will be useful in identifica- 
tion of these compounds in ammonium polyphosphate fertilizers. 

MMONICM polyphosphate fertilizers, A products of the reaction of am- 
monia \\.ith superphosphoric acid (10). 
are mixtures of the ammonium salts of 
ortho-, pyro-, and more highly con- 
densed phosphoric acids. As these 
materials are finding increasing use as 
fertilizers, the properties of their 
individual components are being studied. 
Fourteen of these components are de- 
scribed here-six pyrophosphates. six 
tripolyphosphates, a long-chain poly- 
phosphate, and an ammonium nitrate 
pyrophosphate. 

The sodium and potassium salts of 
condensed phosphoric acids have been 
studied extensively (72), but the am- 
monium salts have been neglected be- 
cause they have been thought to be 
unstable and difficult to prepare as pure 
compounds. Studies of the solubilities 
or the ammonium pyro- (5) and tri- 

polyphosphates, however. shoned there 
salts to be easily prepared and 
moderately stable. 

Ammonium salts of condensed phos- 
phoric acids are reported in the literature 
(3. I, 7, 8, 17, 12), but their crystallo- 
graphic descriptions are incomplete. 
and some of the reported composition5 
are in error. 

Preparation and Characterization 

All  the salts were either prepared 
from recrystallized reagents or obtained 
as solid phases in solubility determina- 
tions (5). Characterizations were made 
only on preparations that were shown 
by petrographic examination to be 
homogeneous and >\ell crystallized, gave 
consistent x-ray powder diffraction spec- 
tra, and had the same chemical com- 
position from preparation to prepara- 
tion. 

Chemical analyses \+ere made on air- 

dried preparations to prevent dehydra- 
tion or other alteration which might 
occur above room temperature. The 
hydrate \cater contents of some of the 
preparations, which Lvere determined 
by difference, are slightly high. All 
the preparations were examined by 
paper chromatography to verify the 
phosphate species. Phosphorus was de- 
termined photometrically (6) and am- 
monia was determined by distillation 
\vith sodium hydroxide. 

Morphological and optical properties 
ivere determined with a polarizing micro- 
scope. Densities of all the salts were 
calculated from their chemical com- 
positions and refractive indices by the 
Gladstone-Dale relationship ( 9 )  ; den- 
sities of coarsely crystalline materials 
xvere determined also from single- 
crystal x-ray data. 

X-ray diffraction spectra \vex ob- 
tained with a Norelco high-angle goni- 
ometer and CuKa radiation ( A  = 1.5405 
A,). Lattice constants and space-group 
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symmetry \vere determined by equi- 
inclination Weissen berg camera tech- 
niques. 

Three sources of condensed phosphates 
\vere used. Passage of solutions of 
Na4P2Oi or  Ka5P:tOlo through acid- 
treated Amberlite 1 R-120 resin yielded 
solutions of the (corresponding acids 
\vhich Lvere ammoniated immediately 
and evaporated under vacuum (5). T o  
prevent hydrolysis of the condensed 
phosphate. all these operations were 
carried out below 10' C. 

Ammonium tripolyphosphates were 
prepared by fractional crystallization 
from products of the ammoniation of 
electric-furnace superphosphoric acid 
that contained 35 to 367, P (79 to 82% 
P2Oj). The crude (NH4)jP3010.Hr0 
was purified by eight recrystallizations; 
the other tripolyphosphates ivere pre- 
pared by lo\vering the p H  of solutions 
of this salt with Amberlite IR-120 
resin and treating the eluate Ivith ethanol. 
'The desired salt frequently separated 
as an oil that crysiallized on seeding or 
agitation. 

Ammonium pyrophosphates \\ere pre- 
pared by treating aqueous solutions or 
suspensions of calcium ammonium pyro- 
phosphates (7 ,  2 )  with ammonium 
fluoride. The precipitated calcium fluo- 
ride was separated, and ethanol \\vas 
added to the fi1trai:es to precipitate the 
ammonium pyrophsxphates. which were 
then recrystallized from water. Ad- 
dition of calciun. carbonate to an 
aqueous solution of ammoniated super- 
phosphoric acid prccipirated Ca(SH4)z- 
P ro ; ,  H2O; treatment of an aqueous 
suspension of this c;alt \sith ammonium 
fluoride vielded a solution of ammonium 

Table 1. Composition of Ammonium Polyphosphates 

Composition, 70 
HzO 

P NH3 Pi06 (diff.) Compound N 

( N H ~ ) z H ~ P ~ O ~  
Orthorhombic 
Monoclinic 

Stoichiometric 
(NH4)3HP20, 
Stoichiometric 

12 .8  2 8 . 3  1 5 . 5  64 .8  1 1 . 5  
1 3 . 0  28 .9  l 5 , 8  6 6 . 3  9 . 5  
13 .21  29 .24  16 .04  66.98 8 .49  
18 .1  26 .8  22 .0  6 1 . 5  4 . 9  
18 .34  27.07 22.27 62.01 3 . 9 3  

(NH4)!HPzOi. Hz0 16 .8  25.0 20 .5  57 .4  1 1 . 3  
Stoichiometric 17 .00  25.10 20.65 57.49 10.93 
("a)iPyOi 
Stoichiometric 

21 .9  25 .0  26 .6  57 .3  2 . 0  
22.77 25.20 27.64 57.72 0 .00  

(NHi)rPtO;,  HsO 20.7 23 .6  25 .2  54 .0  7 . 5  
Stoichiometric 21.21 23.49 25 .75  53.79 6 .82  

Stoichiometric 17.12a 18.96 20.79 43.43 8 .27  
(NH4)&2P3010 13 .4  29 .9  1 6 . 2  68 .5  6 . 7  
Stoichiometric 13.59 30.49 16.50 68.93 5 .83  
(NH4)3HsP3010. H z 0  12 .9  28.2 1 5 . 7  6 4 . 7  11 .3  
Stoichiometric 12 .84  28.44 15 .59  65 .14  11 .01  
(NH4)4HPaOlo 16 .3  2 8 . 5  19 .8  65 .4  4 . 4  
Stoichiometric 17.18 28 .53  20.86 65.34 2.76 
( N H ~ ) ~ H ( P ~ O I O ) Z . ~ H ~ O  17 .6  26.2 21 .4  60.1 7 . 2  
Stoichiometric 17 .87  26.38 21.70 60 .43  6 .38  
(NH4)sP30ia. Hs0  1 9 . 3  25 .6  23 .4  58 .7  5 . 5  
Stoichiometric 19.39 25.76 23 .54  59.00 4 .99  

