
FERTILIZER M A T E R I A L S  

Calcium Ammonium and Calcium 
Potassium Pyrophosphate Systems 

EARL H. BROWN, JAMES R. LEHR, 
A. WILLIAM FRAZIER, and 
JAMES P. SMITH 
Division of Chemical Development, 
Tennessee Valley Authority, 
Wilson Dam, Ala. 

Studies were made of the systems lime-ammonia-pyrophosphoric acid-water and lime- 
potash-pyrophosphoric acid-water at room temperature. All of the solid phases were 
among the crystalline pyrophosphates described previously. The pyrophosphate frac- 
tions of fertilizers prepared from condensed phosphates, such as superphosphoric acid 
and calcium metaphosphate, probably will consist of salts from this same group. The 
results of the studies will be useful in explaining ihe reactions involved in the prepara- 
tion of these fertilizers and in identifying the components of the fertilizers and of the 
residues of the fertilizers after contact with soil. 

s THE USE of condensed phosphates, A such as calcium metaphosphate 
and superphosphoric acid (5: 7): in 
fertilizers increases, larger amounts of 
pyrophosphates appear in the fertilizers 
and as products of the reactions of ferti- 
lizers with soil (3. i). I n  laboratory study 
of the pyrophosphates, 25 calcium pyro- 
phosphates were identified and described 
(7): and dimorphic forms of magnesium 
diammonium p>-rophosphate tetrahy- 
drate were identified, 

All the 2 5  calcium pyrophosphates, 
particularly those containing ammonium 
or  potassium. are stable, nonhygroscopic. 
crystalline solids, and some contain con- 
siderlible amounts of phosphorus and 
nitrogen or  potassium ( 7 ) .  Exploratory 
greenhouse rests shoived some of the salts 
to be effective sources of plant nutrients, 
and the ph!.sical properties of the salts 
were satisfactory for use as fertilizers. In  
further investigation of these pyrophos- 
phates. phzse-diagram studies ivere made 
of  portions of the systems lime-ammonia- 
p\-rophosphoric acid-Ivater: lime-pot- 
ash-pyrophosphoric acid-ivater. and 
lime-pyrophosphoric acid-water to de- 
fine the reZions of stability of the different 
salts. to indicate methods for their 
preparation. and to identify the salts that 
might be prepared commercially or  that 
might persist as significant phases in fer- 
tilizers produced from condensed phos- 
phates. 

The  pyrophosphate ion hydrolyzes to 
orthophosphate in aqueous solution: and 
no true equilibrium in a n  aqueous pyro- 
phosphate system can be obtained. The  
hydrolysis of pyrophosphz te is most rapid 
at  both low and high pH’s, but a t  the 
intermediate pH‘s that existed in most of 
the experimental mixtures the rate of 
hydrolysis is low enough to permit estab- 
lishment of a fairly steady state o r  quasi. 
equilibrium. This steady state persisted 

long enough for the observed results to be 
applied Ivith confidence to interpretation 
of the reactions of pJ-rophosphates in 
fertilizer processing operations and of 
their behavior in fertilizers when applied 
to the soil. a t  least during the first crop- 
ping sezson. 

Procedure 

The equilibration mixtures were pre- 
pared from laboratory preparations of 
calcium and potassium pyrophosphates 
( 7 ) .  reagent-grade ammonium, potas- 
sium, and calcium hydroxide. and dis- 
tilled water. Use of only these reagents 
limited considerably the regions of the 
four-component systems that could be in- 
vestigated, but the reagents supplied 
soluble pyrophosphate without foreign 
ions so that steady-state conditions \vere 
approached rapidly in d pur: system. 
The  regions studied were those of most 
interest in fertilizer technology. 

Proportions of reagents were selected to 
probide compositions of liquid phases dis- 
tributed uniformly over the region to be 
studied. Only mixtures containing a t  
least tvater were suitable for exam- 
ination; mixtures containing less than 
80% Tvater were semifluid pastes o r  gels. 
The  mixtures \\;ere placed in glass bottles 
which ivere stoppercd, shaken by hand 
periodically, and allo\ved to stand at  
room temperature (25’ to 27’ C.). 

