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Granular mixed fertilizers are much less subject to caking during storage than nongranular 
mixtures of the same formulation, but may require coatings of finely divided materials for 
satisfactory physical condition. The present study evaluates the effectiveness of 17 
different coating agents in reducing the caking tendency of a 12-1 2-1 2 granular fer- 
tilizer. Effectiveness of coating agents was closely related to relative bulk densities. 
Additions of 2% of hydrated silica, synthetic calcium and magnesium silicates, and diato- 
maceous earth with bulk densities of 7 to 15 pounds per cubic foot reduced crushing 
strength of fertilizer cake 54 to 71 yo. Calcium carbonate, pyrophyllitic clay, and spent 
fuller's earth with bulk densities of 42 to 55 pounds per cubic foot effected reductions of 
less than 17%. The ability of coating agents to reduce or eliminate caking of granular 
fertilizers is dependent on the initial moisture content of the mixture, particle size and 
shape of the granules, and kind and amount of agent used. 
selection and use of coating agents for granular fertilizers. 

RANULATION makes possible the G satisfactory use of many high- 
analysis mixed fertilizers that otherwise 
could not be used because of poor phys- 
ical condition. Although granular fer- 
tilizers are much less subject to caking 
during storage than nongranular mix- 
tures of the same formulation and mois- 
ture content (7, 4) ,  recent reports (7) 
have indicated the occurrence of caking 
in some types of granular products. The 
problem appears to involve the accu- 
mulation and recrystallization of soluble 
salts a t  the surface of the granule ( 5 ) .  
The use of large amounts of soluble. hy- 
groscopic salts in present-day high- 
analysis mixtures tends to mask the im- 
proved characteristics imparted by 
granulation. Attempts to improve the 
caking and drilling characteristics of 
high-analysis granular fertilizers have 
led some manufacturers to the use of 
various finely divided materials as anti- 
caking coatings for their products. Such 
coating agents have been successfully 
used to improve storage characteristics 
of technical grade granular ammonium 
nitrate (6). 

This paper reports the results of 
laboratory caking tests conducted on 12- 
12-1 2 granular mixed fertilizer with and 
without the addition in varying amounts 
of 17 selected coating agents. The work 
includes an evaluation of some physical 
characteristics of granular fertilizer, such 
as moisture content and particle size and 
shape. which determine the ultimate ef- 
fectiveness or usefulness of these coating 
agents. 

The present study is part of a joint 

1 Present address, Olin Mathieson Chem- 
ical Corp., New Haven, Conn. 

program of research with the Tennessee 
Valley Authority on the production of 
high-analysis fertilizers of improved 
physical condition. 

Equipment and General Procedure 

A 12-12-12 fertilizer formulated as 
shown in Table I was prepared in 50- 
pound lots in a closed Allegheny-metal 
drum 32 inches in diameter and 12 
inches in width, which was rotated a t  
24 r.p.m. Nitrogen solution was intro- 
duced through a hollow trunnion in the 
side of the drum and sprayed at a rate of 
0.85 pound per minute on the rolling bed 
of material. Heat of reaction was sup- 
plemented by gas heat applied externally 
to the drum and all batches were proc- 
essed at  a temperature of about 170' F. 
The complete cycle required 15 minutes. 
Ammoniation time, retention time. and 
processing temperature were based on 
data obtained from preliminary investi- 
gations of optimum processing conditions 
for maximum yield of 10- to 20-mesh 
(1.65- to 0.83-mm.) granules. No water 
was added to the mixtures, which con- 