(NH4)sPaOio. 2H20 18.5 24 .5  22 .5  56 .2  9 . 4  
Stoichiometric 18.47 24.54 22 .43  56.20 9 .50  

N H ? N O ~ . ( N H ~ ) ~ H P Z O ~ . H ? O  17.7' 119.3 21 .5  44 .2  7 . 9  

(NH4)n+d'n03n+lC 
Stoichiometricd 

14 .3  31 .8  1 7 . 4  72 .9  0 . 4  
14.85 31 .62  18 .03  72.42 0.00 

11 ?JH3-K. contains also 3,9y0 NOa-N, 0.45 mole x\;O3/mole P. 
b NHJ-N; contains also 4 . 2 8 7  N03-N, 0.50 mole N03/mole P. 
c Corrected to dry basis after determination of free water. 
d \Vhen n = 50. \Vithin precision of analytical data. n = 51 i 8. 

Moles/Mole P 

N 

1 .oo  
1 .oo 
1 .oo 
1 . 5 0  
1 . 5 0  
1 . 5 0  
1 . 5 0  
1 .94  
2 .00  
1 . 9 5  
2 .00  
2 .  04a 
2 ,  OOb 
1 .oo 
1 .oo 
1 .oo 
1 .oo 
1 .27 
1 . 3 3  
1 .49  
1 . 5 0  

.67 
.67  
.67 
.67 
. 00 
.04  

Hydrafe 
H z 0  

0 .20  
0 .07  
0 .00  
0.06 
0.00 
0 .53  
0.50 
0.15  
0.00 
0.55 
0 .50  
0 . 5 1  
0 .50  

0 . 0 0  
0 .34  
0 . 3 3  
0 .10  
0.00 
0 .3 -  
0 . 3 3  
0 .37  
0 .33  
0 . 6 0  
0 . 0 - 

0 . 0 ~  

. . .  

