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Microscopic studies of several types of high-analysis granular fertilizers showed that cak-
ing resulted from bonding of granules by crystals of soluble salts that formed on the surface
of granules during storage. The composition of the salt depended on the formulation
used in making the fertilizer. Bonding-phase salts identified were potassium nitrate,
ammonium chloride, monoammonium phosphate, ammonium nitrate, and a urea—ammonium
chloride complex. Drying, curing, and coating the granules with a conditioner had
significant effects on the growth of bonding crystals.

GRANULAR FERTILIZERS are much less
subject to caking during storage
than are nongranular fertilizers of the
same formulation and moisture content.
However, granulation is not an infallible
panacea for caking problems. Research
by the U. S. Department of Agriculture
and others (7, 2, 6, 77) has shown that
the caking of both granular and non-
granular fertilizers is influenced by such
factors as size and shape of particles,
moisture content, length of curing period,
formulation, and amount and kind of
conditioning agent used.

In TVA’s experimental work on pro-
duction of various granular high-analysis
fertilizers (3-5, 7, §), tests were made to
evaluate the storage properties of the

products in their original condition and
after they had been subjected to various
combinations of drying, curing, and coat-
ing with a conditioning agent. Some of
the products that caked in storage and
some that stored satisfactorily were
studied microscopically to determine the
mechanisms of caking and the mecha-
nisms by which the various treatments
prevented or reduced caking.

The results of bag-storage tests of a
number of the granular high-analysis
fertilizers that were included in this study
are given in Table I. Analyses of the
raw materials used in their preparation
are given in Table II. The products
were —G6 428 mesh in size. In the
storage tests, they were bagged in multi-

wall paper bags having one or two
asphalt-laminated moisture barriers.
They were stored in the lower four posi-
tions of 12-bag stacks in an unheated
building. Bags were inspected after 3
and 6 months of storage. ‘“‘Bag set”” was
determined by hand pressure prior to
moving the bags. The bags were then
removed from the stacks and were
dropped four times from a height of 3
feet, once on each side and face. The
percentage of 42-mesh lumps remaining
after dropping the bags was taken as a
measure of caking, The data show that
it was possible to prevent or reduce cak-
ing of these fertilizers by one or a com-
bination of the following treatments
prior to bagging: reducing moisture con-

Storage Results

Results of Storage Tests and Microscopic Examinations of High-Analysis Granular Fertilizers

Treatment Bonding Phases
% H:0 Prior fo 3 Months 6 Months Responsible
Dried When Storage Bag % Bag % for Lump
2 Stored in Bags® set Lumps® set Lumps® Formation

Products Made with Superphosphates and Ammonia~Ammonium Nitrate Solutions

Table I.
Product

Formulation, Lb./Ton of Product No.
15-15-15
NH;-NHNO; solution (X) 519 AW-1
Concentrated superphosphate 291
Phosphoric acid 289
Potassium chloride 500
Ammonium sulfate 536
Same AX-1
12-12-12
NH;-NH,NO; solution (X) 499 K-16
Ammonium sulfate 195
Ordinary superphosphate 571
Concentrated superphosphate 272
Potassium chloride 400
Sulfuric acid 155
Same K-20-D
10-10-10
NH;-NHNO; solution (X) 509 A-20-C
Ordinary superphosphate 1039
Potassium chloride 333
Sulfuric acid 159
Filler (sand) 70
Same A-18-D
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Yes 0.8 None Hard
Conditioned Hard
Yes 0.3 None Medium
No 1.3 None Hard
Conditioned Light
Cured 7 days Light
Cured and None
cond.
Yes 0.2 None None
No 1.6 None Hard
Cured 7 days Medium
Cured and Light
cond.
Yes 1.1 None Hard
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Table I.

