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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
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Flowsheet for fluidized-bed ammoniator

1, JAN~FEB, 1964

73



°\° T T T T T T T T
m
g2t j
T
o
3 |
I 101 |
a [
e fime of exposure
] /
g sl 3 weeks at 130°F, | A
o 4 weeks at 80°F, 130° /
Z
w & 4
o
S 80°
'—
@0 4= b
(o]
2 (]
u oL J
i3
o
L. e —
i s 0 | |
o] 10 20 30 40 50 60 70 80 90

RELATIVE HUMIDITY OF AIR, %

Figure 2. Free moisture content of triple superphosphate
as a function of relative humidity of air in static experiment
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Figure 4. Effect of contact time and of pretreatments on
the free moisture content of triple superphosphate in the
fluidized bed

(A)  Untreated material; (B) malerial stored 16 hours at 130° F,
after addition of 5% H.O; (C) material stored 33 days at 130° F, after
addition of 5% H;O
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Figure 5. Free moisture content of triple superphosphate as a function of relative
humidity of air in the fluidized bed after at least 1 hour contact time
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Figure 3. Free moisture content of
ammoniated triple superphosphate
(8.34% NH;) as a function of relative
humidity of air in static experiment

facilities. They are, however, not com-
pletely satisfactory for detailed investiga-
tions of the ammoniation process because
local conditions—in particular, tempera-
ture and ammonia concentration—vary
widely throughout the bed of superphos-
phate. A bomb-type reactor with a
mechanical agitator was used by White,
Hardesty, and Ross (9), who avoided ex-
cessive temperature rises by keeping the
rate of ammoniation very low.

A fluidized bed has been reported to
give excellent results in air-drying of
superphosphate fertilizer (2). Trojan,
Jara, and Vanacek (6) describe the use
of a fluidized-bed reactor for the am-
moniation of superphosphate. Only
a very low degree of ammoniation wes
obtained, but the claim was made that a
fluidized bed could be operated more
economically than the drum-type am-
moniator. However, those authors
failed to present any quantitative argu-
ments, and furthermore, they neglected
to give such essential information as
reactor temperature and composition
or type of superphosphate used.

Fluidized-bed reactors probably would
give good temperature control. In
addition, the possibility of using mix-
tures of ammonia with an inert gas
offers an additional degree of freedom
over conventional designs. Such a re-
actor system was employed in this in-
vestigation, which was undertaken for
the purpose of gaining new information
on the ammoniation reaction.

Experimental Details

Equipment. The flowsheet for the
ammoniator is shown in Figure 1. The
fluidized-bed reactor was constructed
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from a borosilicate glass tube, 2.5 inches
in diameter and 30 inches long. A sin-
tered-glass insert for dispersing the
gas uniformly in the bed was positioned
near the bottom of the reactor. The
reactor was jacketed for about 2 inches
below the sintered glass and for 16 inches
above. Water from a constant-tem-
perature water reservoir was circulated
through the jacket. The fluidizing gas
was a mixture of air, ammonia, and in
some cases steam; these gases were
metered by either rotameters or orifice
flowmeters. The ammonia and air were
preheated in coils immersed in an oil
buth before being mixed in the mixing
pot which was positioned just under the

Effect of relative humidity of gas phase on ammoniation at 130° F.

reactor. A gas by-pass around the
reactor and a gas sampling valve were
also provided. Gas lines were heated
where necessary to prevent condensa-
tion of moisture. Temperature in the
fluidized bed and in the gas space above
it were me2sured with thermocouples
(T'C). Superphosphate samples were
taken by pushing a glass thimble through
a gas-tight seal into the fluidized bed.

Materials. The triple superphos-
phate used was purchased locally,
and its composition was: total P,Os;,
48.59%; water-soluble P.0j;, 39.49;
citrate-soluble P,O;, 8.89;; citrate-
insoluble P;0; 0.397; CaO, 21.69%;

SOg, 25%,

F, 2()%, ‘Axlgo:;, 18%.
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Fe 05, 3.29,; [(ree H,O, 1.09,. It
had been manufactured from Florida
phosphate using wet-process phosphoric
acid, and was of the dense, granulated
type. The fertilizer was crushed and
screened to obtain —144-28, —164-20,
—20+28, —284-48, and —28460 Tyler
screen sizes. Commercial-grade anhy-
drous ammonia was used in all ammo-
niation runs.