. . .  

~~~~~ 

Table II. Morphological and Optical Properties of Ammonium Pyrophosphates 

Crystal System, Class, and Habit 

Monoclinic, 2im. Tabular on [ 100). 
elongated along c :  modifying forms 
{Oll 1 .  (0101. and 1120) 

Orthorhombic, mmm. Thin rectan- 
gular plates contg. .YB and elon- 
gated along ~V-, 

3fonoclinic. 2/m. Tabular on (010): 
elongated along a ; modifying forms 
{ O Z l ) ,  (120) :  and (121) 

'Triclinic, 7. Rods flattened on (100) 
and elongated along b ; 6-zone forms 
are (1011, ( O O l ) ,  and { l o o ) ;  ter- 
minal forms are ( I l l ) ,  (in), (OlO), 
and the pair (110) and (no) 

Monoclinic, 2/m. (001) tablets, with 
elongation along a ;  forms { O O l ]  , 
( l O l ) ,  { l o o ) ,  and prominent { I l l }  

Monoclinic, 2/m. Rods elongated on 
c. withprominent (1101.and ( O O I ) ,  
{Oil}. (101) .  sometimes {OlO). 
Cyclic twinning on (110) very com- 
mon 

Plates tabular on (100) 
and elongated along c .  Forms (OIO} , 
{ l O l J ,  ( O l l ) ,  sometimes (001J ;  CY 

= 118", p = l l O o ,  and y = 61"  

'Triclinic, T. 

Refracfive 
Indices 

CY = 1.505 
p = 1.521 
-, = 1.556 
LY = 1 .495  
p = 1 .505  
i = 1 .521  
CY = 1.518 
p = 1 .521  
_.> , = 1.531 

cy = 1.494 
B = 1 ,509  
y = 1 .517  

CY = 1.514 
p = 1 .520  
y = 1.521 

CY = 1.496 
= 1 .498  

y = 1 .503  

CY = 1 .461  
= 1.506 

Y = 1 .523  

Opfical Properfies" 

Biaxial (+),  2V = 65-70' (69").  O A P  = 
(010). with '\y A con (010) = 4 " i n  acute 
p ;  p = 1 0 8 . 5 ' , d .  = 1.89 

J\, and O.\P _L Biaxial (+), 2V = ( 7 7 ' ) .  
to tabular plane, d. = 1 81 

Biaxial (+). 2V = S5' (57").  OAP i 
(010) with .V, = b ;  A c = 37' in acutr 
6. Monoclinic B = 110.8  '. Disper- 
sion, r > 11. is weak. 

Biaxial ( - ) .  21' = 65-70" (71 "1. T h e  
OAP and S, nearly A to ( O O l ) ,  with OAP 
inclined about 52'  to b on (001) in acute 
^ .  Dispersion. 1' > I ,  is weak. d. = 1.66 

d. = 1.73 

Biaxlal ( - ) .  2V = 45" (44'). OAP 1. to 
(OI;), with b = A', A a on (010) = 
16 in acute p :  p = 105'. h-odispersion. 
d. = 1.61 

Biaxial (+).  2V = 65-70" (65'). 0.41' 1 
t o (010) ;  -Ym = b :  . ~ y o ~ c o n ( O I O )  = 23 '  
in obtuse p :  p = 104 , d. = 1.54 

Biaxial ( - ) >  21' = 60" (61.5"). 0 1 ~ 1 '  
nearly 1 to (100) and 1 1 to 6 :  with .Va 
nearly I to (100) also. d. = 1.60 

a Calculated values for 2 V in parentheses. 
b Dimorphic form stable at room temperature; y form ( 3 ) .  
e Dimorphic form stable above room temperature; 01 form (3). 

All values for densities calculated 
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d, A. I d, A. I 

(NH4)zHzPz07, Orthorhombic* 
6.29 37 2.66 3 
5.64 100 2.55 4 
4.68 2 2.53 3 
4.51 33 2.47 7 
3.81 53 2 38 7 .~ 

3.77 53 2.35 8 
3.53 80 2.23 9 
3.46 30 2.18 13 
3.36 5 2.16 5 
3.26 3 2.05 3 
3.15 70 2.00 4 
3.08 6 1.90 4 
3.00 6 1.88 4 
2.82 22 

(NH&HzPz07, Monoclinicc 
7.27 71 2.79 12 
6.10 4 2.67 10 
5.57 58 2.65 10 
4.67 2 2.61 4 - .  .- 

4.44 10 2.58 3 
4.34 18 2.54 4 
4.28 26 2.49 29 
4.06 4 2.43 10 
4.00 4 2.35 4 
3.67 100 2 74 4 .. 

3.49 8 2.26 6 
3.43 25 2.22 4 
3.40 25 2.14 3 
3.26 8 2.07 3 
3.23 4 1.94 4 
3.14 5 1.90 3 
3.07 52 1.86 4 
2.94 27 1.84 7 
2.83 5 

(NH~)sHPzOT, Monoclinicd 
9.82 29 3.07 15 
6.28 30 2.95 5 
5.43 100 2.85 25 
4.93 84 2.83 22 
4.67 6 2.78 25 
4.53 7 2 60 7 
4.29 17 2.57 7 

3.75 7 2.40 5 
3.62 9 2.33 8 
3.45 14 2.28 9 
3.40 23 2.15 7 
3.32 47 2.09 6 
3.24 69 2.02 6 
3 11 34 1.98 8 

Table 111. 
d,  A. I d, A. I 

(NH4)3HP2O7, HzO, Triclinicd 
7.31 5 3,Ol 50 
6.52 17 2.95 26 
5.90 70 2.84 27 
5.82 70 2 80 10 
5.57 10 2.75 13 
5.30 100 2 70 3 
4.50 85 2.65 11 
4.29 17 2.63 12 
4.19 8 2.50 6 
4.06 15 2.29 10 
3.90 6 2.26 10 
3.85 6 2.23 5 
3.69 5 2.18 10 
3.43 4 2.13 7 
3.40 4 2.10 7 
3.26 48 2.05 8 
3.21 22 2.04 11 

5 
28 5 

5 

3.18 
3.14 
3.09 26 1.92 

45 ::E 
(NH4)1P?Oi. Monoclinicd 

6.57 37 2.63 6 
5.64 30 2.58 6 
5.43 50 2.52 7 
5.34 12 2.48 3 
4.98 31 2.39 10 

3.23 40 2.04 8 
3.15 16 2 02 8 
3.07 11 1 98 2 
3.03 17 1.87 7 
2.96 4 1.84 3 
2.91 3 1.82 3 
2.70 7 1.75 3 

(NH4)4PzO,. HzO, Monoclinic 
8.66 30 2.82 3 
6.60 49 2.77 5 
5.68 8 2.70 5 
5.47 63 2.64 5 

4 5.19 
5.01 28 1s "2:: 5 
4 84 100 2.39 3 
4.60 12 2.31 50 
4.33 83 2.25 5 
3.98 13 2.17 14 
3.85 13 2.10 3 
3.78 32 2.05 5 
3.70 9 2.03 5 

Powder X-Ray Diffraction Patterns of 
d, A. I d ,  A .  i 

3.29 67 2.00 3 
3.14 53 1.98 7 
2.94 14 1.96 8 
2.90 10 

(NH4)3H2P3010, Monoclinicd 
IO. 91 7 2.74 10 
7.08 11 2.72 10 
6.02 75 2.66 6 
5.43 97 2.58 9 
5.34 100 2.53 20 
4.33 34 2.49 9 
4.07 79 2.41 3 
3.72 31 2.34 10 
3.62 15 2.31 6 ~. 

3.52 14 2.29 7 
3.46 37 2.23 5 
3.42 45 2.19 15 
3.36 31 2.16 7 
3.24 35 2.08 5 
3.12 9 2.05 5 
3.04 30 2.02 5 
3.01 13 2.00 5 
2.94 15 1.97 6 
2.86 31 1.90 6 

(NH1)3H?P301D. H?O. Monoclinic 
21 3.27 10 

3.23 43 
10.70 
7.25 
6.57 83 3.18 10 

3 

6.50 25 3 16 14 
6.02 8 3 08 19 
5 53 16 3 04 19 
5.36 100 3.02 8 
5 07 47 2.85 13 
4 62 34 2.81 11 
4 58 28 2.70 9 
4.48 13 2.68 8 
4.33 4 2.63 14 
4 05 56 2 53 12 
3.98 4 2 50 7 
3 80 26 2 42 17 
3.62 18 2.34 10 
3.56 14 2.16 5 
3.53 h 2.11 4 ~ .. 

3.46 9 2.07 3 
3.35 23 2.03 3 
3.31 17 2.01 3 

(T\ . " I )~HP~O,~,  Monoclinicd 
6.86 6 2.98 4 
6.65 8 2.88 13 
6 28 32 2 77 4 . .~ 

6.02 18 2.74 4 
5.73 7 2.70 22 
5.53 27 2.66 14 
5.43 11 2,58 13 

a Intensities read from x-ray goniometer tracings. b CY form (3). c y form (3). d Reported by Coates and Woodward ( L ? ) .  Aver- 
age chain length, n, 51 =t 8 based on chemical composition. 