The  p H  of each mixture was measured 
with a Beckman Model H2 pH meter 
after 15 minutes. 1 and 4 hours. 
and  1. 4. 7. 14, and 30 days. Small 
amounts of the solid phases \vex  
examined petrographically after 1. 4. 7. 
and 30 days. The  solid phases were 
examined in greater detail after 30 days. 
and x-ray diffraction examination was 
used to confirm identifications of phases 
present as particles too small for complete 
optical examination. 

The  liquid phases were analyzed 
chromatographically for ortho- and 
pyrophosphTte (2) after 30 days; a few 
of the liquid phases \vex  analyzcd chro- 
matographically again after 150 days to 
determine the extent ofhydrolysis. 

I n  both four-component systems, the 
greatest changes occurred in the first day. 
The  pH approached its steady state 
asymptotically as metastable crystal 
species and unstable gels formed and re- 
dissolved. After 1 day, many of the 
mixtures contained small amounts of 
residual transient phases in addition to 
the major solid phase. but steady-stare 
conditions usually were approached 
lvithin 4 days, and crystallizations were 
virtually complete within 7 days. 
Significant changes between 7 and 30 
days occurred only in a few mixtures 
in the potassium system. 

Results 

Ca0-(NH4)z0-H4P20i-H?0. The  
portion of the calcium ammonium pyro- 
phosphate system studied was covered by 
56 mixtures of calcium acid pyrophos- 
phate, ammonium hydroxide, and water. 
Results of examinations of the mixtures 
after 1. 7 .  and 30 days are shown in 
Figure 1. The  missing right-hand half 
of the isosceles triangle in each diagram 
is occupied by the rest of the field of  
Ca(SH4)tPZO;. H20 (AG 1 .  

The extension of the field of CP:~-  
(SH,)?(P?O;),.bH,O (AB) above 9 5 7 ~  
water presents an anomaly. for in this 
area Ca5(SH4’i2(P20i)s .6H?0 was ex- 
pected to appear. The  crystals of Cas- 
( S H I ) ? ( P ~ O ; ) ~ . ~ H . ~ O  formed in mis- 
tures containing morc than 957c \cater 
\Yere of the usual crystalline form but had 
epitaxial overgroivths of a dimorphic 
form of closely related symmetry. The  
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Figure 1. The section CaH2PzOr(NH4)20-H20 of the system Ca0-(NH&0-H4P?O;-H20 at room temperature 

A A  = C O ~ N H ~ H ~ ( P ~ O ~ ) ~ . ~ H ~ O  AE = CasPzOi. 2H20 (triclinic) 
AB = C C ~ ~ ( N H ~ ) Z ( P ~ O ~ ) ~ . ~ H ~ O  AF = CazP20i.4H20 (orthorhombic) 
A C  = CaNHaHPeOi 
A D  = CCI~H~(P~O;)?.~H~O 

A G  = Ca(NH,)2P?Oi.H20 

Table I. Optical Properties of the 
Two Forms of Ca3(NH4)2(P207)2.6H20 

Dimorph, 
Cos(NH,)?- Epifaxial 

Property (P?O;)?.6HsO Growth 

Clrvstal Mono- Mono- 
s>-mmetrv clinic clinic 

Optic .iyn Biaxial (, - Biaxial (+ j 
S U  1 520 1 . 5 2 7  
N8 1 528 1 . 5 3 3  
s -, 1 531 1 539 

