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Small-scale tests of the reaction of phosphate rock with sulfuric acid resulted in the identi- 
fication of conditions that yielded superphosphate of high phosphorous pentoxide avail- 
abitity and of such physical condition that it could be ammoniated about 1 hour after 
mixing. These results were verified in a pilot plant that consisted of a N A  funnel-type 
mixer and a continuous den. A conversion of 95% was achieved in 1 hour by slightly 
overacidulating finely ground rock with acid of about 60% concentration. Fresh super- 
phosphate from the den was used immediately in the production of several grades of 
granular fertilizers by the N A  continuous ammoniation process. 

RDIXARY SUPERPHOSPHATE. made 0 by conventional methods, requires 
curing for 2 to 6 weeks to obtain satis- 
factorily high conversion of phosphorus 
pentoxide to an available form. In  
studies directed toward decreasing the 
time required for curing, small-scale 
tests were made of the effects of several 
process variables on the rate of conver- 
sion and on the physical properties of 
superphosphate. The variables included 
particle size of phosphate rock, sulfuric 
acid-to-rock ratio, acid concentration, 
and mixing and curing temperatures. 
. is  the work progressed, conditions were 
established that gave conversions of 95% 
or more of the phosphorus pentoxide 
to an available form only 1 hour after 
mixing. The superphosphate appeared 
to have very satisfactory physical proper- 
ties for immediate ammoniation. This 
suggested the possibility of an integrated 
process in which ordinary superphos- 
phate could be produced continuously 
and used, immediately after denning, 
in the continuous ammoniator process 
for the production of granular high- 
analysis fertilizers. Studies of the vari- 
ables mentioned were also reported by 
S u n n  and Dee (6). However, their 
investigation did not extend to the 
determination of conditions for produc- 
ing superphosphate having a high degree 
of phosphorus pentoxide conversion and 
physical properties suitable for ammonia- 
tion immediately after denning. Bridger 
and associates (7-3) reported on related 
studies in which phosphate rock was 
acidulated with 55% sulfuric acid and 
the mixture was quick-cured by drying, 

The feasibility of an integrated process 
was demonstrated in the present work by 
pilot-plant tests. The acidulation step 
\vas carried out in a pilot plant that 
consisted of a TVA-type funnel mixer 
(8) and a continuous den of the Broad- 
field type. After a denning time of 1 
hour. the fresh superphosphate was used 

in the production of granular fertilizers 
in the TVA ammoniation-granulation 
pilot plant (5). 

Small-Scale Tests 
The procedure developed for the 

small-scale tests was as follows: Sulfuric 
acid and phosphate rock (Florida land 
pebble) were preheated to a tempera- 
ture of about 240' F. and mixed for 2 
minutes in a kitchen mixer. This pre- 
heating resulted in a maximum tempera- 
ture, during mixing, of 250' to 260' F., 
which was the approximate temperature 
range expected in large-scale operation. 
About 500 grams of superphosphate 
were prepared in each batch. After 
mixing, the superphosphate was cured in 
closed jars in an oven maintained at  a 
temperature of 200' F. The loss of 
moisture during curing and handling 
was about the same as experienced in 
storage piles of commercial plants. 
After curing periods of 1, 5,  and 24 hours, 
a sample of about 1 gram was removed. 
pulverized, weighed accurately. and 
washed immediately on a pulped suction 
filter as prescribed by the first step of the 
Association of Official Agricultural 
Chemists (.40AC) procedure for the 
determination of citrate-insoluble phos- 
phorus pentoxide; the analytical pro- 
cedure was resumed within 1 hour after 
washing. Duplicate samples were an- 
alyzed for total phosphorus pentoxide 
and moisture contents. Moisture was 
determined by the AOAC vacuum 
desiccator method. A typical chemical 
analysis of the phosphate rock used in the 
small-scale tests is shown below: 

The results of small-scale studies of 
effects of the process variables, given in 
the following discussions, are from tests 
in which the conditions were near opti- 
mum for rapid conversion. 

