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Three new calcium orthophosphates-CaNH4P04.H20 and dimorphs of Ca(NH4),(HP04)2. 
H20-were detected in experimental fertilizers and as products of reactions of fertilizers 
with soils. The crystallographic properties of the new salts were determined, and 
their fields of stability were defined in an exploration of the system CaO-NH3-H,P04- 
H,O that covered the pH range 4 to 10. The results help to explain the reactions that 
occur in the ammoniation of superphosphate. When diammonium phosphate is  the 
ammoniating agent, formation of apatite is avoided. Dicalcium phosphate and diammo- 
nium phosphate are not a stable salt pair; fertilizers containing these salts will cake by 
formation of Ca(NH4)2(HP04)2.Hz0. 

HREE new crystalline calcium am- T monium orthophosphates were 
found in ammoniated superphosphates, 
suspension-type fertilizers, and products 
of the reactions of fertilizers with soils 
(7). The crystallographic properties of 
these salts were determined, and a brief 
study was made of their four-com- 
ponent system to define the conditions of 
stability of each salt. 

The system calcium oxide-ammonia- 
orthophosphoric acid-water has not been 
studied thoroughly. Flatt et al .  (2) 
examined the acidic region of this system 
and reported a salt with the composition 
C ~ ~ N H ~ H T ( P O ~ ) ~ . ~ H ~ O ;  Brown e t  al. 
( 7 )  described the chemical and physical 
properties of this salt. Lasne (5) ex- 
amined the highly basic region of the 
system and reported the salt CaNH4- 
P 0 4 . 7 H 2 0 ;  the existence of this salt 
was confirmed in this laboratory. 

The three new calcium ammonium 
orthophosphates-CaNH4PO4. H20 and 
dimorphs of Ca(NH4)2(HP04)2 .HzO- 
exist in the region of the four-com- 
ponent system in which the p H  ranges 
from 4 to 10. This region is of particular 

interest in soil and fertilizer studies; 
it embraces also dicalcium phosphate 
dihydrate and hydroxyapatite as stable 
solid phases. 

The results of the chemical and 
crystallographic examinations will be 
useful in identification of the new salts. 
Results of the phase-diagram study 
suggest methods for the preparation of 
ammoniated calcium phosphate fer- 
tilizers and may help to clarify some of 
the reactions of fertilizers with soil (7). 

Preparation and Characterization 

The calcium ammonium ortho- 
phosphates were prepared by adding 
calcium hydroxide or carbonate to con- 
centrated ammonium phosphate solu- 
tions that had mole ratios of N:  P in the 
range 1.0 to 3.4, and pH’s in the range 
4.0 to 9.9. The mixtures were filtered 
with suction, and the solid products were 
washed sparingly several times with 
dilute ammonium hydroxide, rinsed with 
acetone, and air dried. 

Characterizations were limited to 

products shown by petrographic and 
x-ray examination to be homogeneous 
and well crystallized. Chemical analyses 
were made on air-dried samples to avoid 
possible dehydration and loss of am- 
monia by drying at higher temperatures. 
The water contents, which were deter- 
mined by difference, thus are slightly 
high. Phosphorus was determined spec- 
trophotometrically (3) ,  calcium gravi- 
metrically (70), and ammonia by dis- 
tillation with sodium hydroxide. The 
compositions of typical preparations of 
the salts are shown in Table I. 

Dimorph B of Ca(NHJ2(HPOa)2. 
H20 was first isolated by Lindsay et al.  
( 8 )  ; they reported the composition 
Ca2(NH4)2(HP04)3 .2H20 from an 
analysis of one preparation that was re- 
covered from an extract of a fertilized 
soil. The composition reported here is 
based on analyses of 10 homogeneous 
preparations that were precipitated 
under several different conditions. 

