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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 the 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.

As THE USE of condensed phosphates,
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. 4). Inlaboratory study
of the pyrophosphates, 25 calcium pyro-
phosphates were identified and described
(7), and dimorphic forms of magnesium
diammonium pyrophosphate tetrahy-
drate were identified.

All the 25 calcium pyrophosphates,
particularly those containing ammonium
or potassium, are stable, nonhygroscopic,
crvstalline solids, and some contain con-
siderable amounts of phosphorus and
nitrogen or potassium (7). Exploratory
greenhouse tests showed some of the salts
to be effective sources of plant nutrients,
and the physical properties of the salts
were satisfactory for use as fertilizers. In
further investigation of these pyrophos-
phates, phase-diagram studies were made
of portions of the systems lime-ammonia-
pyrophosphoric  acid-water, lime-pot-
ash-pyrophosphoric  acid-water, and
lime-pyrophosphoric acid-water 1o de-
fine the regions 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 an aqueous pyro-
phosphate system can be obrained. The
hydrolysis of pyrophosphate is mostrapid
at both low and high pH’s, but at 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 or quasi,
equilibrium. This steady state persisted

long enough for the observed results to be
applied with confidence to interpretation
of the reactions of pyrophosphates in
fertilizer processing operations and of
their behavior in fertilizers when applied
to the soil, at 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 were
approached rapidly in a purs system.
The regions swudied were those of most
interest in fertilizer technology.

Proportions of reagents were selected 1o
provide compositions of liquid phases dis-
tributed uniformly over the region to be
studied. Only mixtures containing at
least 809, water were suitable for exam-
ination; mixtures containing less than
809, water were semifluid pastes or gels.
The mixtures were placed in glass bottles
which were stoppered, shaken by hand
periodically, and allowed to stand at
room temperature (25° to 27° C.).

The pH 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 were

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.
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The liquid phases were analyzed
chromatographically for ortho- and
pyrophosphate (2) after 30 days; a few
of the liquid phases were analyzed chro-
matographically again after 150 days 10
determine the extent of hydrolysis.

In both four-component systems, the
greatest changes occurred in the first day.
The pH approached iws steady state
asymptotically as metastable crysal
species and unstable gels formed and re-
dissolved. After 1 day, many of the
mixtures contained small amounts of
residual transient phases in additon to
the major solid phase, but steady-state

conditions usually were approached
within 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

CaO—(NH4)20—H4P207fHQO. ThC
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(NHy):P-O;-H,O (AG).

The extension of the field of Cas-
(NH3)2(P:O1)» 6H,O (AB) above 95%
water presents an anomaly, for in this
area Cas(NH),(P.Or)3 6H,O was ex-
pected to appear. The crystals of Cay-
(NH)+(P:0:):'6H,O formed in mix-
tures containing more than 95% water
were of the usual crystalline form but had
epitaxial overgrowths of a dimorphic
form of closely related symmetry. The
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Figure 1. The section CaH:P;O—(NH.:0-H,O of the system CaO—(NH,):O-H,P.0~-H.O at room temperature
AA = CasNHH;3{P:07)5.3H,0 AE = CasPy07.2H:0 (triclinic)
AB = Caz(NHy)e(P2O7)s. 6H:0 AF = CasPy0-.4H;0 (orthorhombic)
AC = CaNHHP;O7 AG = Ca(NH,):P.07.H,0O
AD = C°3H2(P207)2-4H20
forms is an indication of a metastable formed initially, but this was replaced by
Table I. Optical Properties of the condition, and it is presumed that irts: monohydrate, CasH.(P.C:),; H.O,
Two Forms of Ca;(NH.):(P,0-):.6H.0 Ca3(NHy)o(P2O;)3-6H,O would  even- within 2 days. Triclinic CasP.0;-2H.0
Dimorph, tually form in this region. Mixwres was present in all mixtures containing
Cas{NH;)- Epitaxial containing the two forms of Casg(NH,).- more than 9097 water.
Property (P:01)s. 6H:0 Growth (P;0.):-6HsO showed no change, how- In equilibrations at 100° C, any
Crystal Mono- Mono- ever, in the 150 days they were observed. Cas;Hy(P,O-),-4H,O that was formed
symmetry clinic clinic CaO-K,0-H,P,0;-H;0. The por- initially or added as a starting material
Optic sign Biaxial ( —) Biaxial () tion of the calcium potassium pyro- was hydrolyzed to CaHPO;-2H,O or
Nor 1 ‘92;) 1 527 phosphate system studied was covered by CaHPO, within a few hours. Triclinic
\‘3 % 251 . ;gg 48 mixtures of calcium acid pyrophos- Ca,P,0, - 2H 0 persisted as a solid phase
Optic axial (010) (010) phate, tetrapotassium pyrophosphate. in all mixtures, however, probzbly be-
~ planc potassium hydroxide. and water. Re- cause of its low solubility.
. 2V u zaélf 45§9° sults of examinations of the mixtures
xuncuon: £ acute mn acute . . - 3 R .
Na A € 3 8 atttel 1, 7, and 30 days are shown in Discussion
Moncclinic 110,57 110.3° Figure 2.
heta A CaO-H,P,0,—H,0. Studies  were Although the present study was con-
(%%Qi A %88) %%Oo %2(8): made of a portion of the ternary calcium cerned with only mixtures that contained
(0110 A (100} 138 3 at least 809, water, results of other in-