Particle Size of Rock. The effect of 
finer grinding of rock was determined in 
tests in which the acidulation mole ratio 
[ ( P z O ~  + S03)/ 'CaO] was maintained 
at  1.10 or 0.66 pound of sulfuric acid 
per pound of rock, and sulfuric acid of 
60% concentration was used. Tests 
were made with rock pulverized to the 
approximate fineness used at  present in 
the industry and with more finely pul- 
verized rock. Screen analyses used in 
these tests are shown in the following 
tabulation. 

Wet-screen Analysis, 
% through Indicated Tyler 

Screen 
100 200 325 

Standardgrind 90 .5  78 8 61 .8  
Sample 1 99 .1  89 .6  74 .7  
Sample 2 99 .5  96 .3  89 .9  

Figure 1 shows the effect of the particle 
size of rock on the conversion after 1 hour. 
The conversion was 89% when rock 
equivalent to standard grind was used, 
but increased to 9570 with rock pulver- 
ized to 90% -200 mesh (sample 1). 
A further reduction in particle size to 
96% -200 mesh (sample 2) gave 96%. 
In addition, the more finely pulverized 
rock resulted in a more porous and 
friable product a t  the end of 1 hour. 

Acidulation Ratio. The acidulation 
mole ratio [(PZOb + SOa)/'CaO] was 

Chemicol Analvsis. 7" 
lgnition 

PZO5 COO S i 0 2  Fez03 A1203 F co* H20 loss 

32.1  45.8 7 . 1  2 .1  1 . 7  3 .6  2 . 8  0 . 8  G.6 
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varied from 0.95 to 1.14 (0.54 to 0.69 
pound of sulfuric a'cid per pound of rock) 
in a series of tests using sulfuric acid of 
607, concentration and rock of the finest 
particle size (96%) -200 mesh). The 
conversion data after 1 hour, which 
show a steady increase from 8574 with 
acidulation of 0.95 to 97% with acidu- 
lation of 1.14, are plotted in Figure 2. 
Over the entire range, the superphos- 
phate was porous and friable and 
appeared to be suitable for immediate 
ammoniation. 

Acid Concentrartions. A4cid concen- 
trations of 55, 60, 65, and 707, were 
used in a series of tests xrith the most 
finely pulverized rock and with 1.10 
acidulation. Datal plotted in Figure 3 
show that the conversion increased 
steadily from 927;) with acid of 70% 
concentration to 977, as the concentra- 
tion was decreased to 55%. The 
moisture content osf the products after 1 
hoiir ranged from 17.1yc when 5570 
acid was used to !).8yc \\hen 70Y0 acid 
\vas used. The physical properties of 
the superphosphatc. from all tests were 
good. 

Temperature  of Mixing. The tem- 
perature (maximiim) of mixing was 
varied from 156 " to 260 ' F. by preheat- 
ing or cooling the acid and rock. Rock 
of the finest size was used with 1.10 
acidulation and acid of 7 0 7 ,  concentra- 
tion. The effects; of temperature of 
mixing on the conversion and on the 
moisture content after 1 hour are shown 
in the following tabulation. 

Temp. of  Conversion Moisture 
Mixing,  af ter  1 Hour, Content, 

1 5 6  92 5 14 0 
172 92 6 13 9 

OF. TJ % 

Over the range of 156" to 250" F., 
variation in the temperature of mixing 

had no appreciable effect on conversion. Comparison with Conventional Con- 
The significantly lower percentage ob- ditions. The following tabulation shows 
tained at  260' F. was attributed to a the conversions obtained with the best 
higher rate of moisture removal, This conditions found in the small-scale tests 
w& assumed to be equivalent to the use 
of more concentrated acid. Similar 
effects were noted in later pilot-plant 

and those obtained in the manufacture 
of ordinary superphosphate. The phyai- 
cal condition of the superphosphate pro- 
duced \lias as as or better thar, " 

work when the moisture content after 1 
hour was below about 1275. 

that produced under conventional con- 
ditions. 