The two forms of Ca(NH4)2(HP04)2. 
H20 are readily distinguished by their 
optical and morphological properties, 
x-ray diffraction spectra, and solubility 

Compound c o  

Ca(NHah(HPO&.H20 
Dimorph A 14 .7  

14 .9  
Dimorph B 14 .2  

13 .5  
Stoichiometric 14 .01  

CaNH4P04, H20 

Stoichiometric 

22 .7  
23.4 
23.42 

Table 1. Calcium Ammonium Orthophosphates 
Composition, % 
6 Moles per Mole Pz05 
COO N NH3 P PzOi (diff.) CaO NH3 HzO 

~ 

20 .6  9 . 2  11 .2  21 .3  48 .7  1 9 . 5  1 .07  1 .92  3.16 
20.8 9 . 3  11 .3  21 .3  48.8 19.1 1 .08  1 .94  3 .08  
19 .9  9 . 2  11 .2  21 .4  49 .1  19 .8  1 .02  1 .91  3.18 
18 .9  10 .0  12 .1  21 .7  49 .7  1 9 . 3  0 . 9 6  2 .04  3.06 
19 .60  9.79 11.90 21.65 49.61 18.89 1 .00  2 .00  3.00 
31 .7  8 . 2  1 0 . 0  1 8 . 2  41 .8  16 .5  1 .92  2.00 3.11 
32.7 7 . 8  9 . 5  17.9 41.1 16 .7  2 .01  1 .93  3 .20  
32.77 8.19 9 .95  18.10 41.48 15.80 2.00 2 .00  3 .00  

Moles per Mole P 
Co N HzO 

2 .14  3.83 6.31 
2 .16  3.86 6.16 
2.04 3.86 6 .35  
1 .92  4 .06  6 .12  
2.00 4 .00  6 .00  
3 .84  3.99 6 .22  
4 .03  3.85 6.40 
4 .00  4.00 6.00 

~~ ~~~ 
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Table Ill. Powder X-Ray Diffraction 
Patterns of Calcium Ammonium 

Orthophosphates 
(Cu Kcu radiation; intensities read from 

goniometer tracings) 

CoNHaPO4,HzO Dimorph A Dimorph B 
C ~ ( N H ~ ) Z ( H P O ~ ) Z . H Z O  

d 1/11 d 1 / 1 1  d 1/11 

Table II. Mlorphological and Optical Properties 
C C I ( N H ~ ) ~ ( H P O ~ ) Z ~ H Z O  

Property CONHIPO~.HZO Dimorph A Dimorph B 
Symmetry Orthorhombic, class Monoclinic, class 2/m Monoclinic, class 2 

Habit Thin plates tabular Stout rods elongate on Rods elongate on b; 

Refractive indrx 

mmm 

on N, - N, G; prominent (1 l o ] .  hemimorphic form 

1 .588  1 .521  1 .506  
1 .590  1 .542  1.510+ 

10 .52  3 8.58 10 .52  3 8.58 
7 .82  100 8 .18  
4 .55  41 6 .32  
4 .15  2 5 .01  
3.80 5 4.79 
3 .66  9 4 .29  
3 .07  15 4 .09  
2 .85  44 3 .97  
2 .79  15 3.78 
2 . 7 5  5 3.69 
2 .72  9 3 .42  
2 .60  15 3.28 
2 . 4 7  5 3.16 

49 10 .39  44 
7 .82  100 8 .18  
4 .55  41 6 .32  16 5 27 18 
4 .15  2 5 .01  16 5 .09  10 
3.80 5 4.79 13  4 .74  66 
3 .66  9 4 .29  100 4 .00  34 

6 6 .96  100 
N r  1 .596  1 .551  1 .511  

3ptic sign Biaxial (+) Biaxial ( - ) Biaxial ( - ) 
4ngle 2V 

Observed . . I  65 O 45O 
Calculated 61 66"  53" 

Orientation N, (Bxo) 1 to tabu- N, (Bxa) = b; N, in- 
clined to c by 25 O in 
acute peon (010); @ 
= 112 p = 108 

N, (,Bxo) = 6;  N, in- 
clined to c on (010) 
by 18"  inoobtuse p ;  

lar plane 

3 .07  15 4 .09  
2 .85  44 3 .97  

5 3 .69  98 
2 3 . 6 6  32 

2 79 15 3 78 

2 72 9 3 42 2 3 18 65 
2 60 15 3.28 30 3 08 11 

7 3 04 23 

2 75 5 3 69 i i  3 22 15 
3 3 .50  13 

2 . 4 7  5 3.16 Specific gravity 
Pycnometric 2 .25  
Calculateda 2 .23  

2 .05  
2 .00  

1 . 9 1  
1 . 8 6  

2 .41  13  3.10 27 2 .91  5 
7 2 .73  14 

~~ 

2.39  5 2 .87  
2 .32  6 2 .84  7 2 .44  13  
2 .20  12 2 . 7 3  12 2 .42  11 
2 .16  2 2 .55  3 2 .37  13  
2 . 0 8  12 2 .50  4 2 .33  6 

15 2 .30  6 

Computed from composition and refractive indices by the Gladstone-Dale relationship 
(4). 