Formulation, Lb. [Ton of Product

Product Dried
No. 2

% H,0
When
Stored

Storage Results

Results of Storage Tests and Microscopic Examinations of High-Analysis Granular Fertilizers (Continved)

Products Made with Superphosphates and Ammonia-Ammonium Nitrate Solutions

10-20-20

NH;-NH;NOj solution (X)
Concentrated superphosphate
Potassium chloride

Sulfuric acid

8-16-16

NH;-NH;NO; solution (Y)
Ordinary superphosphate
Phosphoric acid

Potassium chloride

Same

12-12-12

NH;-urea solution (UC)
Ammonium sulfate

Ordinary superphosphate
Concentrated superphosphate

Potassium chloride
Sulfuric acid

Same
10-20-20

NH;-urea solution (UC)
Concentrated superphosphate
Potassium chloride

Sulfuric acid

Same

8-16-16

NH;j-urea solution (UC)
Ordinary superphosphate
Phosphoric acid
Potassium chloride

Same
13-13-13

NH;-NH;NO; solution (Z)
Ammonium sulfate
Calcium metaphosphate
Potassium chloride

Sulfuric acid
9-18-18

NH;-NH,NO:; solution (Z)
Calcium metaphosphate
Potassium chloride
Sulfuric acid

5-20-20

Anhydrous ammonia
Ordinary superphosphate
Concentrated superphosphate
Potassium chloride

Sulfuric acid

Same

12-12-12 (nitric phosphate)

Anhydrous ammonia
Nitric acid (57%)
Sulfuric acid
Phosphate rock

Potassium chloride

Same

504 C-26
850
667
108

No

403 Z-4
1004
225
533

No

Z-1 Yes

1.8

3.2

1.2

Products Made with Superphosphates and Solutions Containing Urea

447
195
535
287

KU-1 No

400
245

KU-3

447
850
667
197

Cu-2

CU-6

358
1083
196
533

ZU-2

ZU-1 Yes

508
332
427
437

AM-4/25 No

338

546
590
600
277

AM-2/9 No

3.2

0.7

4.7

0.4

4.2

1.4

0.2

0.9

Treatment Bonding Phases
;T-?o:’fe: 3 Months 6 Months Responsible
Storage Bag %% Bag Yo for lump
in Bags® set Lumps® set Lumps” Formotion
:
None Light 3 Hard 36
Conditioned Light 0 IIEI{edium é
Cured 7 days  Medium 1 ard . .
Cured and~  Light 0 Medium o Porassium
d 2 nitrate .
cond. containing
¢ occluded
None Hard 50  Hard >30! ammonium
Conditioned Hard 13 Hard 21, chloride
Cured 7 days Hard 8 Hard 12
Cured and Medium 0 Hard 3
cond. :
None Medium 0  Hard 1)
None Hard 21 Hard 23
Conditioned Hard 0 Hard 1:
Cured 7 days Hard 8  Hard 15
Cured and Hard 0 Hard 0
cond.
None Hard 0 Hard 1
Urea-
None Hard 22 Hard 28 ammonium
Conditioned Hard 0 Hard 1+ chloride complex
Cured 7 days Hard 28  Hard 25| CO(NHa2):.NH,CI
Cured and Hard 0 Hard 1
cond.
None Medium 0 Medium 0
None Hard 6  Hard 13
Conditioned Hard 0 Hard 4
Cured 7 days Hard 2 Hard 5
Cured and Medium 0 Medium 0
cond.
None Medium 0 Medium 0)
)
None Hard 15 Hard 10
Conditioned Hard 0 Hard 1
Cured 7 days Hard 0 Hard 0
Cured and Medium 0 Medium 0
cond. I Mono-
> ammonium
phosphate
None Hard 22 Hard 13
Conditioned Hard 7 Hard 13
Cured 7 days Medium 0  Hard 0
Cured and None 0 Medium 0
cond.

Products Made with Superphosphates and Anhydrous Ammonia

125
262
752
667
150

J-9 No

J-16-B No

6.9

3.8

None Hard

None Hard

2 Hard

0 Hard

Products Mzde by Nitric Acid Extraction of Phosphates

155
975
245
707

NP-7 Yes

400
NP-11

2.3

0.3

None Hard
Conditioned Hard
Cured 7 days Hard
Cured and Hard
cond.
None Light
VOL
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4 Chiefly mono-
| ammonium
* phosphate.