Curing pzo5, % PZOh 
Time, Cifrofe- H 2 0 ,  Conver- 
Hr .  Tofol insoluble % sion, % 

Best small-scale conditions (96 yo 
- 200-mesh rock, 1 .IO acidula- 
tion ratio, 5 5 7 ~  HzSOI) 1 1 5 . 6  0 . 5  17 .1  97 

5 1 6 . 6  0 . 4  12 0 98 
24 17 .8  0 . 2  6 . 9  99 

Conventional conditions (79% 
- 200-mesh rock, 0.98 acidula- 
tion ratio, 70% HzS04) 1 1 8 . 6  4 . 0  1 2 . 7  78 

5 18 7 3 . 6  1 2 . 5  81 
24 18 5 3 . 5  10 .5  81 

3 weeks 20 .3  1 . 1  2 . 4  95 

Temperature of Denning. The 
effect of denning temperature was studied 
in tests in which freshly made super- 
phosphate was held for 1 hour at various 
temperatures. Other conditions were 
the same as for the tests in which the 
temperature of mixing was varied. The 
results. shown in the following tabula- 
tion, indicate a significant increase 
(from 88 to 92%) in conversion when the 
denning temperature was increased from 
100' to 150" F. .4t 200' F., a slight 
further increase to 937, was indicated. 
Fvhile higher temperatures did not give 
further increase. In a continuous acidu- 
lation process. the average temperature 
of the superphosphate in the den is 
expected to be about 225" F. 

Denning Conversion Moisture 
Temp., af ter  7 Hour, Content, 

100 87 .6  1 3 . 0  
O F .  % % 
150 92 .2  1 2 . 7  
200 93 .2  1 1 . 9  
230 93 .0  1 1 . 2  
280 9 2 . 8  1 0 . 2  

5 90 
cn 
LL 
w > 
z ACIDULATION MOLE RATIO: I. I O  0 
0 85 ACID CONCENTRATION: 60% H2S04 

I I I I 
7 5  00 85 90 95 100 

PARTICLE SIZE OF PHOSPHATE ROCK, 

80 

'10 THROUGH 200 MESH 

Figure 1 .  Effect of 
particle size of rock 
on PzO~ conversion in 
1 hour 

Pilot-Plant Studies of Continuous Acidu- 
lation 

The superphosphate pilot plant con- 
sisted of a funnel mixer and a continuous 
den of the Broadfield type. The  capac- 
i ty  was about 1 ton of superphosphate 
per hour. The funnel mixer was similar 
in design to that previously developed 
by TVA for use in the manufacture of 
ordinary and concentrated superphcs- 
phates (J,  8). Details of the mixer are 
shown in Figure 4. A lead-coatcd 
agitator operated by a '/e-hp., high-speed 
air motor was installed in the cylinder 
to ensure adequate mixing of the rcck 
and acid. This may not be required in 
commercial installations, as it has been 
reported that complete mixing is 
achieved in commercial funnel mixers 
without mechanical agitation. 

The slat conveyor that formed the 
floor of the den was 30 inches wide and 
9 feet 3 inches long. made up  of 50 slats 
of 10-gage .4merican Iron and Steel 
Institute Type 430 stainless steel. The 
end and side walls that retained the bed 
of acidulate on the conveyor were 24 
inches high. A squirrel-cage type rotar) 
cutter was mounted a t  the discharge 
end to break up the acidulate as it was 
discharged from the den. The arrange- 
ment of the funnel mixer and den is 
shown in Figure 5. 

Phosphate rock was fed into the 
funnel by means of a disk feeder a t  rates 
of 800 to 900 pounds per hour. Sulfuric 
acid (66' Baumt) and water for dilution 
were metered with rotameters and fed 
into a lead mixing tee. The diluted 
acid entered the mixer through the acid 
nozzles a t  a velocity of about 10 feet per 
second. The rock and acid were par- 
tially mixed by the swirling action in the 
funnel. The propeller agitator served 
to complete the mixing. The mixture 
discharged a t  temperatures of 260' to 
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Figure 2. Effect of acidulation 

1 

280' F.  onto the continuous den, which 
\vas operated to provide a retention time 
of about 1 hour. The depth of the bed 
of superphosphate on the den was usually 
about 2 feet. Immediately before the 
cutter, the temperature of the bed was 
about 220' F. In acidulation tests in 
which the superphosphate was not 
ammoniated, it was allowed to form a 
pile in an enclosed bin below the den. 
-4fter 1 day of curing, the temperature in 
the center of a 2-ton pile was usually 
about 150'F. 