two lorms can be distinguished only by
the small differences in their optical
properties-—the compositions of both
forms, as determined by chemical analv-
sis of crystals containing 0, 50, and 809
of the overgrowth form, are exactly thet
of Cax(NHy):(P.O7), 6H.O.  Spectro-
graphic examination showed no differ-
ence in chemical composition between
the two forms. In keeping with their
closely related symmetries, their x-ray
diffraction spectra are nearly identical
and differ only in slight displacements of
a few lines and small changes in intensi-
ties.

This unusual mixwre of two crystal

pyrophosphate system at room tempera-
ture, 50°, 75°, and 100° C,

At room temperature, three solid
phases appeared. CazHy(P,O;).-4H,O
was present in all mixtures that contained
less than about 959 water; the triclinic
dimorph of Ca,P.0;-2H,0 occupied the
region between 95 and 989 water, and
the orthorhombic dimorph of Ca,P,O;-
4H,0O occupied the region above 989
water. Between 7 and 30 days, however,
the tetrahydrate was replaced gradually
by the triclinic dihydrate.

At 530° C., CagH.(Py0.)2-4H,O was
present in all mixtures containing less
than 909 water, and triclinic CasP.0- .-
2H:O was present in all mixtures con-
taining more than 909 water.

Equilibrations at 75° C. were made for
7 days. In mixtures containing less than
909, water, CasHy(P:0-)e -4H.O was

vestigations showed that many of the
same salts appeared as stable phases in
more concentrated 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 water-soluble compounds of the
group of 25 pyrophosphates (7).

In both the ammonium and potassium
systems at room temperature, pyrophos-
phate was the predominant phosphate
iou after 30 days, although small but
significant amounts of orthophosphate
appeared in the solutions in the most con-
centrated and acidic regions of both
systems. 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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system. In neither system, however, was
a solid orthophosphate formed.

Of the eight known calcium ammo-
nium pyrophosphates (/), only three—
CaNHHP,O; (AC), Cas(NHy)-
(P,O:), - 6H,O  (AB), and Ca(NH,).-
P,0O; H,O (AG)--are stable enough to
be considered as fertilizer materials.
The other ammonium conipound, Ca.-
NH.H;(P,O;).- 3H,O (AA), witha region
of its own in Figure 1, disappeared
within 7 days.

Of the 10 known calcium potassium
pyrophosphates (7). nine appear in
Figure 2. Of these, however, only five
have properties that make them potentizal
fertilizer  materials—Ca, KHy(P.O:),--
3H_;O (KA), CdK_»(P_;O;)z()Hl() (KC).
CaK,P,O; (KG), CaKHP,O; (KH),
and CaK,P,0;-4H.,O (KM). The
other five are either metastable or difficult
to prepare commercizlly.  One of the
promising compounds, CaK,P.O., hzs
been prepared at TVA by a fusion proc-
ess, but it has not been reported before
as a component of an aqueous system.
Its tetrahvdrate, CaK,P,O;-4H,0, is de-
hydrated rapidly to CaK,P,O; at 250° w0
300° C.

Steady state, or quasi-equilibrium,
wes attained more rapidly in the am-
monium than in the potassium system.
Most of the changes in the ammonium
system took place in the first 7 days,
wherezs in the potassium system marked
changes occurred in mixtures in some re-
gions throughout the 30-day equilibra-
tion period. There is, however, con-
siderable similarity in the nature and
field boundaries of the solid phases in
the two systems—for example, pairs of
ammonium and potassium analogs, AA
and KA, AB and KL, AC 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. After 1 or 2 days,
however, the boundaries of the fields
tended to become lines of constant pH,
an effect that is apparent in the 30-day
diagrams in Figures 1 and 2.