Optic duia l  (010 )  (010)  
pldnc 

2v 61 89 ~~ 

I'xtinction: 2'" in aclite 45"  in acute 
1 - u  A C d P 

Man< clinic 1 1 0 . 5  ' 110 3 "  
t x t a  

( 0 1 2 )  A ( 1 0 0 )  120 '  1 2 0 "  
(011 ' r\ (1001 138" 138" 

t\vo forms can be distinguished only by 
the sniall diffrrences in their optical 
properties- -the compositions of both 
forms, as determined by chemical analy- 
sis of crystals containing 0, 50. and BOYc 
of the ovrrgro\vth form: are exactly t h z t  
o f  C:a;,(S€I~).(PIO;),.OH:O. Spectro- 
graphic rxaminarion showed no differ- 
encc' i n  chemical composition between 
the tivo forms. In keeping ivith their 
closely rtlrited s>-mmetries, their x-ray 
diffraction specrra are nearly identical 
and diff'er only in slight displacements of 
a fee\\, lines and small changes in intensi- 
ties. 

7 his un~isual  mixture of t\vo crystal 

forms is a n  indication of a metastable 
condition, and it is presumed that 
C a j ( A T H 4 ) 3 ( P ~ O i ) ~ .  6HnO lcould even- 
tually form in this region. Mixtures 
containing the t\vo forms of Ca3(NHJ?- 
(P?Oi)?. 6H20 showed no change, ho\v- 
ever, in the 150 days they \\-ere observed. 

CaO-K20-H4P20i-H20. T h e  por- 
tion of the calcium potassium pyro- 
phosphate s)-stem studied \vas covered hy 
48 mixtures of calcium acid pyrophos- 
phate. tetrapotassium pyrophosphate. 
porassium hydroxide. and u'ater. Re- 
sults of examinations of the mixtures 
after 1. 7 >  and 30 days are shown in 
Figure 2. 

Ca0-H4P20i-H20. Studies were 
made of a portion of the ternary calcium 
pyrophosphate system a t  room tempera- 
ture. 50 ', 75 ', and 100' C.  

At room temperature, three solid 
phases appeared. Ca3H2(P20i)?. 4H20 
was present in all mixturrs that contained 
less than about 95% xvater; the triclinic 
dimorph of Ca2P?07.2Hp0 occupied the 
region between 95 and 98% Ivater, and 
the orthorhombic dimorph of CaYP?O;- 
4H?O occupied the region aboi-e 98% 
Lvater. Betxveen 7 and 30 days, ho\vever, 
the tetrahydrate \vas replaced gradually 
b) the triclinic dihydrate. 

A t  50' C.. Ca3H2(P2'3;j2.4H?C3 was 
present in all mixtures containing less 
than 90% water. and triclinic Ca2PZO;. - 
2H20 !vas present in all mixtures con- 
taining more than 907' Lvater. 

Equilibrations at 75' C.  \vere made for 
7 days. In  mixtures containing less than 
90% rvater: Ca3H2(P20;) , .4H,0 \vas 

vo1. 1 2 ,  I 

formed initially, but this \vas replaced by 
its monohydrate, Ca3H?(PrCi)2, H.3. 
\\.ithin 2 days. Triclinic Ca2P?Oi.2H?0 
\vas present in all mixtures containing. 
more than 'JOY0 water. 

In  equilibrations a t  100' C , any 
Ca3H2(P20:)? .4H?0 that \ v a  formed 
initially or added as a starting material 
\\'as hydrolyzed to CaHP04.2H,O o r  
CaHPOI within a fe\v hours. Triclinic 
Ca?P,O,. 2H20 persisted as a solid phase 
in all mixtures, hoLvever? probzbly be- 
cause of its  low solubility. 

Discussion 

Although the present study was con- 
cerned Lvith only mixtures that contzined 
a t  least 80% water, results of other in- 
vestigations showed that many of the 
same salts appeared as stable phases in 
more concentrnted mixtures also. The 
principal difference resulting from in- 
crease in concentration is that the addi- 
tional salts that appear in the more con- 
centrated mixtures are the more acidic. 
highly lvater-soluble compounds of the 
group of 25 pyrophosphates ( 7 ) .  