The particle size of the phosphate 
rock (Florida land pebble) used in the 
pilot plant was 90 to 95y0 -200 and 
' 5  to 80% -325 mesh. This was some- 

W > z 
0 
0 85 

Figure 3. Effect of sul- 

ACIDULATION M O L E  RATIO:  1.10 

fu;ic acid 
on P 2 0 5  

1 hour 
v 

ratio on PsOa conversion in 1 hour 

what coarser than the finest rock used 
in the small-scale tests. Chemical and 
screen analyses of rock typical of that 
used in the pilot plant follow: 

The operating conditions and results 
of the pilot-plant tests are presented in 
Table I .  Tests were made with acidu- 
lation mole ratiosof 1.06 to 1.19 and with 
acid concentrations from 56 to 71Yo. 
Although a systematic study of these 
variables was not made in the pilot plant, 
the data of Table I show that conversion 
increased bvith increased acidulation 
ratio and lvith decreased acid concentra- 
tion. The highest conversion obtained 
1 hour after mixing was 96% using an 
acidulation ratio of 1.18 and COTc acid. 
The product from the den was friable 
and porous at  acidulations of 1.06 ro 
1.19 when acid concentrations of 60% 
or higher \vere used, When lower 
concentrarions were used: the product 
from the den \vas damp and, although it 
was not tested, it appeared to be too wet 
for satisfactory handling and arnrnonia- 
tion. 

In one pilot-plant rest? rock of a 
fineness typical of that now used in the 
industry (79Yc -200 mesh) was used 
with an acidulation ratio of 1.06 and ?Oyo 
sulfuric acid. In addition :o a low 

Chemical Analysis, % 

P 2 0 6  COO SiOn Fer03 AI203 F CO? H?O lass 

33.0 49.9 5 5 0 8  0 . 9  3 9 3 3 0 6 6 6  

fgnifion 

Wet-screen Analysis, 70 fhrough lndicafed Tyler screen 

100 150 200 270 32 r 
99 6 97 9 93 2 87 6 '9 3 

Figure 4. Detail of fun- 
ne1 mixer used in pilot- 
plant tests 

concentration 
conversion in 

100 I I 

- I  I I I -  

$ 1  nN 1-1 
55 60 65 70 

ACID C O N C E N T R A T I O N ,  Ye H t S 0 4  

SHAFT TO 
AIR MOTOR,  

LEAD COATED 
AGITATOR 

W I T H  STRAP SUPPORTS 

P R O P E L L E R S  DIRECTED DOWN WARD 
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conversion (790/0), the superphosphate 
was wet and sticky and was not con- 
sidered suitable for immediate ammonia- 
tion. Even after 1 day of curing in a 
pile, the conversion was only 86% and 
the physical condition was not greatly 
improved. 

Ammoniation anel Granulation 

4 limited number of tests were made 
in which fresh superphosphate, produced 
in the cone mixer and Broadfield-type 
den, was processed in the TV.4 ammonia- 
tion-granulation pilot plant to produce 
granular, high-analysis fertilizers. This 
pilot plant, described in a recent publica- 
tion (,?)! was operated at  a production 
rate of about 1 ton per hour. The super- 
phosphate, as it was discharged from the 
den, \vas collected in buckets and charged 
to a volumetric feeder, which was used to 
regulate the rate of feed to the ammonia- 
tor. T h r  handling and feeding charac- 
teristics of this material were similar to 
those of conventional superphosphate. 
The [oral time of denning and transfer 
to thc ammoniator was about 1.3 hours. 

The grades of granular fertilizers 
produced were 6-12-12, 10-10-10, and 
4-16- 16. The formulations and data 
for typical tests ,are given in Table 11. 
The fresh superphosphates used in these 
tests were made with acidulation ratios 
of 1.10 to 1.14 arid with acid of from 64 
to 6?7; sulfuril: acid concentration. 
The conversion of phosphorus pentoxide 
to an available form ranged from 91 to 
9470. Conditiors required for higher 
conversion were not achieved consist- 
ently because of the lack of precise 
control of feed ratses. 