Operation. A total of 200 to 600
grams of superphosphate was used for
each batch run. In the first phase of
the project, no steam was used in the
ammoniator. Instead, a calculated
amount of water was added and
thoroughly mixed with the superphos-
phate. The mixture was placed in a
closed jar and kept for at least 20 hours
in an oven maintained at the temperature
at which the reactor was to be run. For
startup, the temperature in the oil bath
and the water jacket plus the flow rates
of the air and the ammonia were adjusted
to the desired level before the fertilizer
was introduced into the fluidizing column.
Temperatures were recorded and several
samples were taken during the run.

In the second phase of this research,
the superphosphate was placed directly
in the reactor without adding any water.
It was then fluidized with humidified air
(prepared by mixing line air and steam)
for at least 1 hour. This time was found
o be sufficient to establish an apparent
equilibrium between the humidity of the
air and the free moisture in the super-
phosphate. Just prior to the start of the
ammoniation, a sample ol the fertilizer
was taken. When the flow of ammonia
was started, the relative humidity of the
gas mixture was kept constant by de-
creasing the air flow slightly to com-
pensate [or the ammonia flow.

Analysis. All ammoniated samples
were analyzed for free moisture and
for ammoniacal nitrogen, and, when
desirable, for total, water-soluble, citrate-
soluble, and citrate-insoluble P.Oj;, using
the methods specified by the Association
of Official Agricultural Chemists. Free
moisture content in the fertilizer was
obtained by drying at room temperature
over magnesium perchlorate in a vacuum
desiccator for at leest 48 hours. Water
vapor and ammonia in the fluidizing
gas stream were determined by absorp-
tion on magnesium perchlorate and in
sulluric acid, respectively.

Equilibrium Moisture Tests. A
series of static moisture tests were made
to determine the true equilibrium be-
tween the moisture content of the super-
phosphate and the relative humidity of
the surrounding atmosphere. For this
purpose, samples of —284-48-mesh
superphosphate fertilizers were stored for
several weeks at constant temperature
(80 or 130° F.) in sealed jars over sulfuric
acid of known water vapor pressure, and
changes of the sample weight were re-
corded as a function of time.
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Results

Preliminary Runs. Allsizes (— 14+
28- to —28+4-060-mesh) of dry super-
phosphate were fluidized satslactorily
with air flow rates of 4.5 standard
cubic feet per minute (scfm) or more.
equivalent to at least 110 scfim per square
foot of reactor cross section. A mixing
test indicated that colored fertilizer par-
ticles were well mixed with uncolored
ones within 5 to 10seconds.  No segrega-
tion with respect to size or shape was ob-
served. At [ree moisture contents of
about 159 or higher, agglomeration be-
came serious. causing poor fluidization
and mixing. Aurition was negligible.

Initial ammoniation runs were made
with superphosphate containing up to
159 free moisture and with mixtures of
air and ammonia; this fluidizing gas
mixture had a relatve humidity of less
than 59 in all cases and had an am-
monia concentration of 8.159 by volume.
Initial rates of ammoniation during a
run were quite high. and during this
initial period, temperature rises of about
10° to 15° F. were recorded. The re-
action then slowed down rapidly and
practically stopped after 20 minutes;
during this time. the temperature re-
turned to  the starting value. The
ammonia pickup by the superphosphate
in a run was higher at low temperatures
and with fertilizers that inidally con-
tained more [ree moisture. The maxi-
mum pickup obtained during these
runs was only about 5.09% (by weight)
ammonia in the final product. In all
cases. the {ree moisture content of the
fertilizers had decreased during the bawch
runs to essentially zero.