2 .06  4 2 .47  
1 . 9 5  5 2 .39  12 2 . 1 9  21 

3 2 . 1 3  15 
5 2 . 0 9  15  

1 .92  6 2 .36  
1 . 8 4  6 2 .29  
1 .81  4 2 .27  

2 .20  

Table IV. Equilibrium in the System C~O-NH~-H~PO~-HZO at Room 
Temperature 

Licruid Phose 

5 2 .06  3 
2 2 .03  13 
9 2 .00  4 2 .11  

2 .05  
1 .98  
1 .88  

Composition, % 
N P co NH3 H3POa COO PH 

2 1 .98  4 
13 1 . 9 6  6 Solid Phose" 

A 
A 
.4 
A + B  
A + B  
A + CaHPO, . 2H20 
B 
B 
B 
CaHP04.2H20 

13  1 . 8 9  5 
1 . 8 6  4 
1 . 8 3  11 

6 . 7  9 .8  . . .  8 . 1  3 1 . 3  , . .  . . .  
7 . 4  11 .4  0 .09  9 .0  36 .0  0 .12  5 .30  

1 0 . 5  1 4 . 6  0 .02  1 2 . 7  46.2 0 . 0 3  6.00 
6 . 0  8 .0  . . .  7 . 3  25 .2  , . .  
9 . 2  1 1 . 4  . . .  11.2  36 .2  . . .  6.41  
4 . 5  6 .0  , , . 
3 .0  3 . 5  . . .  

5 . 5  18 .9  , . .  . . .  
3 .7  11 .2  , , . . . .  
5 . 6  18 .1  I . .  . . .  
1 . 3  30 .9  0 . 0 4  7.91 
- 0  7.7 

4 . 6  5 . 7  4 . 6  5 . 7  . . .  
9 . 3  9 . 8  0 .03  
1 . 8  2 . 3  . .  
3.0 3 . 8  . . .  
3 .8  8 . 1  . . .  
6 . 4  10 .3  0.07 

region between the saturated solutions 
and the water corner. Each mixture 
was placed in a stoppered flask and 
allowed to stand, with daily shaking, a t  
room temperature (25' to 27' C.). 

Compositions of the concentrated 
liquid phases were determined by the 
analytical methods used on the solid 
preparations, and compositions of the 
liquid phases of the diluted mixtures 
were calculated from the amounts of 
saturated solution and diluent water. 
The p H  was measured with a glass 
electrode and a portable p H  meter. 
The course of each equilibration was 
determined by periodic petrographic 
examinations of the solid phase. Re- 
sults obtained with about 100 equilibra- 
tion mixtures are summarized in Table 
IV and Figure 1. 

The regions in Figure 1 are pro- 
jections on the three-component system 
of compositions of solutions in which 
hydroxyapatite, dicalcium phosphate di- 
hydrate, and the three calcium am- 
monium orthophosphates are stable 
solid phases. The region in which 
C a N H 4 P 0 4 . 7 H 2 0  appears (above p H  
10) was not investigated. 

Of the solid phases studied, hydroxy- 
apatite precipitated most rapidly. 
Equilibrium with CaNH*POa.H20, 
dicalcium phosphate dihydrate, or di- 
morph B of Ca(NH4)2(HP04)2.H20 

L . L  

3 . 7  
4 . 6  
7 . 7  
1 .1  
4 .6  
5 . 6  
5 . 7  
1 .1  
3 .6  

I .d 

12.1  
25 .7  
32 .7  

2 . 4  
6 . 6  

14 .6  
1 1 . 8  
29 .1  

9 . 5  

. . .  