The granular fertilizers were not dried 
because i t  was desired to determine the 
moisture content obtainable, with cool- 
ing only. when fresh superphosphate was 
used, for comparison with similar data 
when cured superphosphate was used. 
The products made with fresh super- 
phosphate contained about 170 more 
moisture than those made with cured 
superphosphate; 

The moisture contents of the pilot- 
plant products Ivere somelvhat higher 
than would be expected in commercial 
operation. This was due largely to the 
relatively high proportion of heat losses 
from the pilot-plant size ammoniator 
and from the superphosphate as it was 
transferred from the cutter to the 
ammoniator. Diirina transfer to the 
ammoniator, the superphosphate cooled 
from about 220" I.:. a t  the cutter to about 
110' F. a t  the ammoniator inlet. In 
commercial opera.tion, it is expected that 
the superphosphate would be transferred 
continuously with only a small loss of 
sensible heat. 

The 6-12-12 grade was made by using 
fresh superphosphate, nitrogen solution 
T (26.OYG of free ammonia, 55.5% of 
atnmonium nitrate, and 18.5yc of water). 

SULFURIC - MIXING 
AClD(949b) TEE PHOSPHATE 

FUNNEL 
MIXER 

\D IS1 N T E G RATOR 

/K 
SUPERPHOSPHATE S L A T  CONVEYOR 

Figure 5. Arrangement of pilot-plant funne l  mixer and den 

and potassium chloride. Steam \\cs 
used in the ammoniator to promote 
granulation. The recycle rate was 177, 
of the total feed to the ammoniator 
After the oversize ( f 6  mesh) wascrushed, 
807, of the granular product was in the 
product-size range (-6 $28 mesh) 
The net input degree of ammoniation, 
after the ammonia required to neutralize 
the excess acid in the superphosphate \vas 
deducted, was 4.5 pounds of ammonia 
per unit of available phosphorus pent- 
oxide. The loss of free ammonia was 
2%. The loss of phosphorus pentoxide 
availability during ammoniation was 
0 . 8 7 ~ .  These results are substantially 
the same as has been experienced in the 
use of conventional cured superphosphate 
to produce 6-12-12 fertilizer. About 

1517~ of the available phosphorus pent- 
oxide in the product was water-soluble. 
This compares with water solubility of 
about 42% obtained when conventional 
superphosphate is ammoniated to the 
same degree (7). The higher water 
solubility in the present test resulted 
from the greater amount of phosphoric 
acid present in the overacidulated 
superphosphate. The  moisture content 
of the product was 5.5%-drying to 
about 2% would be required to ensure 
the desired grade. 

In  another run on 6-12-12, for which 
data are not given in Table 11, granular 
instead of regular (nongranular) potas- 
sium chloride was used. I n  this run, 
steam was not required to aid granulation 
and the moisture content of the product 

Table 1. Pilot-Plant Production of Ordinary Superphosphate 

Acidulation 
Mole 
Ratioa 

1 . 0 6  
1 .06  
1 .06 
1 .10  
1 . 1 0  
1 .10  
1 .12  
1 . 1 4  
1 . 1 4  
1 .16  
1.17 
1.18 
1.19 

1 .06  

Physical 

of Product 
Acid Chemical Anolyris of Product, 70 P 2 0 s  Conversion,c % A~~~~~~~~~ 

% H?SOI Pzos P 2 0 s b  H20 denning I doy after Denning 

~~ 

Concn., Total C.I. Affer Cured 

'Tests with Finely Ground Phosphate Rockd 
56 1 7 . 4  1 . 1  1 4 . 7  94 , .  Damp 
58 1 8 . 2  1 . 2  1 4 . 7  93 99 Slightly damp 

, . Dry, friable 64 1 8 . 4  1 . 6  9 . 4  91 
60 18 .6  1 . 8  9 . 9  90 Slightly damp 
65 18 .3  1 . 4  1 2 . 5  92 , . Dry, friable 
69 1 8 . 8  2 . 7  10 .6  86 98 Dry. friablc 
71 18.8 2 . 5  9 . 5  87 92 Dry, friable 
60 17.3 1 . 3  14 .5  93 96 Slightly damp 
65 1 7 . 8  1 . o  1 2 . 4  94 . , Dry. friable 
64 18.3 1 . 2  1 2 . 1  93 . . Dry. friable 
62 17.4 0 . 8  13.0 95 . . Dry. friable 
60 16.4 0 . 6  16.0 96 99 Slightly damp 
64 17 .2  1 . 1  13 .2  94 99 Dry. friahlr 

Test with Phosphate Rock Ground to Standard Size 
70 18 .8  3 . 9  10 7 79 86 Wet 

a [(PzO, + SOa)/CaO]. 
b Samples washed immediately after 1-hour denning time. 
c Conversion of P ~ O S  to citrate-soluble form. 
d Florida land pebble ground so that 90 to 95% passed 200-mesh sieve and 75 to 8lrC 

e 799& -200 mesh and 627, -325 mesh. 