In  both the ammonium and potassium 
s)-stems a t  room temperature, pyrophos- 
phate \vas the predominant phosphate 
ion after 30 days, although small but 
significant amounts of orthophosphate 
appeared in the solutions in the most con- 
centrated and acidic regions of hsth 
s)-stems. The amounts of orthophos- 
phate in the ammonium system appeared 
to be somewhat larger than those in the 
corresponding portions of the potassium 
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s) stem. In neither system: ho\\-ever, \ \as 
a solid orthophosphate formed. 

(If the eight knoit-n calcium ammo- 
nium p)-rophosphates ( I j ,  only three-- 

(P,O;),.6H,O (-AB), and Ca(SHI)?-  
P,O;.H?O (AG)--are stable enough to 
be considered as fertilizer materials. 
?'he other ammonium compound, Ca2- 
NHAH:I(P,O;)~. 3H,O ( .LA):  \vith a region 
of  its o\vn in Figure 1: disappeared 
\vithin 7 da)-s. 

Of the 1 0  kno\\n calcium potassiuni 
p)-rophosphates ( 7 ) .  nine appezr in 

have properties that make them potential 
fertilizer materials-- Ca,KHs(PI07), . - 
3H,O (KX). Ca:,K2(P,0,):~.6H,0 (KC) ,  
C:a&P,O; (KG).  C.iKHP,O, (KH) .  
and CaK,P20i 4H,O (KM). 'The 
other five are eithcr mrtzstahle or difficult 
to prepare coiiimerciill!-. One of rhe 
promising compounds, C:aK,F20,. has 
been prelxtred at TVX by a fusion proc- 
ess: but i t  h . s  not been reported beforr 
as  a component of an aqueous system. 
Its tetrahydrate: CaK,P,C;.4H20. is de- 
hydrated rapidly to CaK,P,0, a t  2503 to 
300' C. 

Steidy stat?. or q~issi-equilibriuni. 
~ v z s  attained more ripidly in the am- 
monium than in the potassium s)-stem. 
X1o.t of the changes in the ammonium 
system took place in the first 7 days, 
\vhere:_s in the potassium system marked 
chzngrs occurred in mixtures in some re- 
gions throughout the 30-day equilibra- 
tion period. 'There is. ho\vever. con- 
siderable similarity in the nature and 
field boundaries of the solid phises in 
the t\vo s>stem-for example, piirs of 
ammonium and potassium analogs. -4-4 
and KA. AB and KL, XC and KH, 
AG and KG. are formed under similar 
conditions of concentration and pH. 

In the early stages of equilibration, the 
region of each salt appeared to be a func- 
tion of composition. hfter 1 or  2 days, 
ho\rever, the boundaries of the fields 
tended to become lines of constant pH,  
a n  effect that is appsrent in the 30-day 
diagrams in Figures 1 and 2 .  

Results of the study of the ternary sys- 
tem CaO-H4P20;-HI0 support the con- 
clusion ( 7 )  that of the ~ W O  pairs of di- 
morphs of hydrated calcium pyrophos- 
phate, the triclinic dihydrate and the 
orthorhombic tetrahydrate are  the more 
stable dimorphs. The  acid salt CaH,- 
PIOi dissolves incongruently in \vaterand 
forms either Ca3H2(PQ;)?.4H20 o r  its 
monohydrate, depending on the temper- 
ature. The  tetrahydrate is quite stable, 
and in mixtures in which it appeared as 
the equilibrating phase at  room tempera- 
ture, it persisted for the 150 days the mix- 
tures were observed. 

Behavior in Soil. In  an  exploratory 
study of the agronomic value of the pyro- 
phosphates, several of the salts were 
evaluated as sources of phosphorus. nitro- 
gen, and potassium by the short-term 