pyrophosphate from which ( N H ~ ) J P ~ O ~  D i a m m o n i u m  P y r o p h o s p h a t e .  At room temperature the ortho- 
crystallized on adjustment of the p H  ("J2H2P20i forms dimorphs that rhombic dimorph alters rapidly to the 
to and and addition Of eth- are stable in different temperature monoclinic dimorph, which is then 

This was recr).stallized and ranges The monoclinic dimorph is stable and nonhygroscopic 1 he ortho- 
stable at room temperature or below: rhombic dimorph is stable up to aboui used in the preparation of more acidic 

ammonium pyrophosphates. 
it was crvstallized from its solution 115' C.. above which it hvdrolyzec 

Ammonium Pyrophosphates 

Six ammonium pyrophosphates and an 
ammonium nitrate pyrophosphate were 
prepared. Compositions of typical prep- 
arations are shown in Table I .  The 
crystallographic properties are shoL\ n in 
Table I1 and the x-ray diffraction pat- 
terns are listed in Table 111. 

(pH 3.41 either by evaporating or by 
addition of ethanol. The ortho- 
rhombic dimorph is stable above room 
temperature; it was prepared in the 
same manner as the monoclinic dimorph 
but at higher temperature, or by adding 
solid triammonium pyrophosphate to 
warm glacial acetic acid and rapidly 
filtering off the crystallizing solids. 

\low,ly in even a slightl!. humid 
atmosphere to monoammonium ortho- 
phosphate. The orthorhombic dimorph 
was identified also as a product of the 
decomposition of triammoniiim pvro- 
phosphate a t  105' C. 

Triammonium Pyrophosphate Mono- 
hydrate. From its aqueous solution 
at pH G and temperatures below 55' C., 
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with decomDosition to NHdHgFO, and 
Ammonium Phosphates" 

d, A. I d, A. I 

4 . 8 7  
4 .60  
4 .31  
4 .11  
4 .09  
3 .88  
3 . 8 0  
3 .69  
3 .56  
3 .50  
3 .39  
3 .30  
3 .18  
3 .11  
3 .05  

7 2 .54  7 
2 2 . 5 1  8 
3 2 . 4 3  3 

d, A. I d, A. I 

(NH1)5P30~0 .  HzO, Triclinicd 
10 .39  5 2 . 6 6  21 
7 . 5 3  47 2 .51  9 
5.56 100 2 .44  4 10 2.41 6 

11 2 .38  7 4 . 8 6  44 2 . 4 3  5 
4.67 25 2 .34  37 

10 2 . 1 0  15 
28 2 .02  3 
16 2 .00  5 
15 1 . 9 4  4 
9 1 .89  3 
6 

(NH1)9H(P3010)2. ;!HzO, Monoclinic 
8 . 5 0  
6 .51  
6 .32  
6 .15  
5 .94  
5 .68  
5 .24  
5 .12  
4 .90  
4 .72  
4 .34  
4 .25  
3 .85  
3 .71  
3 .64  
3 .56  
3 .52  
3 .45  
3 .37  
3.31 
3 .24  
3 .14  

67 3.09 
7 3 .04  
6 2 .94  
8 2 .89  

78 2 .86  
22 2 . 8 2  
61 2 .75  
47 2 .56  
19  2 .51  
26 2 .45  

7 2 .37  
21 2.31 
57 2 .24  
10 2 . 2 3  

7 2.18 
4 2 .11  ~~ 

6 2 .11  
9 1 .98  

65 1 . 9 1  
67 1 . 7 8  
7 1 .70  
9 1 .68  

100 
37 
12 

9 
7 
7 
8 
6 

12 
19 

5 
7 

14 
21 
7 
4 
6 
8 
6 
7 
3 
3 

(NHl)sPsOjo. 2H10, Orthorhombic 
9.75 100 3 .09  5 
8 . 2 6  5 3.01 99 
7 .82  3 2 . 9 4  17 

4 .92  41 2 .51  9 
4 .72  7 2 .34  10 
4 .60  4 2 .28  3 ~ ~. 

4.25 5 2 .19  3 
4 .00  2 2 .18  3 
3.78 19 2.15 4 
3.60 2 2 .11  5 
3 .44  45 2 .03  2 
3 .30  18 

4 .02  26 2 .30  11 
3 .87  17 2 . 2 7  3 
3 .77  30 2 .19  5 
3 .44  8 2 .15  7 
3 .29  73 2 . 1 0  5 
3 .25  28 2 .03  10 

2.71 16 

9 .82  
6 .51  
6 .06  
5 .86  
5 .64  
5 .34  
5 .09  
4 .87  
4 .77  
4 .62  
4 . 3 3  
4 .06  
3 .90  
3 .74  
3 .64  
3 .59  
3 .46  
3 .34  
3 .10  
3 .23  
3 . 1 8  

8 . 8 4  
8 . 5 8  
6 .86  
6 .60  
6 .02  
5 .57  
5 .40  
3 .97  
3 .81  
3 .57  
3 .49  
3 .41  
3 .31  
3 .23  
3.11 
2 .93  
2 .88  
2 .82  

12  3 .16  12 
13  3 . 1 3  15 
7 3 .10  18 
9 3 .05  27 
4 3 .01  15 
4 2 . 9 3  3 

100 2 .85  3 
24 2.79 5 
19 2.69  30 
16 2 .53  5 
3 2 .51  5 
6 2 .44  5 

12 2 .40  10 
4 2 . 3 2  5 
3 2 .27  4 
4 2 . 2 3  3 

13 2 .09  3 
16 2.07 4 
16 2 .05  4 

9 1 . 9 6  5 
21 

("I),; dPnOln+ I l e  
2 2 .74  12 
2 2 .70  4 
6 2 .64  9 
9 2 .53  4 

100 2 .45  2 
10 2 .41  8 
69 2 .35  5 

2 2 .32  3 
47 2 .29  23 
12 2 .23  4 
45 2 .18  2 
24 2 .13  5 

5 2 .11  3 
30 2.07 3 

6 1 .89 3 
3 1 .87 4 
8 1 . 8 0  2 

12 

orthorhombic (FiH4)2H4~P207. 
Tetraammonium Pyrophospha te  

Monohydrate. From a concentrated 
aqueous solution, pH 6.5, at room 
temperature, ("4)4p207. HzO was crys- 
tallized either by slow evaporation of 
water or by addition of ethanol. The 
salt was precipitated also by addition of 
ethanol to a less concentrated solution 
at 0' C. 

On  exposure to the atmosphere, 
(NH4)4P207,  H20 dehydrates rapidly 
to the anhydrous salt, regardless of the 
h,imidity. The r e sh ing  porous pseu- 
domorphs retain liquid water, which 
may account for erroneous assignments 
of much hizher hydrate water. 

Tetrammoniurn Pyrophosphate. An- 
hydrous (NH4)4P207 was obtained at 
25' C. or above from dilute or 
moderately concentrated solution, pH 6 
or above, by addition of ethanol. 

The salt loses ammonia slowly on 
exposure to the atmosphere and alters 
to pseudomorphs of ("4)3HF207. This 
loss of ammonia is accelerated by mois- 
ture and is rapid at relative humidities 
above 50%; the product then is ( " 4 ) ~  

HP2Oi. HzO. On  heating rapidly, 
(NH,),P207 decomposes at about 
105" C. into a mixture of NH,H,FO, 
and orthorhombic (NH4)2H?P20i; 
(NH4)3HP207  appears as an interme- 
diate phase. 

Ammonium Nitrate Pyrophosphate. 
ThemixedsaltNH4N03. (r\;H4)3HP207 .- 
HZO was obtained by cooling to 
about 10" C. a solution moderately 
concentrated in (NH,) 3HP207 and satu- 
rated with ammonium nitrate. It was 
prepared also by moistening a stoichio- 
metric mixture of the component salts 
and allo\ving it to dry at room tempera- 
ture, or by rapidly melting the dry 