The data should guide the 

tained about 4% moisture derived solely 
from the ingredients themselves. The 
products were not dried and, except as 
otherwise noted, were screened to 10 
to 20 mesh immediately after preparation 
and allowed to cure in closed containers. 
Temperature during curing \vas main- 
tained at 86' F. The narrow particle- 
size range was selected to minimize seg- 
regation and permit better reproduci- 
bility of test results. After a selected cur- 
ing period, usually 24 hours, thr fer- 
tilizer was rescreened. Coating agents 
in amounts equivalent to 1. 2 or 37, by 
weight were added to 400 grams of the 
fertilizer and mixed for 5 minutes in a 
rotary jar mixer. Samples for moisture 
analyses were obtained immediately 
prior to initiation of the caking tests con- 
ducted according to the general method 
of .4dams and Ross ( 7 ,  2 ) .  411 moisture 
determinations were made bv the air- 
flow procedure ( 3 ) .  Cakes approxi- 
mately 1 inch in thickness and 2 inches in 
diameter were formed under a pressure 
of 12 pounds per square inch in caking 
bombs stored for 7 days at 86' F. and 
407, relative humidity. This caking 

Table 1. Formula of 12-12-12 Caking Test Mixture 
Materials 

Nutrient Amount, Plant Nutrient Units 

Kind content, % Lb./Ton N P206 K z 0  
Ordinary superphosphate 20 .0  P206 600 . . .  6 . 0  . . .  
Triple superphosphate 49 .0  PiOj 245 . . .  6.0  . . .  
Nitrogen so1,Jtion 40.6 Ns 265 5 . 4  . .  . . .  
Ammonium nitrate 33 .5  N 277 4.6 . .  . . .  
Ammonium sulfate 20 .5  N 213 2 . 2  , . .  . . .  
Potassium chloride 60.0 KzO 400 . . .  . . .  1 2 . 0  

2000 12 .2  12 .0  1 2 . 0  
__ - ~ ~ 

Ammoniation rate = 4.79 Ib. NHB per 20 Ib. PzOb 
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pressure is approximately the same as 
that at the bottom o f  a fertilizer pile 28 
feet high and having a bulk density of 
62 pounds per cubic foot. Crushing 
strengths of the test cakes were measured 
by means of a hydraulic press. Tests 
were conducted in replicates of two or 
three, as shown in subsequent data. 

Coating Agents 

Seventeen materials available commer- 
cially in bulk quantities and having 
general specifications seemingly suitable 
for use as coating agents were selected 
for the tests. They included such ma- 
terials as diatomaceous earth widely 
used for conditioning of ammonium 
nitrate prills, processed calcium and mag- 
nesium silicates, veriniculite, perlite, and 
a variety of ordinary clays and by- 
product materials. The relative effective- 
ness of these agents as coatings when 
added in amounts equivalent to 2y0 on 
10- to 20-mesh 12-1 2- 12 fertilizer cured 
for 1 day and containing 2.7% moisture 
is shown in Table 11. Relative effec- 
tiveness is expressed as per cent reduc- 
tion in crushing strength of fertilizer 
cake and may be interpreted as an index 
of probable improvement in bag-storage 
properties of the fwtilizer. The data 
show that light. bulky materials such as 
hydrated silica. synthetic calcium and 
magnesium silicates, and diatomaceous 
earth with bulk densities in the range 7 
to 15 pounds per cubic foot effected re- 
ductions in crushing strength of cake 
ranging from 54 to 717,. Phosphate 
by-product. kaolinitic, and montmoril- 
lonitic clays and fuller's earth with bulk 
densities in the range 23 to 40 pounds per 
cubic foot effected reductions in the 
range 29 to 41%. Spent fuller's earth, 
pyrophyllitic clay. and calcium car- 
bonate with the hiqhest bulk densities 
(42, 42, and 5 5  pounds per cubic foot, 
respectively) were the least effective of 
the agents tested and reduced the crush- 
ing strength of cake less than 177,. Of 
the agents tested, only vermiculite and 
perlite gave results inconsistent with 
their bulk densities. A previous pub- 
lication (4) has shown that vermiculite 
does not readily adhere to surfaces of rel- 
atively dry fertilizcar particles. Tests 
conducted at  that time showed vermic- 
ulite of particle size comparable to that 
shown for sample 9 (Table 11) to have 
only 56% of the coating power of diato- 
maceous earth when applied to 50- to 
60-mesh (0.28- to 0.25-mm.) particles of 
10-10-10 fertilizer containing 2.7% mois- 
ture. This characteristic of expanded 
silicates is apparentlv the reason for the 
comparative ineffectiveness of both ver- 
miculite and perlite as coating agents for 
granular fertilizer. 