' Some gypsum
present also

. Ammonium
nitrate, plus
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of potassium
nitrate and
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chloride
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Table I. Results of Storage Tests and Microscopic Examinations of High-Analysis Granular Fertilizers (Continued)
Treatment Storage Results Bonding Phases
% H20 Prior to 3 Months 6 Months Responsible
) Product Dried ~ When Storage Bag % Bag % for Lump
Formulation, Lb./Ton of Product No. 2 Stored in Bags® sef Lumps?® set Lumps® Formation
Products Made by Nitric Acid Extraction of Phosphates
14-14-14 (leached-zone fertilizer) No caking
. observed. During
Anhydrous ammonia 200 Yes 3.5 None None 0 0| storage, granules
Nitric acid (42%) 1460 developed hulls of
Sulfuric acid (50%) 920 potassium nitrate
Leached-zone phosphate 3070 and ammonium
Potassium chloride 466 J chloride °
No-Nitrogen Product
No surface
growth.
Potassium
0-26-26 chloride and
Concentrated superphosphate 755 CS-8/7 No 2.5 monocalcium
Phosphate rock 145 phosphate
Phosphoric acid 160 monohydrate
Potassium chloride 870 were the two
important water-
soluble phases
in the granules
No-Phosphate Product
No hulls in
14-0-14 ] usual sense.
NH;-NH.NO; solution (X) 200 Y-2 No 0.8 . | Phases present:
Ammonium sulfate 976 L ammonium
Sulfuric acid 149 chloride,
Potassium chloride 467 ( ammonium sulfate,
Filler (kaolin clay) 226 potassium-

@ Conditioned products were coated with 2.5%, of kaolin clay or kieselguhr immediately prior to bagging.
stored for 7 days immediately after production.

ammonium nitrate

Cured products were pile-

b 9% +2-mesh lumps after dropping bag four times from 3-foot height, once on each side and face.

tent, curing in a pile for 7 days, and
coating with a conditioning agent such
as kaolin clay or kieselguhr.

Mechanism of Caking

Preliminary examinations of fertilizer
granules were made with a stereoscopic
binocular microscope at magnifications
up to 90. A petrographic microscope
was then used to identify crystalline
phases and to make more detailed exam-
inations of sections of the granules.
Chemical microscopy was used to supple-
ment the examinations, and x-ray diffrac-
tion analyses were obtained when re-
quired to confirm identifications.

Examinations of caked fertilizers
showed that, in all cases, bonding be-
tween granules was the result of inter-
growth of crystals of soluble salts that
had formed on the surfaces of granules
during storage. These crystals often
covered the entire granule in the form of
a veneer or hull. Compositions of the
salts depended on the formulations
used in making the fertilizers. Most
of the products had numerous small
cavities within the granules; these
cavities apparently resulted from move-
ment of soluble salts to the surface of the
granule while the crystals were forming.
The inner surfaces of these cavities often
were coated with the same crystalline
phases that appeared on the surface of
the granule. There appeared to be
sufficient moisture in the granules to
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Table ll.

Typical Analyses of Raw Materials Used in Pilot-Plant Production

of Granvlar Fertilizers

Totcl P05
Solids N Total Available K20
Ordinary superphosphate 20
Concentrated superphosphate 48
Calcium metaphosphate .. 62
Phosphate rock 35 ..
Leached-zone phosphate . 10
Ammonium sulfate 20.5 .. ..
Potassium chloride .. 60
Acids H3PO4 H2504 HNOa
Phosphoric acid 78 ..
Sulfuric acid .. 93 ..
Nitric acid . 42
Total Free Ammonium
Ammoniating Solutions N NH3 NHiNO;  Urea Carbamate H,O
Type X 40.6  21.7 65.0 0 0 13.3
Type Y 40.8 26.0 55.5 0 0 18.5
Type Z 37.0  16.6 66.8 0 0 16.6
Type UC 45.5 24.1 0 43.3 15.0 17.6
propagate caking and caking was not Products Made with Superphos-

dependent solely on moisture absorbed
from external sources. This fact was
demonstrated by using bags with efficient
moistureproof barriers in the form of
asphalt-laminated plies and, also, by
using sealed cans as storage containers.
The precaution of using moisture resist-
ant bags alone, therefore, will not neces-
sarily prevent caking.

The bonding phases found on the
products that were examined are listed
in Table I.
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phate and Ammonia-Ammonium Ni-
trate Solution. Products of this type
that were studied included the following
grades: 15-15-15, 12-12-12, 10-10~10,
10-20-20, and 8-16-16. The formula-
tions for the 15-15-15 and 8-16~16 prod-
ucts included phosphoric acid and the
formulations for the other products in-
cluded sulfuric acid. Potassium chloride
was the source of potash. The major
crystalline compounds that constituted
the bonds between granules in caked