Calculated from chemical analysis ofproduct. 

passed 325-mesh sieve. 
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Table II. Production of Granular Fertilizers from Fresh Superphosphate in 
TVA Ammoniation-granulation Pilot Plant 

Grade 

Feed rates, lb./ton product 
Nitrogen solution (X, Y)a 
Anhydrous liquid ammonia 
Fresh ordinary superphosphate 

Available P z O ~  content, 7, 
Concentrated superphosphate (497, available 

P90,) 
Potassfum chloride, 60% KzO (S, G)b 
Sulfuric acid (947,) 
Steam 
Water 

Input moisture content, 70 
Recycle, 70 of total feed 
Availability of PpOi in ordinary superphosphate, 

Degree of ammoniation of ordinary superphos- 
c /o 

phate, Ib. free NHB/unit available PlOs 
Gross 
Netc 

Losses, Yo 
Free NHB 
PzOj availability in ordinary superphosphate 

Ammoniator product 
Granulator product 

Product size ( - 6 +28 mesh) after crushing over- 
size, 7, 

Moisture content, % 
Ammoniator product 
Screened product 
After 1 week of curing 

Temperature, OF. 

- 
Chemical analysis of screened product, 70 

Total N 
Ammoniacal N 
Total Pz06 
Available PZOS 

K z 0  
sos 
CaO 
HzO 

W.S. P205 

Actual Formulation 
6-12-12 ~ 

330(Y) 

1361 
, . .  

16.8 

436(S) 
. . .  
135 
. . .  
13.9 
17 

94 

7.5 
4.5 

2.0 
0.8 

182 
159 

80 

7.6 
5.5 
4.1 

6.3 
4.8 
12.3 
11.5 
7.0 

1 1  .o  
22.1 
17.7 
5.5 

10-10-10 

490(X) 
. .  

1314 
15.7 

3iiiS) 
60 
, . .  
. . ,  

9.7 
16 

91 

10.3 
6.0 

5.3 
1.3 

157 
146 

84 

4.5 
3.2 
2.8 

9 . 7  
6.9 
11.3 
10.1 
5.3 
10.0 
19.7 
15.6 
3.2 

4-  16-16 

. . .  
108 
982 
16.9 

343 
533(G) 

, . .  

. . .  
258 
16.4 
14 

93 

9.2 
6 I d  

0.8 
0 

173 
145 

79 

10.9 
8.4 
5.5 

4.0 
4.0 
17.2 
16.4 
8.2 
15.9 
. . .  
. . .  
8.4 

a Nitrogen solution X. 21.7% free "3, 65.0% NHdNOa, 13.3cc H?O. Nitrogen 

6 S standard potassium chloride; G granular (907" -6 +Z8 mesh) potassium chloride. 
solution Y .  26.0% free "3. 55.57, ",Nos, 18.5% HzO. 

c Degree of ammoniation of ordinary superphosphate after deducting ammonia required 

d Calculated assuming degree of ammoniation of concentrated superphosphate to be 3.8. 
to neutralize excess acid and any acid included in formulation. 

was lower (4.4%). Efficiency was im- 
proved to the extent that 91% was on- 
size after crushing the oversize. 

The amount of acid present in the 
fresh superphosphate in excess of that 
present in conventional cured super- 
phosphate was equivalent to 98 pounds 
of sulfuric acid per ton of 6-12-12. 
Although this grade can be made with 
nitrogen solution without the addition 
of acid, some producers prefer to add 
acid (about 7 5  pounds per ton of prod- 
uct) to supply heat for improving 
granulation. 

The formulation for the 10-10-10 
grade consisted of ordinary superphos- 
phate, nitrogen solution X (21.77, 
of free ammonia, 65.0% of ammonium 
nitrate and 13.370 of water), and potas- 
sium chloride. A small amount of 
sulfuric acid was added, and air was 
blown onto the bed of solids in the 
ammoniator for control of granulation. 