C ~ S H I H P ~ O ;  (.AC:)> Caz(SHI)?- 

1 '  igure 2 .  Gf these. ho\vever: onl? five 

K A t : . 2 i - 7  P2O7t2  3 i 2 0  

K B  = CcN' PLC7 SHZO 

K C  = Co5<21?2237'a 6H20 

KD:  C o 3 h 2 ( P 2 0 7 1 i  4 H 2 0  

K E =  Ca2n207 2 H 2 0  (TRICLINIC1 

KF C o 2 P 2 0 7  4 H 2 0  IORTHORHOMEICI 

K G =  C e K 2 P 2 0 7  

KH * C a K H P 2 0 7  

K J r  CUK.,H~!P~O,)~ 

K K *  C o 3 K H ! P 2 0 7 J 2  4H20 

K L z  Co3K2!P20,12 2 H 2 0  

K M -  C o K 2 P 2 0 7  4 H 2 0  

K I C.H2P207 

60 eo \ I 20 20 40 i 
c 0 H2P2 0, 7 D A Y S  K 4 P 2 0 7  

Figure 2.  The section CaH~P~O;-KIP~O;-H20 of the system CaO-K.O-H,P:Oi-H.O 
at room temperature 

Table II. Most Promising Fertilizer Materials 

Composition, % - _ _ _  ~ 

Compound N p ( P - 0 , )  K ( K - 0 )  
Ca(SHA)?PzO. H.0 10 4 23 l ( 5 2  9 )  
C aT\H4HP?O- 6 0  26 6 (60 9 )  
Car iSH,)?(Pdl i '  6H2O 4 6  20 3 (46 4) 
CaKLP2Oi 21 2 (48 6 )  26 ' ( 3 2  21 
CaKHPlO, 24 4 (55 9) 15 4 (18 5 )  

8 6110 41 Ca K:(P?O ) i  GHIO 20 3 (46 91 

uptake method of Stanford and Dehfent 
(6). This method has value onl>- as a 
rough screening technique, but the results 
showed that some of the pyrophosphates 
may be suitable sources of phosphorus 
and that some of the ammonium and 
potassium salts Lvere quite effective 
sources of nitrogen and potash, respec- 
tively. 

Results of a conventional greenhouse 
test of several of the pyrophosphates 
and of a petrographic study of their 
alterations in the soil will be published 
shortly. 

The  short-term uptake tests ran for I 7  
days, and 30 days later the fertilizer resi- 
dues in each pot were examined petro- 
graphically. Except for the water- 
soluble calcium acid pyrophosphate, 
CaH2P?C);: the residues were solution- 
eroded crystals of the original salts. The  
pyrophosphates thus supplied nutrients 
during these short-term tests by simple 
dissolution. This behavior is in marked 
contrast to that of calcium orthophos- 
phates which dissolve and reprecipitate 

part of the phosphorus in a less available 
form (1). 

Conclusions 

The results of the equilibration studies 
shoiv that the 25 pyrophosphates pre- 
viously described ( 7 )  probab1)- include 
sll the important pyrophosphstes that 
contain calcium and ammonium o r  po- 
tassium. The  phase diagrams in Figures 
1 and 2 explain the methods of prepara- 
tion of the different pyrophosphates ( 7 )  
and suggest alternate methods for some. 
The  results shot7 also that. under the ex- 
perimental conditions, the hydrolysis of 
pyrophosphate to orthophosphate is so 
slow that this hydrolysis is not expected 
to be significant in either laboratory 
studies of the compounds or in the prep- 
aration of fertilizers cont in ing  them. 

Of the compounds studied. the six in 
Table I1 appear the most promising as 
fertilizer materials. 
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Superphosphate fertilizers were ammoniated with anhydrous ammonia in a fluidized-bed 
reactor over wide ranges of operating variables to obtain products containing up to 9.7% 
(by weight) ammonia. The results show that the chemical reactions are probably occurring 
predominantly in the liquid phase present in or on the fertilizer granules. Free moisture 
contents of the fertilizer of about 0.6 to 15% are preferred; lower contents result in 
slow ammoniation and higher amounts cause agglomeration. Phosphate reversion was very 
low and relatively independent of operating conditions. 

TC - Thermocouple 
i 

Air  
Pressure regulotors O i l  bo th  Pump Woter reservoir Knock-out pot 

Figure 1. Flowsheet for fluidized-bed ammoniator 
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