These preliminary results clecrly in-
dicated that the moisture content of
the fertilizer was most important for
ammoniation. The ammoniation in a
dry fluidizing gas was accompanied by
rapid drving (aggravated by the heat
relerse from the exothermic chemical re-
actions).  When the solid mzteriel dried
out, the ammoniation rexction became
verv slow and perhaps even stopped com-
pletely. A speciz] run wes then made
at 110° F. to demonstrate the necessity of
having moisture present in the super-
phosphate.  Ar the end of erch 20-
minute period, more weter wus added
to give a moisture content of 129, In
60 minutes of ammoniztion. the material
h:d picked up 7.659; 2mmoni .

Equilibrium Moisture Content of
Triple Superphosphate. Since fluid-
ization with dry gas mixtures causes
dehydration of the superphosphate.

humid gas was considered as a means of

preventing or at least minimizing the
dryirg.  Hence tests were made to de-
termine the equilibrium moisture content
of the [ertilizer s a function of tempera-
wire and of the reletive humidity of the
contacting ¢ir, Three to 4 weeks were
required to establish the equilibrium.
‘The results of these static tests ere shown
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in Figure 2. Sharp increases of the free
moisture content of the solids were noted
at relative humidities above 60¢. The
location of the critice!l humidity. where
deliquescence setsin. wes not ascertzined.
bur it is evident that with increasing
temperature. this critical point would be
displaced 1owards lower relative humid-
ities.

Static moisture tests were also made
with an ammoniated [(ertilizer (8.3%¢
NHy) at 130° F. This materizl had
somewhat higher equilibrium moisture
contents than the unammoniated super-
phosphezte, &s indicated by Tigure 3.

The moisture content of the unamimo-
niated [ertilizer wns next determined in

AGRICULTURAL AND FOOD CHEMISTRY

the fluidized bed 2s a funcion of e,
temperature. and humidity of the air,
After 1 hour. the free moisture content
hed usuelly recched what appeared to be
a constant value, However. these values
varied. depending upon the initial mois-
turce content and pretreaunent of the
superphosphate.  For example. Figure 4
shows how three szmples pretreated to
various moisture contents before fluidiza-
tion behaved when wezted under the
same conditions in the fAuidized bed.
The free moisture contents obtained after
1 10 4 hours of fluidization obviously do
not represent true equilibrium values,
Maess transfer or diffusion of the moisture
to or from the interior of the particle is



without question a slow process. as the
ste e wsts had also indicated.  Condi-
tioning the fertilizer in the fluidized bed
for several hours probably allowed the
outer surfaces of the particles to come to
equilibrium with the humid air even
though the interiors of the particles were
not et equilibriun,

Ammoniation with Humid Gas Mix-
tures. The variables swudied in  the
second phase of the project were tem-
perature (130° and 180° F.). relative
humidite of the Huidizing gas (0 to 809 ).
ammonia concentration in the gas (3.0,
7.5 and 13400, and pardcle size (—10+
20, —20-4+28-, and —28-+48-meshi.
‘The highest relative humidities at which
agglomeration did not interfere with
Huidization were 80%¢ at 130° I, and
037 au 1807 Fo Ammonia pickup was
reproducible for duplicate runs within
about 3¢, tona relatve basis): however,
the final Iree moisture contents varied
2560,

by as much e
contents ol several
fertlizer s mples used in ammoniating
runs. taken after 1 howr of conditioning
with humid ¢iv and just before the start
of the ammoniaton. : re plotted in Figure
5. Although there is some scater of
the daw, & compurison with igure 2
indicates that the moisiure contents ob-
tained by the Huldizing technique using
originallyv dr

‘The moistare

v osuperphosphate were sig-
nificanty lower than those resulting from
the statie tests,

Figure 6 shows how
ammoniation.  temperaure.  and  free
molsiure content chenged with dme in
the course ola tplez] emmoniztion run.
The absovption of ammonia at first
procecded rapidiy: the zccompanying
heat veleese coused the temperature o
vise by 307 Foooundl che rate of heat
transler 1o the Huidizing e2s and w0 the
reactor wells wes grester than the rate
ol heat After
through o well defined maximum. the
temperatwre in the bea decrersed agzin
and approoched thet of the incoming
gas. At the end of 60 minutes, the rote
ol the ammoniation reaction was still
appreciable, but much lower than at the
start. The free moisiure content in-
crevsed somewhat afier the first few
minutes, during which the inital tem-
perature rise counteracied the change in
chemical composition which would favor
the absorption of moisture.  As already
mentioned  above. anunoniated  super-
phosphates have a higher equilibrium
moisture content at a2 given relative
humidity than unanumoniated materials.
Also. water of hvdration was liberated by
the chemical reaction.