Figure 1 shows the effect of varying 
amounts of four coating agents on the 
caking tendency of 12-12-12 granules. 
Conditions for these tests were the same 

Table I I .  

Sample 
No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 

Relative Effectiveness of Coating Agents on Caking Tendency 
of Granular 12-1 2-1 2 Fertilizer 

Reduction in 
Description o f  Coofing Agenf" Crushing 

Type 

Hydrated silica 
Magnesium silicate, synthetic 
Calcium silicate, synthetic A 
Calcium silicate, synthetic B 
Diatomaceous earth 
Phosphate by-product] 
Kaolinitic clay A 
Fuller's earth 
Vermiculite A 
Montmorillonitic clay A 
Montmorillonitic clay B 
Perlite 
Kaolinitic clav B 
Calcium carbonate0 
Vermiculite B 
Pyrophyllitic clay 
Spent fuller's earthh 
L.S.D.i, 57, level 

Bulk Mean par-  Sfrengfhd 
densify", t ide sirec, o f  Fertilizer 

Ib./cu. ff. microns Cakee, % 
12 
15 
15 
7 

10 
29 
26 
24 
13 
23 
31 

9 
40 
55 
18 
42 
42 

20 
8 

35 
15 
20 
10 
3 

25 
25 
25 
35 
30 
50 
10 
80 
35 
40 

71 
71 
65 
62 
54 
41 
40 
39 
35 
35 
31 
30 
29 
17 
15 
13 
7 

13  
a Added in amounts equivalent to 2yo by weight of fertilizer. 
* Laboratory measurements with 400-cc. glass cylinder under conditions permitting maxi- 

c Determined by examination with petrographic microscope. 
mum settling of particles. 

Crushing strength values represent means of duplicate determinations. 
Fertilizer (10- to 20-mesh) cured 1 day before addition of coating agent and placement in 

caking bombs; free moisture content, 2.77,; crushing strength of untreated cake, 72 lb./sq. 
inch. 

f Dry sludge obtained as by-product in manufacture of sodium phosphates from wet- 
process acid. 

0 Amorphous calcium carbonate reacted with organic compound to give hydrophobic 
properties. 

* Dried residue from petroleum refineries. 
Least significant difference at 5 7 0  level, determined by statistical analysis of data, indi- 

cates that odds are 19 to 1 that difference of 1370 between means is significant. 

as those given for the tests described in 
Table I, except that moisture content of 
the fertilizer was 3,457, and the number 
of replications of caking tests was in- 
creased to three. In general, greatest 
reductions in crushing strength of 12-12- 
12 cake were obtained with the first 17 ,  
of coating agent added and somewhat 
lower reductions with each additional 
1% increment. The anomalous be- 
havior of spent fuller's earth is not readily 
explained. Figure 1 also shoizls that, 
under the given conditions, a 1% addi- 
tion of diatomaceous earth was more ef- 
fective than 37, additions of either 
kaolinitic clay B or spent fuller's earth 
and almost as effective as a 2% addition 
of montmorillonitic clay A. Actual 
amounts of specific agents required for 
satisfactory conditioning of granular fer- 
tilizers will vary with storage conditions 
as well as with physical characteristics of 
the mixture as determined by such fac- 
tors as formulation, processing conditions, 
length of curing period, and moisture 
content (7 ,  2. 4, 8) .  