Recycle was added to the ammoniator 
a t  the rate of 1670 of the total feed. 
About 84Y0 of the product was -6 + 
28 mesh after crushing the oversize. 
The net input degree of ammoniation: 
after deducting the ammonia required to 
neutralize the excess acid in the super- 
phosphate and the sulfuric acid added in 
the formulation, was 6.0 pounds of 
ammonia per unit of available phos- 
phorus pentoxide. The loss of free 
ammonia was 57,. The loss of phos- 
phorus pentoxide availability during 
ammoniation was 1.3%. These results 
are similar to those obtained with the use 
of conventional superphosphate. About 
53% of the phosphorus pentoxide in the 
product was water-soluble, compared 
with about 287, usually obtained. 

The excess acid present in the fresh 
superphosphate was equivalent to 68 
pounds per ton of product. Thus, the 
total acid, including 60 pounds added 

during ammoniation! was 128 pounds of 
sulfuric acid per ton, which is about 
equal to the amount used in the formula- 
tion of 10-10-10 with conventional 
superphosphate. 

The 4-16-16 grade was formulated 
with ordinary superphosphate, concen- 
trated superphosphate produced from 
electric-furnace phosphoric acid, an- 
hydrous liquid ammonia, and granular 
(about 90% -6 +28 mesh) potassium 
chloride. Sjrater was fed to the ammoni- 
ator together with the liquid ammonia 
to prevent freezing of the mcist material 
on the ammonia distributor and to 
promote granulation. The recycle rate 
\vas 14% of the total feed to the ammoni- 
ator. .4fter crushing oversize, 797c 
of the product was in the product-size 
range. The net input degree of am- 
moniation for the ordinary superphos- 
phate, assuming that the concentrated 
superphosphate absorbed 3.8 pounds of 
ammonia per unit of available phos- 
phorus pentoxide, was 6.1. The loss of 
free ammonia was 1%, KO loss of 
phosphorus pentoxide availability oc- 
curred during ammoniation. Similar 
results are generally obtained Lvhen 
conventional ordinary superphcsphare 
is used. The water-soluble phcsphorus 
pentoxide in the product was 50% of the 
total, compared with about 27%# using 
conventional ordinary superphcsphate. 

The excess acid present in the fresh 
superphosphate \vas equivalent to 73  
pounds of sulfuric acid per ton of 4- 16-1 6 
product. jt'hen conventional ordinary 
superphosphate is used in this formula- 
tion, 100 to 150 pounds of acid are 
generally used to ohtain satisfactory 
granulation, 

The 6-12-12, 10-10-10, and 4-16-16 
granular products were cured for 1 week 
and then stored in multiwall paper bags 
containing one or nvo asphalt-laminated 
plies. Inspections Fvere made after 6 
months of storage in stacks 12 bags high. 
Even though the moisture contents )yere 
someivhat higher than would he expected 
in products made i n  large-scale opera- 
tion, the bagged products contained 
practically no lumps after the standard 
drop test-four drops from waist height, 
once on each face and side. Before 
the bags Jvere moved from the storage 
racks. they had medium to hard bag sets, 
which would be somewhat less ivith 
products of lo\ver moisture conrrnt. 

Discussion 

The process described for the produc- 
tion of superphosphate suitable for 
immediate ammoniation should be 
adaptable for use in granulation plants 
that have acidulation units without 
appreciable modification of equipment. 
The increased a~noun t  of acid over that 
used in the production of conventional 
superphosphate serves two functions: 
I t  aids in rapid conversion of phosphorus 
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pentoxide and serves to fix ammonia and 
aid granulation when the superphosphate 
is used in the production of high-analysis 
granular fertilizers. The amount of 
excess acid is no greater than the acid 
used in the formulation of most grades 
of fertilizers. Therefore, in most cases, 
it does not increase the over-all materials 

Suppliers of phosphate rock estimate 
that fine grinding of rock to the size 
desired for this process would increase 
the cost of the rack by about 40 cents 
per ton or about 13  cents per ton of 
fertilizer containiig 10 units of phos- 
phot u s  pentoxide from the superphos- 
phate. This should be offset by savings 
in reduced inventories, lower cost of 
handling materials, and other inherent 
advantages of a continuous, integrated 
process. More prrcise control of acidu- 
lation probably would be required: 
hoiveLer, this would have the advantage 
of ensuring uniformity of the physical 
and chemical properties of the super- 
phosphate. 