. . .  

. . .  
0.10 

0 :do3 
. . .  
. . .  
. . .  
. . .  

. . .  

. . .  
4.02 
5.12 

9 .89  

9 .43  
8 .28  

. . .  

. . .  

. . .  

0 . 9  0 . 8  
3 .8  2 . 1  0:002 
4 . 6  4 . 6  . . .  
4 . 7  3 . 7  . , .  
9 . 1  9 . 2  . . ,  
3 . 0  3 . 0  _ .  , 

8 . 8  9 . 1  . . .  1 0 . 7  28 .8  . . .  8.08  

0 . 8  0 . 8  , . .  1 . 0  2 . 5  , . .  . . .  
1 . 8  2 .1  . . .  2 . 2  6 . 8  . . ,  . . .  
4 4 4 8 5 . 4  15.1 . . .  . . .  

. . .  7 . 2  1 9 . 2  , , . . . .  

. . .  

6 .2  6 . 5  . . .  7 . 5  20 .6  , . .  . . .  
A = dimorph A of Ca(NH4)2(HPO4)2.H?O; B = dimorphB 

characteristics. The morphological and 
optical properties of the three new 
calcium ammonium orthophosphates are 
listed in Table 11, their x-ray diffraction 
patterns in Table 111. 

Ca content was 0.09% (CaO, 0.12%)], 
but the compositions of the liquid phases 
were changed only slightly. The com- 
positions of the most concentrated liquid 
phases were close to those of saturated 
solutions in the system ammonia-ortho- 
phosphoric acid-water a t  25' C. de- 
scribed by Lenfesty and Brosheer ( 6 ) ;  
the diagram of the three-component sys- 
tem a t  25' C. is the basis for the plot of 
the results in Figure 1. 

Many of the equilibration mixtures 
were diluted with water to explore the 

Equilibration Studies 

Equilibration mixtures were prepared 
by adding calcium carbonate (0.25 to 
1 .O gram) to saturated ammonium 
phosphate solutions (100 ml ). Most of 
the calcium was precipitated [maximum 
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usually was attained within a day, 
whereas dimorph A of Ca(NH4)s- 
( H P 0 4 ) * . H 2 0  required a few days to 
several months for equilibration. In the 
region of dimorph A, dimorph B usually 
was formed rapidly as the initial pre- 
cipitate, after which it disappeared 
slowly as dimorph A was formed. The 
boundary between the regions of these 
two phases in Figure 1 represents an ap- 
parently steady state after 5 months and 
probably is close to the equilibrium 
position. 

Equilibration of mixtures in the 
region of dimorph A was completed 
within a few minutes by warming to 
60' C . ,  but equilibration of mixtures in 
the region of dimorph B was not affected 
significantly by warming. Mixtures 
that were warmed to accelerate 
equilibration were then allowed to stand 
at room temperature and were examined 
periodically. 

When mixtures containing dimorph 
A were diluted, alteration of the solid 
phase to dimorph B or dicalcium phos- 
phate at room temperature required 
several weeks. Because of its low 
solubility, hydroxyapatite did not alter 
significantly when the composition of the 
mixture was changed to one in which 
apatite was not the stable solid phase. 
The other solids (CaNHdPOa. HzO, 
dicalcium phosphate, and dimorph B) 
altered rapidly to the new stable solid 
phase when the composition of the 
mixture was changed. 

Discussion of Results 

The results of the equilibration studies 
are useful in interpretations of the 
reactions that occur in the ammoniation 
of calcium phosphate fertilizers. In  the 
usual ammoniation of superphosphate, 
which is crude monocalcium phosphate, 
the ammonia is added either as a gas or 
as an aqueous solution. The composition 
of the ammonia source then lies on the 
ordinate of Figure 1,  and the com- 
position of the superphosphate can be 
projected on the abscissa. The com- 
position of the mixture then lies on a line 
whose projection on the three-component 
diagram has a negative slope and cuts 
across the field of hydroxyapatite. In 
the usual ammoniation, ammonia is 
added to monocalcium phosphate, so 
that the projection of the total com- 
position moves from the abscissa upward 
and to the left. 