Results of the study of the ternary sys-
tem CaO-H,P,O;-H,O support the con-
clusion (7) that of the two pairs of di-
morphs of hydrated calcium pyrophos-
phate, the triclinic dihydrate and the
orthorhombic tetrahydrate are the more
stable dimorphs. The acid salt CaHs-
P,O; dissolves incongruently in waterand
forms either CazHy(P2Or)s.4H,O or 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 Seil. 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
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Figure 2. The section CaH,P.0:—K ,P.O:-H.O of the system CaO-K.O-H,P.O;-H.O

at room temperature

Table Il

Compound

Ca(NH4>gP207 . H_)O
CaNHHP,O,
Caa(NHOg(PzO;}g. 6H_>O
CaK,P:0;

CaKHP,O,
CaaKg(PQO7),5. GHQO

N
10.

RN

OB

Most Promising Fertilizer Materials

~ Composition, %

P (P.Os) K (K.0)
23.1(52.9)

26.6 (60.9)

20.3 (46.4)
21.2 (48.6) 26.7(32.2)
24.4 (55.9) 15.4 (18.5)
20.5 (46.9) 8.6 (10.4)

uptake method of Stanford and DeMent
(6). This method has value only 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 were quite effective
sources of nitrogen and potash, respec-
tvely.

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 17
days, and 30 days later the fertilizer resi-
dues in each pot were examined petro-
graphically. Except for the water-
soluble calcium acid pyrophosphate,
CaH:P20;, 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
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part of the phosphorus in a less available
form ().

Conclusions

The results of the equilibration studies
show that the 23 pyrophosphates pre-
viously described (7) probably include
all the important pyrophosphates that
contain calcium and ammonium or 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 show 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 containing them.

Of the compounds studied, the six in
Table IT appear the most promising as
ferdlizer 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.

low and relatively independent of operating conditions.

A.\i.\u;\l\nu\ ol superphosphates is
one of the most lmporiant opera-
tions in the ferdlizer induswy. Much
of ity commercial resulted
from the ploneering work done by the
Tennessee Vallev Authority, which de-
veloped the dirume-tvpe ammoniator for
industial  application. Ammoniation
s« highlv complex process. and some
the observations  and  difficulues
arising during operation are not easily
explained.  Av the present dme. two
of the principal probleris are the rever-
ston of phosphates. f.c. the formation
of insoluble  phosphorus  compounds,
and the loss of niwogen during am-
moniation and possibly subsequent stoy-
These

success has

ol

age. difficulties become more
severe with increasing degree of am-
moniation. i.c.. increasing amount of

ammonia absorbed per unit mass of
superphosphate (71,

The  principal  reacdons  occurring
during ammoniation of triple super-
phosphate are as follows (9):

Ca(1{.PO,), - 0 = NHy =

NHL PO, + CaHPO, + H.O (1)
NHLH.PO, + NH: = (NH,)HPO: (2)
3 CaliPO, + 2 NH, = Ca; (PO +

(NH,).HPO, (3)

! Present address:  Engineering Depart-
ment, .. I, du Pont de Nemours & Co..
Inc.. Wilmington, Del.

2 Present address: Rose Polvtechnic In-
stitute, Terra Haute. Ind.

side reactions also oceur
involving impurities such as fluorides,
sulfates, plus iron and aluminum salts.
The reactions appear w be ionic in
character. but little or no discussion
has been found in the literawne on the
mechanism of these reactions.

The rate and extent of the chemical
reactions are governed chietly by tem-

Several may

The results show that the chemical reactions are probably occurring
predominantly in the liquid phase present in or on the fertilizer granules.
contents of the fertilizer of about 0.6 to 15% are preferred;
slow ammoniation and higher amounts cause agglomeration.

Free moisture
lower contents result in

Phosphate reversion was very

the  ammonia,
porositv and partcle size of the super-
phosphate.  and  moisture  content.
Kumagal et a/. (7} have studied the ef-
fects of these variables on the ammonia-
ton of superphosphate fertilizer in a
small,  drum-tvpe  reactor.  Rotating
drums are currenty used in the great
majority of all commercial ammoniating

perawure.  activity  of

1 7
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Figure 1.
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Flowsheet for fluidized-bed ammoniator
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