mixture and cooling it in a closed con- 
tainer. 'The mixed salt precipitates 
when sufficient ammonium nitrate is 
added to saturate a liquid fertilizer 
(llyo N, 16% P) prepared by am- 
moniation of siperphosphoric acid. 
When solutions of ammoniiim pyro- or 
triDolvDhosDhate are acidifed with 
HkO;' and treated with ethanol, the 
mixed salt precipitates along with the 

(NH4)3HP207 .HzO is obtained either 
by evaporation of water or addition of 
ethanol. I t  is nonhygroscopic and stable 
at room temperature when the relative 
humidity is above 45%. At lower 
humidity or a t  temperatures above 
55' C. it dehydrates in situ to crystalline 
pseudomorphs of (NH4)3HP207. 

Triammonium Pyrophosphate. An- 
hydrous (NHd)sHP:07 is most readily 
prepared by dehydration of the mono- 
hydrate, but coarse crystals suitable for 
petrographic examination were pre- 
pared bv crvstalliza1:ion at temperatures 
above 55' C. from its aqueous solution, 

by either evaporation of water or addi- 
tion of ethanol. Large crystals were 
prepared also by seeding a slowly cooling 
melt with the composition of triam- 
monium pyrophosphate or by slow crys- 
tallization from a melt of tetraammon- 
ium pyrophosphate as it slowly lost am- 
monia. 

At room temperature and a relative 
humidity below 45%, (SH4)3HP207 is 
stable and nonhygroscopic. I t  hydrates 
to the monohydrate a t  higher humidity, 
and the hydration is very rapid a t  a 
relative humidity of 70%. The salt is 
stable up to 105' C., where it melts 

simple pyro- or tkpolyphosphate. 
At relative humidities below 50%. 

NHdNOl .  (NH4)3HP207. HzO is stable 
and nonhygroscopic at room tempera- 
ture. At higher humidity, the salt 
deliquesces and decomposes to a damp 
mixture of NH4N03 (IV) and (NHJ3- 
HP207. On  heating, the mixed salt 
undergoes a reversible phase transition 
to a cubic modification at about 75' C.; 
above 100" C. the cubic phase slowly 
decomposes to a mixture of NH4N0s  
and NH4H2P04. 

Ammonium Tripolyphosphates 

The chemical compositions of six 
ammonium tripolyphosphates are shown 
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Table IV. Morphological and Optical Properties of Ammonium Tripolyphosphates 
Refractive 

indices Crystal System, Class, and Habif 

Monoclinic, 2/m. Tabular on ( l o o ) ,  and a = 1 475 
elongated along a ;  modifying forms are p = 1 487 

and partial set (lli), (lfl), e, = 1 509 

(N13,j,,H2PsO10. HnO Monoclinic, 2/m. Prisms elongated along a = 1 471 
a,showingprominentset {Oll),and {lll} y = 1.483 
as terminal forms; habits are pseudo- y = 1.488 
orthorhombic in appearance 

Monocliiiic. 2/m. (100) dates.  elongated LY = 1.488 
along b ,  beveled by { 1011 and' { O O l  r 2 n d  p = 1 ,509 
tereinated by partial set (ill), (Ill), y = 1.511 
(lll), and (Iii) 

( X I ~ ~ ) , H ( P ~ O I O ) Z .  2H20 Monoclinic, 2/m. Tabular on ( O O l ) ,  and 
elongated along 6 ,  with modifying forms 
(100) and I211 } ; [often incomplete as 

(NH,)>PsOiu. HnO Triclinic, 1. (010) plates elongated along c, 
modified by the equally developed forms 
(1201, {021) ,  and (101) .  Pronounced 
pseudoorthorhombic symmetry; a. p, and 
y each about 90" 

(Nll ; ) iPsOi, .  2H20 Monoclinic, 2/m. Tabular on (OOl), and 
elongated along b ;  modifying forms are 
( 1 l O l  and ( loo ] .  

(21T), (2111, (2 i i ) :  and (Zil)1 

@ = 100" 

LY = 1.508 
6 = 1.512 
y = 1.515 

01 = 1.501 
/3 = 1.505 
y = 1.512 

a = 1 ,500  
(3 = 1.505 

= 1.507 

0 Calculated values for 2V in parentheses. All values for densities calculated. 

Opticol Propertiesa 

Biaxial (+),  2V -75' (79"). OAP = 
(OlO), with S, A c = 26" in  obtuse p. 

= 126", d. = 1.76 

Biaxial ( - ) ,  2V = 60" (65"). OLP 1 to 
(010). and virtually 1 j to (001); S g  = b !  
>Va = a ;  nearly symmetrical extinction 
contributes to pseudoorthorhombic ap- 
pearance. d. = 1.71 

Biaxial ( - ) ,  2V = 30" (34"). 0.4P = 
(OlO), with S, A c = 26" in obtuse S ;  
p = 109" (Bxa slightly tilted to a ) .  d. = 
1.72 

OAP = 
(Olo), wit: 5, A a = 40" in obtuse 8 ;  
p = 112 ; N g  = 6 .  One optic axis 
nearly 1 to (001). d. = 1.69 

Biaxial (+),  2V = 70" (74'). 0 4 P  and 
.Va nearly I to (OlO), with .Vg nearly ' 1 
to c (dong. axis). 3'8 A c = 6-7" in 
obtuse p. d. = 1.63 

Biaxial ( -  ), 21.' near 90' (82"). 

Biaxial ( - ) ,  2V = 65" (64").0 OAP _L 
to (OlO), with A'g A c = 12 in obtuse 
(3. ,Va nearly coincides with Q in tabular 

plane. S, = b.  d. = 1.62 

Table V. lattice Constants of Ammonium Pyro- and Tripolyphosphates 
Probable latfice Constants 

Unit-Cell Confents Crystal System Space Group ao bo CO P 
4l(NHa)9H2 P,O,1 Monoclinic CPh - P2 , / r  7 .36  11.26 9 06 108 .5"  ~~ 

4[(NH;);HP20;] " Monoclinic C;5h - P2;)C 6 .63  19.74 7 .09  111 . O "  
2[(NHa)3HPzO;. H?O] Triclinicb C<' - P1 9 . 1 3  6 .33  9 .96  7 7 . 2 "  
4 I(NH4)rP2071 Monoclinic C26h - C2/r 11.77 6 .51  13 .63  104 .7"  
~ [ ( N H ~ ) ~ H ~ P ~ O I C ~ ~  Monoclinic Cz4h - P2)c 7 . 5 9  10 .90  8 .78  126 .1"  

4[(NH1)4HP80ial Monoclinic C2% - C2/c 14 .24  7 .47  12 .59  109 .5"  

6[(r\TH4)5P3010. H201 Triclinicc c,' - Pi 10.94  31 .5  6 .43  90 + 0 . 2 "  

il[(NH4)3HzP30~0 HnOj Monoclinic C26h - P21/c 7 .31  8 . 0 8  21.73 101 .2"  

4[(NIT4)YH(P3010)2.2H20] Monoclinic C26h - C2/c 22.71 6 . 9 8  18 .86  112 .2"  

Density 
X-ray Opfical'l 

1 .86  1 .89  
1 . I 5  1 . 7 3  
1 , 6 7  1 . 6 6  
1 .61  1 .61  
1 . 7 4  1 .I6 
1 .71  1 .71  
1 . 7 l  1 .72  
1 .69  1 . 6 9  
1 . 6 1  1 . 6 3  