In the initial moment or ammoniation, 
particularly with a relatively dry super- 
phosphate, the composition of the liquid 
phase moves rapidly from the ordinate 
across the apatite field, so that some 
apatite is unavoidable. -4s ammoniation 
continues. however. most of the reaction 
occurs in regions in which dicalcium 
phosphate is precipitated. Results of 
engineering studies (9) show that the 
composition of the product, in terms of 

I I I 

IO 20 30 40 5c 
Hs PO4 , */e 

Figure 1 .  Regions of solid phases in the system CaO- 
NH~-H~PO~-HZO 

(Projected on the system NHZ-H~POI-H~O) 

the amount of apatite formed, is af- 
fected by the rate of addition of am- 
monia, temperature, moisture content, 
and porosity and particle size of the 
monocalcium phosphate. Care must 
be taken to prevent overammoniation 
in localized spots which shifts the com- 
position of the solution into the apatite 
field. Apatite once formed alters very 
slowly to the more available compound 
with which the final liquid phase is in 
equilibrium. 

The results show, however, that 
superphosphate can be ammoniated 
with diammonium phosphate without 
approaching the apatite field. Exami- 
nation under the microscope of a mixture 
of diammonium phosphate and super- 
phosphate showed that moisture con- 
densed on the diammonium phosphate to 
form a concentrated solution that reacted 
with the superphosphate to form one or 
both of the dimorphs of Ca(NHJ2- 
(HPOd)?.H?O. -4s the soIution became 
diluted by the precipitation reactions, the 
initial solid phases altered slowly to a 
mixture of dicalcium phosphate and 
monoammonium phosphate. As indi- 
cated in Figure 1,  the solution formed 
initially lies along the diammonium 
phosphate isotherm, and its position 
depends upon the amount of mono- 
calcium phosphate that dissolves. The 
initial composition, moisture content, 
and kinetic factors determine which 
dimorph of Ca(r\TH4)Q(HP04)2.H20 is 
formed initially, but dimorph B usually 
is the initial phase. No apatite was 
observed in any of these tests. 

Similarly, mixtures of diammonium 

phosphate and gypsum were observed t( 
form dimorph A of Ca(NH4)2(HP04)2 
H20, which then altered slowly tc 
dicalcium phosphate dihydrate. Tht 
same reaction has been observed in the 
soil and explains why additions 01 

gypsum decrease the salt injury tc 
seedlings by diammonium phosphate. 

The diagram of Figure 1 may be used 
as a guide in the preparation of slurry- 
type or suspension fertilizers without 
formation of apatite. Dimorph B 01 
Ca(NH4)2(HP04)2.H20 is readily pre- 
cipitated as a voluminous mass of needle 
crystals that behaves like a stable gel, and 
stable suspensions containing 5 to 9% 
nitrogen and about 17% phosphoric 
oxide can be prepared. 

Figure 1 shows that diammonium 
phosphate and dicalcium phosphate 
dihydrate do not form a stable salt pair. 
Dry-mixed fertilizers containing these 
two salts probably will cake as a result of 
the formation of the dimorphs of 
Ca(NH4)2(HPO4) 2 '  H20.  

Both crystalline dimorphs of Ca(NH4)z 
(HP04)P . H 2 0  have properties desirable 
in a fertilizer. Their composition is 
about that of an ammoniated triple 
superphosphate that contains 4 pounds 
of nitrogen per unit of P205. but, unlike 
the ammoniated superphosphate, the 
new salts release both their nitrogen and 
phosphorus into the soil slowly from a 
single source. The two dimorphs differ 
significantly in rate of solution, and their 
mixtures might be used as sources with 
controlled rates of release of nutrients. 
Greenhouse tests of these dimorphs are 
under way. 
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In water, vitreous calcium metaphosphate forms a coacervate, a viscous solution of highly 
condensed phosphates, which hydrolyzes slowly to pyrophosphate. Incorporated silica 
decreases the iormation of the coacervate and increases the solubility of the metaphosphate; 
incorporated alumina has the opposite effect. Vitreous calcium metaphosphate behaves 
in moist soil much as i t  does in water, and yields residues of calcium pyrophosphates. 