Curing Period and Moisture Content 

An ample curing period and low mois- 
ture content during storage generally 
have been recognized as factors favoring 
satisfactory physical condition of fer- 
tilizers (7 ) .  Table I11 shows the effect 

of curing period on relative effectiveness 
of selected agents added in amounts 
equivalent to 2% by weight of the fer- 
tilizer. Coating agents used were added 
to the fertilizer after the first 24 hours of 
the curing periods shown. No effort was 
made to adjust moisture contents of the 
cured materials and the changes in free 
moisture content as shown are attributed 

Figure 1 .  Effect of varying amounts of 
coating agents on caking tendency of 
granular 12- 12-1 2 fertilizer 

c 
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F e r t i l i z e r  q r a d e ,  12-12- I2 
P a r t i c l e  s ize .  1 0 - 2 0  mesh 

M o i s t u r e  content .  3 . 4 %  
c 
3 

I 2 3 
A m o u n t  o f  c o a t i n g  a g e n t  a d d e d ,  p e r c e n t  
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Table 111. Effect of Curing Period on Caking Tendency during Storage of 
Coated Granular 12-1 2-1 2 Fertilizer 

Moisture Content of  Fertilizer and Reduction in 
Crushing Strengtha o f  12-12-12 Coke Descripfion o f  Coating Agenf 

- (2% Addifion) Cured 1 Day Cured 8 Doys 
Sample Reduction Reduction 

No. Type HPO, % in C.S. ,  % H?O, % in  C.S. ,  % 
5 Diatomaceous earth 2 . 1  100 1 . 7  100 
6 Phosphate by-product 2 .1  88 1 9  93 
8 Fuller’s earth 2 .1  81 1 . 9  78 

12 Perlite 2 . 1  73 1 . 7  68 
16 Pyrophyllitic clay 2 . 1  65 1 , ?  56 
17 Spent fuller’s earth 2 . 1  39 1 . 8  39 

a Values represent means of triplicate determinations. Crushing strength of untreated 
cake prepared from 10- to 20-mesh granules at I-day curing period, 74 Ib./sq. inch: 8-day, 
41 lb./sq. inch. 

to either gain in water of crystallization 
during curing or losses to the atmosphere 
incurred during rescreening and mixing 
of the lots. 

The data show that reductions in 
crushing strength of cake with use of 
coating agents were virtually independ- 
ent of the curing period up to 8 days or of 
the decrease in moisture content of fer- 
tilizer from 2.1 to 1.7%. The signifi- 
cantly greater reductions obtained with 
2% additions of the selected agents 
shown in Table I11 as compared with use 
of the same agents in Table I1 are at- 
tributed to differences in such physical 
characteristics of the fertilizer as particle- 
size distribution, moisture content. and 
granule density, shape, and surface char- 
acteristics which could be controlled only 
within rather wide limits. The relative 
effectiveness of the different agents, how- 
ever, was not affected. 

Particle Size of Fertilizer 

Most granular fertilizers on the market 
today contain a large proportion of ma- 
terial in the particle-size range of 5 mesh 
(4.0 mm.) to 35 mesh (0.4 mm.). A 
prevbus study (3)  showed that the cak- 
ing tendency of fertilizer during storage 
increased with decrease in particle size. 
In an extension of that study the relative 
caking tendencies of 12-1 2-1 2 mixtures 
containing varying proportions of 10- to 
20-mesh and 20- to 35-mesh granules 
cured for 1 week and adjusted to a mois- 
ture content of 3.7% were determined 
(Table IV). Also shown are effects of 
2yc additions of diatomaceous earth on 
the various mixtures. Results indicate 
that gradual replacement of 10- to 20- 
mesh granules with 20- to 35-mesh 
granules produced a maximum increase 
in crushing strength of 3570 (from 65 to 
88 pounds per square inch) at a particle- 
size distribution of 25% 10- to 20-mesh 
and 7574 20- to 35-mesh particles. This 
phenomenon is not readily explained. 
Cakes prepared from 1 0 0 ~ o  20- to 35- 
mesh granules had crushing strengths 
12 pounds per square inch or 18% higher 
than those from 100yo 10- to 20-mesh 
granules. Crushing strengths of cakes 

prepared with 2% additions of diatoma- 
ceous earth exhibited only slight and 
nonsignificant increases with increasing 
proportions of the 20- to 35-mesh granules 
and indicated that the effect of the coat- 
ing agent was substantially independent 
of relative proportions of the two size 
fractions. 