0 Calculated by Gladstone-Dale relationship from refractive indices (8). 
La = 115.4', y = 109.2". 
c Angles a and y (like angle p )  are essentially 90 ', in accord with pronounced pseudoorthorhombic symmetry observed for well crystallized 

preparations. 

in Table I ; their crystallographic prop- 
perties are shown in Table IV, and 
their x-ray diffraction patterns are listed 
in Table 111. 

Triammonium Tripolyphosphate. 
Coarse crystals of anhydrous (NH4)3- 
HZP3010 were prepared by adding 
Amberlite IR-120 resin to a 1Oyo 
aqueous solution of tetra- or penta- 
ammonium tripolyphosphate to lower the 
pH below 3. decanting off the liquid 
phase and precipitating with ethanol a 
tripolyphosphate oil that crystallized in 
about 1 2  hours. The crystallization 
could be accelerated by seeding and 
stirring. but the product then consisted 
of aggregates of smaller crystals that 
often contained uncrystallized oil and 
icere difficult to dry completely. 
' .  .4t room temperature ( N H I ) ~ H ~ P ~ O I O  
is stable and nonhygroscopic. 

Triammonium Tripolyphosphate 
Monohydrate. The hydrate (NH4)3- 
H2P3OiO. H20 was prepared in the same 
way as the anhydrous salt, except crys- 
lallization was carried out below 10" C. 

At room temperature, (NH4)3H2P3- 
Olo . H 2 0  slowly dehydrates to the anhy- 
drous salt on exposure to the laboratory 
atmosphere. 

Tetrammonium Tripolyphosphate. 
Evaporation of a solution of ammonium 
tripolyphosphate (pH 4) yielded crystals 
of (SH4)4HP3010; treatment of the 
solution with ethanol frequently yielded 
an oil which crystallized slowly. The 
salt is stable and nonhygroscopic at 
room temperature. 

Nonaammonium Tripolyphosphate 
Dihydrate. The pH of a moderately 
concentrated solution of pentaammonium 
tripolyphosphate was adjusted to 5 with 
Amberlite resin or acetic acid, and 
ethanol was added. 'The oil that sepa- 
rated crystallized readily as (NH4)pH- 
(P3010)2 2 H 2 0 .  This salt precipitates 
from solution in a narrow range of pH 
and is frequently obtained as a con- 
taminant in preparations of tetra- and 
pentaammonium tripolyphosphates. 
The crystals are nonhygroscopic and 
stable at room temperature. 

Pentaammonium Tripolyphosphate 
Monohydrate. The pH of a concen- 
trated solution of ammonium tripol\ - 
phosphate was adjusted to 6;  on treat- 
ment of the solution at  25' to 50" C .  
with ethanol an oil separated that 
crystallized rapidly as characteristic 
plates of (NH4)5P3010 HnO. The mono- 
hydrate is obtained also from the 
spontaneous dehydration of the dihydrate 
at room temperature. 

The monohydrate is stable and non- 
hygroscopic at room temperature. On 
heating. decomposition begins at 55" C. 
and is rapid at 100" C. The products of 
the decomposition are tri- and tetra- 
ammonium pyrophosphates, but no 
orthophosphates. 

Pentaammonium Tripolyphosphate 
Dihydrate. Electric-furnace superphos- 
phoric acid (35% P, 80% PzOb) \\as 
ammoniated to p H  6 or above and the 
solution was cooled below 10" C. 
whereupon blade crystals of crude 
(NH4)jP3010 2H20 formed. The di- 
hydrate was purified by several crys- 
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tallizations from is'ater at the tcnipera- 
ture of 0' C. 

The dihydrate is stable in pure solu- 
tions at 0' to 10' C.. and it appeared at 
higher temperatures as a metastable 
phase in so1,itions containing pyro- and 
orthophosphates. In pure solutions 
above 10' C . .  onl:. the monohydrate 
crystallized. 

On exposiire to the atmosphere at  
room temperature. iNH4) jPsOlo. 2H.?0 
rapidly dehydrates to the monohydrate. 
IVhen precipitated rapidly. the dihydrate 
forms felted crystal masses that are 
difficult to de\< ater vithout some de- 
hydration to the monohydrate. 

Long-chain iLmmonium Poly- 
phosphate. ,4 finely divided crystalline 
long-chain ammonium pol)-phosphate 
appeared when the product of ammonia- 
tion of superphosphoric acid containing 
36 to 37'5% P (83 to 84% P 2 0 J  \vas 
placed in \vater. although this salt was 
not present in the initial product. The 
salt crystallized rapidly as dissolution of 
the clear ammonium pol!-phosphate gel 
proceeded. and conrained 35 to 40% of 
the P in the original material, or vir- 
tually all the highly condensed poly- 
phosphate originally present. The salt 
was filtered off. lvashed ivith \rater and 
then ivith acetone. and air-dried. Its 
composition. Table I .  \vas that of 
tNH4),t+2PfiOs,,-l iri which n is 50 or 
more. 

The dry crystals are stable a t  room 
temperature, even at high humidity. 
The salt remained unchanged crystallo- 
graphically on healing at  105' C. for 48 
hours. Its rate of solution was very 
lot\----only 0.1 gram dissolved in 100 ml. 
in 24 hours at 25" C. Differential 
thermal analysis (heating rate, 10' 
C. per minute) showed only one peak, 
endothermic. ivheie the salt melted at 
355' C:. 

Discussion 

The formula asigned to each salt is 
based on the composition (Table I) 
of at least three homogeneous crystalline 
preparations. Single-crystal x-ray 
studies were made of all the reasonably 
stable salts that \Yere obtained as large 
enough crystals; i.heir lattice constants 
are shown in Table \ * .  

Although the literature contains 
numerous references to condensed am- 
monium phosphates. the descriptions 
usually refer to inixtures rather than 
individual salts. Ammonium pyro- 
phosphates are reported as products of 
thermal treatmeni of mono- ( 7 7 )  and 
diammonium orthophosphates (8) ; 