Figures 7 and 8 for 130° and 180° T".,
respectively, show thzau the inidal rawe of
anunoniation increases with increzsing
relative humidity of the Huidizing gas.
i.e.. with inereased free moisture content
At 130° F.land at humidi-
ties above about 387, no obvious cor-

generadon. 0 ssing

of lertilizer.
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Figure 10.

relation exists for rates of ammoniaton
after about 20 minutes. At 180° F. how-
ever.the rates of ammonia pickup seem
w remain consistently higher for more
humid gas mixwures.  Use of the rela-
tvely dry gas (4% humiditv) at 130° F
clearly shows that moisture is important
during ammoniation.

Figure 9 demonstrates that the rate of
ammoniation wes also a function of pur-
ticle  size. Smuller  partcles offered
greater surface area for muss transfer and
thereby favored the absorption of am-
monia.  One would expect. however,
that the curves for all particle sizes would
approzach a common upper Jimit with in-
crezsed tme of ammoniaton.

The rate of ammoniation was also
accelerated slightlv by incvessed  am-
monia concentration in the ges: this is
itlustrated in Figure 10 for runs ar 130° F.
with a gas humidity of 60%¢.  Runs a
3&8€¢ humidity indicated that differences
in the ammonia concentration of the
gas were somewhat more important with
the drier ges mixture.

Figures 11 and 12 show the resulis of
runs at 130 and 180° Y., respectively.
in which the ammoniation was (wice
interrupted by conditoning periods dur-
ing which the partly ammoniated super-
phosphate was wreated with ammonia-
frec air at the same reladve humidity as
the ammoniating gas mixwure.  The
ammonia content of the fertilizer de-
creased somewhat during these condition-
ing periods, espectally at 180° F. How-
ever, the ammonia content increased
rapidly at the beginning of cach am-
moniaton period. The {ree moisture
content also changed significanty as the
run progressed. but not in the same
manner at 130° and at 180° F. The
masima that occurred at 180° I, cannot
be explained at present.  Figures 11 and
12 also indicate how rthe phosphate

Effect of ammonia concentration in the gas phase on ammoniation

ancivses varied during the run. The
formation of insoluble phosphates occur-
red in both runs primarily during the
initi' 1 portion o the reaction.

Table T reports the analyses of several
ferdlizer samples obtained in this in-
vestigation.  The most significant data
are those referring 1o the phosphate
av. ilobilitv. The proportion of un-
eveilable PoQ); was pracucally constant
«1 about 267 . even though a wide range
of operating conditions wes covered and
the degree of ammonizton ranged from
2,16 to 9.08% ammonia in the final
product. Le. from 0.9 to 4.3 pounds
ammonia per unit of PO (One unit
ol FuO: equals 20 pounds. )

Discussion of Results

The effects of temperature. moisture
content. and particle size are in general
agreement  with  the observations re-
ported by Kumagail. Rapp. and Hardesty
(3i.  When reaction rates are compared,
it must be remembered that in the present
investigation. relatively  coarse  super-
phosphate was used.  Much finer mate-
rial could undoubtiedly be ammoniated
in a fluidized bed by modifving the design
and How rates,

The ammoniation reaction is obviously
a verv complex process, but most of the
observations can be explained by assum-
ing that the actal chemical reactions
oceurred primarily in an aqueous liquid
phese. Rader (/) in 1948 had given
information on the existence of such a
phase. The reaction presumably must
consist of at least the following steps:

Solution of ammonia in the liquid
phase. Some ionization would occur at
this stage.

Solution, accompanied by hydrolysis,
of monocalcium phosphate and other

VOL 12, NO. 1, JAN-FEB. 1964 77



Table 1.