Granule Shape 

The foregoing data have indicated that 
effectiveness of a coating agent is depend- 
ent on the amount used and its particle 
size, density, and adhesiveness as well as 
on the particle size and moisture con- 
tent of the fertilizer. Because density and 
shape as well as particle size of fertilizer 
determine the surface area which can be 
covered by a given amount of coating 
agent, tests were conducted to determine 
the effect of granule shape on caking 
tendency of granular fertilizer. Hard, 
dense discrete granules of \vel1 cured 8-1 6- 
16 fertilizer were used for the tests. The 
fertilizer had been formulated Lvith ordi- 
nary and triple superphosphates, am- 
monium sulfate, nitrogen solution. potas- 
sium nitrate, potassium chloride, and a 
small amount of calcined kieserite. Size 

Table IV. Effect of Particle-Size 
Distribution on Caking Tendency of 
Coated and Uncoated Granular 

12-1 2-1 2-Fertilizer 

Particle-Size 
Disfribufion, 
% of rotoi 

io-20 20-35 
mesh mesh 

100 0 
75 25 
50 50 
25 75 
0 100 

Crushing Strengtha of 
12-12-12 Cakeh, 

lb . /Sq .  Inch 
Confoining 

diatoma- 
Without ceous earth 
cootin3 (2% addi- 
agent t10n) 

65 0 
73 0 
79 3 
88 6 
77 4 

a Crushing strength values represent 

b Fertilizer cured for 1 week before test ;  
means of triplicate determinations. 

adjusted moisture cofitent, 3.77,. 
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fractions of 8 to 10 mesh (2.4 to 1.65 
mm.) and 10 to 20 mesh were obtained 
by preliminary screening. A second set 
of the same size fractions was obtained by 
screen fractionation of fragments ob- 
tained by crushing the oversize (2.4- to 
4.0-mm. granules) from the original lot. 
The adjacent screen-size fractions were 
selected because it was desired to mini- 
mize possible variations in granule den- 
sity. Each of the four batches was ad- 
justed to 5.5% moisture and stored in 
closed containers for 48 hours to permit 
equilibration of the moisture. Crushing 
strengths of cakes prepared from the 
materials with and without 1 and 2% 
additions of diatomaceous earth (Table 
V) indicate that those coatings applied to 
regular-shaped granules reduced the 
crushing strength of cake substantially 
more than the same amounts used with 
irregular-shaped granules of the same 

Table V. Effect of Granule Shape 
on Caking Tendency of Coated and 
Uncoated Granular 8-16-16 Fertilizer 

Crushing Sfrengthb o f  

Diafomaceous Earth, 
Parficle-size Bulk Lb./%. Inch, Added 
range, Tyler density, in Amounts Of 

mesi /b./cu. f t .  None 1 %  270 

Description of  Cakes Contoining 
8 -  16- 16 Fertilizer’ 

Uncrushed Granules 
8-10 62 59 7 0 

10-20 55 68 12 3 

Crushed Granules 
8-10 62 56 30 14 

10-20 54 53 35 22 

a Adjusted moisture content, 5.5%. 
* Values represent means of triplicate 

determinations. 

sieve size. These data shoiv that variable 
results with use of coating agents often 
obtained under commercial conditions 
may be due to alterations in physical 
characteristics of the fertilizer granules as 
a result of changes in processing tech- 
niques. 

Summary 

Laboratory caking tests were con- 
ducted on granular 12-12-12 fertilizer 
with and without the addition in varying 
amounts of 17 different coating agents. 
With the exception of such materials as 
vermiculite and perlite, which do not 
readily adhere to surfaces of fertilizer par- 
ticles. effectiveness of coating agents was 
closely related to relative bulk densities. 
Additions of 27, of hydrated silica, syn- 
thetic calcium and magnesium silicates, 
and diatomaceous earth with bulk densi- 
ties in the range of 7 to 15 pounds per 
cubic foot effected reductions in crushing 
strength of fertilizer cake in the range 54 