thermal treatment of triammonium 
orthophosphate is reported to yield di- 
and triammonium pyrophosphate (7).  
'Tetrammonium p).rophosphate has been 
prepared (72) .  bur only its infrared ab- 
sorption spectrum 13) and its x-ray 
diffraction spectrum (ASTM 11 -634) 
are reported: results of this study sho\r 

that the reported spectra are those of 
anhydrous (NH4)$nOi rather than the 
monohydrate. An infrared spectrum is 
reported also for the compound (NH4)?- 
HzPrOi.sH20 (4). but no hydrate of 
diammonium pyrophosphate \vas ob- 
served in this study; the x-ray pattern 
(ASTM 11 -632) is that of the monoclinic 
dimorph of (NHI)?H?P?O;. In general. 
the x-ray spectra obtained in the present 
study are in good agreement with those 
of the ammonium pyro- and tripoly- 
phosphates reported by Coates and 
tVood\vard (3 ) .  

Kobayashi (8) reported the prepara- 
tion of (XH4),HZP20;, (NH4)3HP207 , -  

5H20, and (NH4)4P:Oi. 4, 5 H 2 0  and 
gave their partial x-ray diffraction 
pcltterns. His pattern for (NHd)zH?- 
P.0: is similar to that of the monoclinic 
dimorph but includes lines that do not 
appear in the patterns of either dimorph 
of this salt. Neither the composition nor 
the x-ray diffraction pattern he reported 
for (NH4)SHPYO;. 5H20 \vas confirmed 
in this study. The x-ray diffraction 
pattern ascribed to (NH,) 4P20i .  4.5H.O 
agrees closely, except for t\vo lines, with 
that of (NHJ4P20i .  

The only published information on the 
ammonium tripolyphosphates is an x-ray 
diffraction pattern (ASTM 11-633) for 
a salt with the reported composition 

Stability of Ammonium Pyrophos- 
phates. In closed containers a t  room 
temperature. most of the ammonium 
pyrophosphates remained unchanged. 
In the open. however, there were slow 
loss of ammonia and alteration from 
tetra- to tri- to diammonium pyro- 
phosphate and also loss of hydrate lvater. 
Loss of ammonia by tetraammonium 
pyrophosphate was accelerated by mois- 
ture and was rapid at  relative humidities 
of 50yc or more, but triammonium 
pyrophosphate lost ammonia slo\vly at 
all humidities to form the monoclinic 
diammonium pyrophosphate. 

Tetraamonium pyrophosphate mono- 
hydrate dehydrates readily, and prep- 
arations of this hydrate must be stored 
immediately in closed containers to avoid 
contamination ivith the anhydrous salt. 
The anhydrous salt hydrates to the 
monohydrate a t  relative humidities 
above 50%. 

Losses of ammonia and hydrate water 
are accelerated by rise in temperature 
and become rapid at about 55' C. On 
rapid heating, the ammonium pyro- 
phosphates soften or melt \rith de- 
composition in the range 100' to l 15' C. 
Both tetra- and triammonium pyro- 
phosphates yielded mixtures of NH4H2- 
POI and orthorhombic (NH,)?H2PL'07. 
Prolonged heating of either dimorph 
of diammonium pyrophosphate yielded 
NH4H2P04 and an amorphors phase. 
Orthorhombic diammonium pyro- 
phosphate appears to be the high- 
temperature dimorph, in accord icith its  

(KHi)sPaOio . H ? O .  

higher symmetry a i d  lo\rer density; 
at room temperature it alters slo\vly to 
the monoclinic dimorph. 

Products of the ammoniation of super- 
phosphoric acid (32 to 35% P, 75 to 
82% PZO,) consist mainly of ammonium 
ortho- and pyrophosphates. At lo\r 
degrees of ammoniation (mole ratio 
N : P  = 1.1 to 1.2). the products are 
mostly mixtures of ?;H,H?POA and 
(XH,)3HP2Oi; at higher degrees of 
ammoniation (mole ratio K : P  = 1.9 to 
2.0),  the products are mostly (NHIJY- 
HPO, and (NH4)4P?O;. 'I'he pyrophos- 
phates in these mixtures behave the same 
as they do alone, and the alterations due 
to loss of ammonia and change in hydra- 
tion, which are influenced by- temperature 
and humidity, determine the behavior of 
the products in storage. 

Stability of Ammonium Tripoly- 
phosphates. Only a brief study was 
made of the stability of the ammonium 
tripolyphosphates. On heating. (SH,)  5- 

P3010.H~O decomposes rapidly at 95' to 
105' C. to (NHi),P?O, and then to 
(NH4)3HP?Oi; no significant amounts 
of orthophosphate are formed. The 
final product \vas more than 90Y0 
pyrophosphate-the rest \vas tripoly- 
phosphate and a trace of orthophosphate. 
I t  is concluded either that thermal 
hydrolysis of dissolved or molten tri- 
polyphosphate proceeds only to pyro- 
phosphate or that any orthophosphate 
formed is rapidly condensed to pyro- 
phosphate. 

Significant amounts of ammonium 
tripolyphosphates formed only from 
superphosphoric acids that contained at  
least 36% P (83y0 P205). \\Then liquid 
fertilizers prepared from these highly 
concentrated acids are stored at tempera- 
tures near 0' C.? relatively large 
amounts of (NH4)sPSOlo, 2H20 pre- 
cipitate. Lt'hen separated and dried, 
these crystals dehydrate rapidly to the 
monohydrate. 

Ammonium Nitrate Pyrophosphate. 
On storage for a year in closed ron- 
tainers, N H 4 N 0 3 .  (NH4)3HP207 .H20 
remained unchanged. 

Another ammonium nitrate pyro- 
phosphate has been prepared. but only 
in amounts inadequate for characteriza- 
tion; its composition is thought to be 
" 4 " O s .  (NH4)?H2P,0,. It \vas ob- 
tained as a single-phase product only 
once, \\.hen it crystallized slo\vly from a 
chilled, highly acidic (pH less than 2). 
concentrated solution of an equimolar 
mixture of NH4N03 and (NH4)2H2PzO;; 
its preparations usually are contaminated 
\cith other pyrophosphates. This mixed 
salt can sometimes be crystallized from 
seeded. slowly cooled melts of an equi- 
molar mixture of ",NO3 and ("4)~- 