Ammoniation Run

NH;
Temp. Humid., concn.,
No. °F. % %%

Unammoniated triple superphosphate

Particle size
mesh

2 130 70 7.5 —20+28
3 130 60 7.5 —20-+28
4 130 50 7.3 —20+28
7 130 38 7.5 —20+28
8 130 60 7.5 —28+448
9 130 60 7.5 —16+20
10 130 60 7.5 —20-+28
13 130 60 3.6 —20-+28
14 130 38 3.6 —20+28
15 130 60 15 —20+28
16 130 60 7.5 —20+28
21 180 63 7.5 —20+28
23 180 12 7.5 -20+28
25 180 50 7.5 —20+28

e Dried in reactor.

® End of ammoniation period.

Degree of
Ammoniation
Lb. NH;

per
Sample unit % P,O;
No. Time, min. % NH;  P,O; Total
0 0 48.5
5 15 5.02 2.1 48 .4
9 40 6.69 2.8 48.5
5 15 5.27 2.2 48 .4
Qa 40 7.01 2.9 47.9
5 15 5.55 2.3 48.3
2 3 2.16 0.9 48.5
4 10 4.05 1.7 48.5
7 30 6.60 2.8 47.5
9 60 8.34 3.6 46.6
4 10 6.06 2.6 47.2
9 60 9.68 4.3 45.5
9 60 6.15 2.6 47 .4
5 40 7.29 3.1 46.8
9 90 8.08 3.5 46.9
8 60 7.31 3.1 47 .1
6 30 7.16 3.1 46.6
45 15 5.77 2.5 46.9
Te 75 5.63 2.4 47 .6
10 105 7.55 3.3 46.4
12¢ 165 7.19 31 46.8
144 180 7.96 3.4 46.8
4 10 5.70 2.4 48 .1
7 60 9.15 39 47.0
4 10 4.93 2.0 48.2
7 60 6.19 2.6 47 .4
4h 15 6.04 2.6 47.4
7e 73 5.25 2.2 48.3
10® 105 6.92 3.0 47.3
12¢ 165 5.89 2.5 48.0
14¢% 180 7.53 3.2 47.7

¢ End of conditioning period.

Degree of Ammoniation and Phosphate Availability

% PO % P.0; % P:0; P.O;
Water Citrate Citrate Available
Soluble  Soluble Insoluble P of Total
39.4 8.8 0.3 99.3
25.3 21.5 1.6 96.7
23.9 23.0 1.6 96.7
25.9 20.9 1.6 96.7
23.8 22.4 1.6 96.5
25.4 21.2 1.7 96.5
32.2 15.0 1.3 97 .4
27.3 19.5 1.7 96 .4
25.8 19.9 1.8 96.2
25.2 19.6 1.8 96.2
24.9 20.5 1.8 96.2
23.0 20.8 1.7 96.3
24.8 20.7 1.9 96.0
24 .1 21.0 1.7 96.3
24.7 20.4 1.8 96.2
25.6 19.7 1.8 96.2
24.5 20.2 1.9 96.0
24.9 20.3 1.7 96.4
25.6 20.2 1.8 96,2
24.3 20.2 1.7 96.0
24.2 20.5 21 95.5
23.8 21.0 2.0 95.7
243 21.7 2.1 95.6
22.8 22.3 1.9 95.9
247 21.7 1.8 96.3
23.2 22 .4 1.8 96.2
24 .1 21.5 1.8 96 .2
26.1 20.5 1.7 96.5
22.8 22.7 1.8 96.1
24 .6 21.6 1.8 96.3
22.7 23.2 1.8 96.2

salts in the liquid phase. Water of
hydration would presumably be liber-
ated at this point.

Diffusion of the dissolved components
or ions in the liquid phase.

Chemical reaction.

Crystallization of the reaction prod-
ucts.

Transfer of water vapor to or from
the liquid phase.

Each of these steps proceeds at a certain
rate which depends on the local condi-
tions, and therefore on the operating
variables of the ammoniator.