HE PRODUCT of the dehydration T and fusion of monocalcium phos- 
phate monohydrate or of the reaction of 
phosphate rock with phosphoric oxide 
vapor a t  1100’ C. has a composition 
close to that of Ca(P03)2. LVhen cooled 
slowly from its melt. it crystallizes as p- 
calcium metaphosphate, which is quite 
insoluble and of little value as a fertili- 
zer. LVhen cooled rapidly from its 
melt, however. it solidifies a s  a glass that 
dissolves slowly in water and has con- 
siderable value as a fertilizer (8) and as 
an intermediate in the preparation of 
other fertilizers. Little is Icnolvn of the 
condensed phosphate species of which 
the vitreous material is composed, but for 
convenience it is referred tmo as calcium 
metaphosphate. 

As part of a broader !study of the 
behavior of vitreous calcium metaphos- 
phate in the soil and in its processing 
into other phosphate fertilizers. a study 
was made of the calcium metaphosphate- 
water system. In water, vitreous cal- 
cium metaphosphate forms a water- 
immiscible coacervate and a dilute solu- 
tion; the coacervate: the ,solution, and 
their degradation products were ex- 
amined chemically, chromatographi- 
cally, petrographically, and by x-ray 
powder diffraction. A study \vas made 
also of the effect of incorporated silica 
and alumina on the dissolution of the 
metaphosphate. 

Materials and Procedure 

Vitreous calcium metaphosphate was 
prepared by heating reagent grade 
monocalcium phosphate monohydrate 
in a platinum dish to fusion a t  about 
l l O O o  C .  and quenching the melt. The 
products appeared to be clear glasses, 
but petrographic examination showed 
that they sometimes contained very 
small amounts of crystalline p-calcium 
metaphosphate. The mole ratio P :  Ca 
(PzO6:CaO) ranged from 1.980 to 
2.044 (0.990 to 1.022), and the sum of 
the calcium and phosphorus contents 
ranged from 51.43 to 51.54y0 (CaO + 

Vitreous metaphosphates containing 
dissolved silica or alumina were pre- 
pared by fusing and quenching mixtures 
of pure vitreous calcium metaphosphate 
and the oxide. 

The fertilizer grade metaphosphate 
was a product of the TV.4 demonstra- 
tion plant in which rock phosphate is 
treated with phosphoric oxide vapor a t  
l l O O o  C. I t  contained Ca 19.0, P 
27.4, A1 0.6, Fe 1.0, and Si 2.9% (CaO 
26.6, PZOS 62.8, A1203 1.1, Fen03 1.4, 
and SiOa 6.2y0), and its mole ratio 
P:Ca (P205:CaO) was 1.866 (0.933). 
Much of the silica in this material was 
present as unreacted quartz; the product 
usually contained 1 to 2yC of 6-calcium 
pyrophosphate. 

PZOs, 99.83 to 100.04y0). 

In water, pure vitreous calcium meta- 
phosphate yields a viscous, water- 
immiscible liquid (coacervate) and a 
dilute aqueous phase. The reaction is 
slow at  room temperature; raising the 
temperature accelerates both the dissolu- 
tion and the hydrolysis of the dissolved 
phosphate. The mole ratio P:Ca in 
both the coacervate and the dilute phase 
is the same as that in the original meta- 
phosphate. 

The coacervate may be prepared by 
covering crushed vitreous calcium meta- 
phosphate with water and allowing the 
mixture to stand a t  room temperature 
with occasional stirring for about 3 days. 
The lighter aqueous phase is decanted 
off, and the coacervate is removed by 
pressure filtration. From an initial 
mixture of 85 grams of -60-mesh 
metaphosphate and 110 grams of water 
there was obtained 50 ml. (78 grams) 
of coacervate that contained 52yc solute 
phosphate, which is defined for con- 
venience as the sum of the calcium 
oxide and phosphoric oxide contents. 

More conveniently, the apparatus in 
Figure 1 is filled with xsater to the 
level of the overflow and -20- plus 
35-mesh metaphosphate is placed on a 
thin layer of glass wool on the perforated 
plate. Warm water is circulated through 
the jacket to maintain the temperature 
a t  45’ C., and water is dripped slowly 
onto the charge. The coacervate drips 
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