H2P20i. Its crystals have hexagonal- 
hemimorphic symmetry. with prom- 
inent basal (001) forms modified by a 
set of pyramidal forms (zincite type); 
birefringence is extreme. ,Ye = 1.375, 
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Nu = 1.476; the crystals are uniaxial 

Lonz-Chain Ammonium Polyphos- 
phate. Tne preparations of the long- 
chain ammonium polyphosphate showed 
consistent optical properties, x-ray dif- 
fraction p?ttern, and chemical com- 
position-that of (XH4),8,2Pn03n+l, ap- 
proachhg (T\”$Os),. I t  crystallized 
as microscopic stubby rods that were 
rectangular prismatic and showed par- 
allel extinction; NO = 1.485 (elonga- 
tion axis), n;/ = 1.500. The symmetry 
appears to be orthorhombic or higher, in 
accordance with its relatively simple 
x-ray diffraction pattern. Crystals large 
enough for detailed optical examination 
or for single-crystal x-ray study have not 
been prepwed, bJt  study of the material 
is bein: continued. 

This ammonium polyphosphate 

(-). 
showed no close similarity to Maddrell’s 
or Kurrol’s salts in optical properties or 
x-ray diffraction pattern; the features 
of its infrared absorption spectrum were 
similar to those of the form IV Kurrol 
salts and unlike those of the cyclic alkali 
metal metaphosphates. The infrared 
spectrum contained no evidence of the 
presence of any -P-N-P- linkages. The 
salt has the desirable fertilizer property of 
being a slowly soluble! single source of 
both nitrogen and phosphorus. 
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I PHOSPHORUS AVAILABIL ITY 

Correlations among Soil Phosphorus 
Fractions, Extractable Phosphorus, 
and Plant Content of Phosphorus 

HUGH PAYNE’ and W. J. HANNA 
Rutgers-The State University, 
New Brunswick, N. J. 

Greenhouse and laboratory studies were conducted to determine relationships among 
soil phosphorus fractions, soil test methods, and millet growth and phosphorus content 
on three New Jersey soils, obtained from field plots previously adjusted to three levels 
each of phosphorus and potassium. Aluminum and iron phosphates were the predom- 
inant forms of active phosphorus in these soils. Previously applied phosphate fertilizer 
wcs found to have been fixed mostly a s  aluminum phosphate in the three soils. The phos- 
phorus content of millel tops was chiefly correlated with the aluminum phosphate fraction 
of the three soils studied. Different soil test methods for phosphorus differed in their 
degree of correlation with this aluminum phosphate fraction. 

LECTRODIALYSIS is currently em- E ployed by the Soil Testing Labora- 
tory in New Jersey for extracting soil 
phosphorus. In general, the phosphorus 
released by electrodialysis of New Jersey 
soils correlated with crop response 
(17, 78). The correlation of phosphorus 
and certain soils and crops has. hoivever, 
been poor, and the reason for this lack 
of correlation needs investigation. 

Three of the more active forms of 
phosphorus in soils are the aluminum, 
iron: and calcium phosphate fractions 
(6, 22). Some greenhouse experiments 
have indicated that a substantial propor- 
tion of the phosphorus required by plants 
can be supplied by pure iron and 
aluminum phosphates (37, 33), but in 
other experiments these phosphates have 
been shown to be relatively poor sources 
of phosphorus for plants (70, 28). 

Various phosphorus extraction methods 

Preqtnt address, Agricultural Chem- 
istry Division, Ministry of Agriculture, 
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employed in soil testing laboratories re- 
move and measure differing proportions 
of these phosphate forms (3, 7). Harper 
(ZO), Dean (77), and more recently 
Hanna (77) indicated that electrodialysis 
removed more phosphorus from calcium, 
magnesium, and manganese phosphates 
than from aluminum and iron phos- 
phates. Cho and Caldwell ( 9 )  reported 
that the phosphorus extracted from soils 
by a 0.025N HCl f 0.003N NHIF solu- 
tion and a 0.17V HCl + 0.03N NH4F 
solution as described by Bray and 
Kurtz (4),  a 1% solution of citric acid, 
and a 0.5M sodium bicarbonate solution 
was highly correlated with aluminum 
and iron phosphates in soils. Cho and 
Caldwell also found that phosphorus 
extracted from soils by 10% sodium 
acetate in 3.0y0 acetic acid solution 
was well correlated with calcium phos- 
phate. Chang and Juo (8) showed 
that the extent of correlation between the 
amounts of phosphorus extracted by 
several chemical methods and the total 

amount of each discrete form of 
phosphate depends on the dominant 
form of soil phosphorus. Susuki. 
Lawton: and Doll (30) found that 
aluminum phosphate in soils was signif- 
icantly correlated with a number of 
soil tests for phosphorus, while calcium 
phosphate and organic phosphorus were 
not related to any of the soil tests. Pratt 
and Garber (26) found that phosphorus 
extracted from soils by the 0.025h”Cl + 
0.03N NH4F solution of Bray and 
Kurtz (4) was positively correlated with 
NH4C1-soluble and NH4F-soluble phos- 
phorus and negatively correlated with 
clay content. 

The correlation of phosphorus ex- 
tracted from soils by chemical procedures 
with crop yield and phosphorus content 
should depend in part on the relative 
amounts of each chemical form of phos- 
phorus in the soil and on the relative 
availability of each form to extraction by 
the plant and by the chemical procedure 
used. Many factors other than chemical 
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