The proposed mechanism is supported
by several observations. First and per-
haps strongest, the rate of ammoniation
was very low for dry superphosphate.
In addition, the results of the condition-
ing runs (Figures 11 and 12) demonstrate
that ammonia was lost, probably because
of desorption of the dissolved, but as vert
unreacted, ammonia from the liquid
phase during the conditioning periods.
When the ammoniation portions of these
runs were started, presumably much of
the initial ammonia take-up involved
merely dissolving ammonia in the liquid.
Some of the ammonia losses during the
conditioning runs were possibly caused
by decomposition of reaction products,
such as diammonium phosphate. This
salt has a higher decomposition pressure
in aqueous solutions than in the crystal-
line state (5, 8), and therefore reverse
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reactions would occur mainly for that
fraction of this compound that was dis-
solved. The formation of water-insolu-
ble di- and tricalcium phosphates is not
reversible.

Figure indicates that a relative
humidity of at least about 309, is re-
quired for obtaining a reasonable rate of
ammoniation. This lower limit co-
incides with that observed for caking of
superphosphate fertlizers in storage,
which becomes noticeable at the same
relative humidity and is commonly
thought to be caused by processes in-
volving a liquid phrse. Further evi-
dence is seen in the crystallographic
identification of the products of the am-
moniation reaction {(3). The occurrence
of fairly well developed crystallites cer-
tainly scems to imply that a liquid phase
was present.

In the unammoniated superphosphate,
the liquid phase would be saturated with
respect to the phosphates and other salts
present. At the start of the ammonia-
tion, the rate of absorption of ammonia
would be high since the initial steps would
involve saturation of the solution phase
and reaction of the dissolved salt with
ammonia. Once the phosphate ions
were depleted from the liquid phase, the
subsequent steps would probably be much
slower. The dissolution of unammoni-
ated salts, as well as the transport of
the salts and of ammonia within the liquid
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phase, would depend on molecular dif-
fusion and therefore be slow, as wus in-
dicated, for example, by the static equi-
librium moisture determination. Thus,
the concentration of unammoniated salts
in the solution phase would decrease dur-
ing the reaction, and a fraction of the
ammonia absorbed by the fertilizer
particles would be present in an un-
reacted form. Figures 11 and 12 show
that this fraction may have been quite
high after the reaction had progressed
for a while. The relatively minor
effect of the ammonia concentration in
the fluidizing gas. illustrated by Figure
10, indicates that the gas phase resistance
1o ammonia transfer was not rate deter-
mining in the over-all process. The
ionic reactions in the liquid should be
very fast, and the net rate of reaction
must be controlled largely by diffusion
and solution processes within the par-
ticles.

Under the condidons present in the
fluidized bed, reaction 1 probably went
to completion. Table I shows that
the phosphate reversion was uniformly
low and independent of operation condi-
tions. This suggests that reaction 3 did
not occur. Impurities, such as fluorides,
were presumably responsible for the loss
of availability that occurred during the
initial stages of ammoniation. The final
degree of ammoniation thus appeared to
depend primarily on reaction 2.
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Higher temperatures have a complex
effect.  They accelerate the chemical
reactions, but apparently at the same
time the final degree of ammoniation
that could be attained at a given am-

monia partial pressure is lowered, be-
cause of the higher decomposition pres-
sure of diammonium phosphate. In
addition, temperature would affect the
solubilities of ammonia and of the un-

vVOlL

ammoniated and ammoniated salts in the
liquid phase. The rate of crystalliza-
tion of the ammoniated salts would prob-
ably also be temperature dependent.

The ammoniation efficiencies. i.e., the
fraction of the ammonia entering the
reactor that was absorbed by the super-
phosphate, were quite low. In the most
favorable case, with 3.6 NH; in the
gas at 130° F., efficiency reached 419
during the first 3 minutes. This could
undoubtedly be very much improved
by suitable modifications of the process.
Of course, the unreacted ammonia could
also be recirculated. The loss of phos-
phate availability was lower than that
(70) published for TV A-type reactors.
Further work is being planned in this
area to establish operating factors affect-
ing phosphate reversion.
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