to 71%. Under the same conditions, 
kaolinitic and montmorillonitic clavs. 
fuller’s earth, and phosphate by-product 
ui th  bulk densities in the range 23 to 40 
pounds per cubic “oot effected reductions 
in the range 29 tt3 41%. Calcium car- 
bonate. pyrophyllitic clay, and spent 
fuller’s earth with bulk densities in the 
range 42 to 55 pounds per cubic foot. ef- 
fected reductions of less than 177,. A 
ly0  addition of diatomaceous earth with 
bulk density of 10 pounds per cubic foot 
was more effective than 37, additions of 
either kaolinitic clay or spent fuller’s 
earth with bulk densities of 40 and 55 
pounds per cubic foot, respectively. 

Caking tendency of uncoated granular 
12-1 2-1 2 fertilizer decreased M ith exten- 
sion of the curing period from 1 to 8 days. 
Percentage reductions in crushing 
strength of cake attributable to presence 
of coating agents were largely independ- 
ent of the curing time Reducing the 
particle-size range of fertilizer from 10-20 
mesh to 20-35 mesh increased the caking 

tendency of fertilizer 18% but did not 
significantly alter the effect of 2% addi- 
tions of diatomaceous earth. Caking 
tests conducted with regular-shaped and 
crushed irregular-shaped granules of 8- 
16-16 fertilizer indicated that coating 
agents were substantially more effective 
in reducing the caking tendency of fer- 
tilizer when used with the regular-shaped 
granules. In general. the study showed 
that a number of finely divided materials 
of low bulk density currently marketed 
may be used as coating agents to effect 
significant reductions in caking tendency 
of granular fertilizers. 
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UREA-FORMALDEHYDE FERTILIZERS 

Solubility Relationships and Nitrification 
Characteristics of U rea-Form 
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Solubility relationships and nitrification characteristics are reported for urea-formalde- 
hyde reaction products ranging from 0.75 to 1.4 in mole ratio of urea to formaldehyde. 
Although possible suitability of such materials for fertilizer use i s  indicated by  U/F > 1, 
increases in this ratio are not necessarily directly related to improved solubility and 
nitrification characteristics. The primary components of the neutral permanganate 
activity, the solubility pattern, and the activity index recently adopted by the Association 
of Official Agricultural Chemists, were found to be highly correlated with the degree of 
nitrification observed in a 3-week incubation period. Increase in nitrification between 
3- and 15-week incubation periods was more highly correlated with the secondary 
components of the solubility pattern and activity index than with that of the permanganate 
procedure. In consequence, the solubility pattern procedure and the recently adopted 
activity index, AI P 40, are considered more reliable than neutral permanganate activity 
in characterizing the suitability of urea-formaldehyde materials for fertilizer use. 

T y  GESERIC TERM “UREA-FORM” 

as been applied to urea-formalde- 
hyde fertilizer materials. Such products 
have been described as mixtures of 
polymethyleneureas (5, 6 )  which exhibit 
urea-formaldehyde mole ratios greater 
than 1, U/’F > 1, nitrogen contents in 
excess of 37%, low solubilities in water 
and organic solvents, and lower rates of 
nitrification in soil media than the more 
soluble forms of chemical nitrogen 
fertilizers. The present paper reports 
the composition and solubility and nitri- 

fication characteristics of a [vide variety 
of urea-formaldehyde reaction products 
in relation to their suitability for fer- 
tilizer use. 

Urea-formaldehyde Mole Ratio 

The fact that urea and formaldehyde 
react to form products with U/F > 1 
requires a t  least some of the urea residues 
to be present as branched- or straight- 
chain methylene linkage-type polymers 

shown in Figure 1. For large values of 
n,  U / F  = 1, whereas for n = 1, U/F = 2 
and the product is soluble methylene- 
diurea. 

Any degree of cross linkage between 
the urea residues in the polymer results 
in a decrease in the U /F  mole ratio to 

m + l -  the range 112 7 U/F = ___ - 
+ + 1. The highly cross- 

2 m + n + 1  

2m 
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