The continuous den was used in the 
pilot-plant tests bccause it was available 
and bwause it would permit integration 

cost. 

of acidulation and ammoniation into a 
single continuous process. There is no 
obvious reason why batch mixing and 
denning techniques would not be suitable 
for producing superphosphate for im- 
mediate ammoniation. Retention times 
in batch dens are usually in the range of 
5 to 24 hours. Under these conditions, 
a higher conversion could be obtained 
with the same acidulation ratio, or the 
same conversion could be obtained with 
somewhat less acid. 

Studies are in progress in which similar 
techniques are being applied to processes 
for the manufacture of concentrated and 
enriched superphosphates. 
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SWINE NUTR!ITION 

Digestive Enzymes of the Baby Pig. 
Pepsin arid Trypsin 

CHARLES J. LEWIS’, PAUL A. 
HARTMAN, C. H. LIU, ROY 0. 
BAKER, and DAMON V. CATRON 
Iowa Agricultural Experiment 
Station, Ames, Iowa 

The relative proteolytic activities of the gastric mucosa and pancreas of the baby pig 
were estimated from birth through 6 weeks of age. Although there was a rapid initial 
rate of development of pepsin during the first week, which lessened as age increased, the 
total levels of pepsin per unit of tissue were low until the third to fourth week of age. An 
apparent increase, with age, in the quantity of  trypsin per pig was due to increased size 
of the pancreas, but no definite increase was noted per unit of pancreatic tissue. The 
relatioriship of these results to recent research in swine- nutrition 

CASTITATIVT a n d  q u a1 i t a  t ive  Q changes in digestive enzyme secre- 
tions occur in the early life of the pig. 
Sewall (73) was unable to demonstrate 
peptic activity in the gastric mucosa of 
fetal pigs nearly a.t term. Langendorff 
(4)  found that, in general. pepsin was 
present just before birth but in very loiv 
concentrations. He pointed out that 
pepsin appeared prior to birth in herbiv- 
ora. after birth in. carnivora, and that 
the pig was intermediate in this respect. 
?\lendel (8 )  found no pepsin or sucrase 
activity in pig embryos nearly a t  term 
but maltase was plentiful. Lactase was 
secretcd in the young pig but not in the 

* Present address. Kent Feeds. hiuscatine, 
Iowa. 

older pig. Plimmer (72) concluded that 
the secretion of lactase in the young but 
not in the old was characteristic of all 
animals. Recently. Heilskov (2)  dem- 
onstrated that lactase secretion in rab- 
bits and cows decreased with age. 
Bailey. Kitts. and Wood, (7 )  working 
with the baby pig. found lactase activity 
in intestinal extracts high at  birth, 
followed by subsequent decrease of ac- 
tivity with age. while the reverse was 
found for maltase and sucrase. Kitts. 
Bailey, and \Yood (3)  found that amylase 
activiq of pancreatic extracts increased 
with the age of the young pigs, while 
lipase activity was high a t  birth and re- 
mained high as growth proceeded. 

Recent investigations on the nutrition 
of the baby pig, by Lewis and others ( 6 ) ,  

V O L .  5 ,  N O .  

is discussed. 

have shown that soybean proteins are 
very poor substitutes for milk proteins in 
the formulation of rations for early 
weaning. Noller, Ward, and Huffman 
( 7 7 )  have observed similar results with 
young calves. However, the gain and 
feed efficiency of young pigs fed soybean 
protein basal diets were improved by 
either the addition of proteolytic en- 
zymes to the diet ( 6 )  or by partial pre- 
hydrolysis of soybean protein with en- 
zymes (5). 

As the ability of the baby pig to utilize 
various rations might be reflected in the 
enzyme content of the digestive glands, 
studies have been made on the enzyme 
activities of extracts of certain digestive 
enzyme secretory tissues taken from pigs 
a t  various ages. The studies reported 
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