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Techaical Bulletin No. 483 < September 1933

UNITED STATES DEPARTMENT OF AGRIGULTURN
WASHINGTON, D.C.

EFFECTS OF PARTICLE SIZE ON THE PROP-
ERTIES AND EFFICIENCY OF FERTILIZERS

By A. L. Mouwxa, associeta chomist, Y. M. Wavrs, junior chewdst, and W. H.
Ross, senior chemst, Division of Frertilizer Thvesiigutions, Bureaw of Chewistry
and Sotls, and J. B. Apams, asseciale sofl technologist, Division of Svil Fertility
Investiqulions, Bureaw of Plant Indusiry
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INTRODUCTION

“© The cost of fertilizers to the farmer may be lowered either by

<.'\%educing the priee of goods of the same quality or by improving the
uglity without proportionately increasing the price.  In considering
ays of accomplishing the Iatter, consideration should be given the
act that fertilizer particles of one size may be considerably mmore
effictent than those of other sizes and that if the optimum size were
known fertilizers might be prepared accordingly with little or no
additional cost.

Insoluble fertilizer ruaterials, such as bone muenl, basic slag, and
limestone are generally recognized to be of greater value when finely
ground, but little is known abont optimum sizes for the particles of
water-soluble fertilizers or of commercial mixtores.

The problem is very complicated because of the large number of
factors involved. For example, since fertilizer materinls vary widely
in their physieal and chemical properties, the size of grains best
asdapted to prevent caking or to insure good mechanical condition
might be ineflicient in ebtaining high crop yields with a given fertilizer
and quite efficient with another fertilizer.
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for nssistanen iz npalyianr the ferblifaers with o Dnproved disteibutor Lelonging to that Bureans; to the
officials of tho South Caroling Aprleuitursl Expuriment Station for provisian of land, labor, and other
facilities in connccbion with Lhe ield work; o Alberk Bewen, Division of Suil Fertility investigntions,
Buresu of Plant Industry, for assisthnee in oblaining Lho cinergence counds apd yield dats; snd Lo the

officirls of Lhe South Unrolinn, Geergls, Tenngssee, Ohtio, Now Jersey, New York, nnd Minnesota fertilizer
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Factors in the problem of particle size include the propertics of
various fertilizers, their behavior during storage, their haudling and
application to the soil, their nwovements and reactions in the soil solu-
tion, and their efficiency in getting good stands and high crop yields.
The purpose of this bulletin is to give the results of experiments upon
ench factor separately and then to show so far as possible their
interrelationships and signilicance to agriculture.

As a result of this work it appears that the size of fertilizer particies
is of real importance to agriculture and some suggestions will be
offered for getting greater efficiency in the use of fertilizers in this
respect. Muchmore work must be undertaken, however, to determine
fully the relationships of particle size to the efficiency of all types of
fertilizers under all sorts of conditions,

MATEREAL AND METHODS

Each recognized factor in the problem of parsicle size in fertilizers
wis studied separately both from the theoretical and practical view-
points.  The fertilizers studied included a variety of commercial mixed
roods obtained from many dillerent sources in a dozen States, typical
fertilizer materials and a considerable nuinber of fertilizers prepared
speciully for the purpose. Amoeng the Intter was o series of grained
complete mixed fertilizers alike 1n every respect except that cach
inember of the series was composed ol particles of one size.

The size distribution of the grains composing the average mived
fertilizer and representative fertilizer materials was determined by
screening.  DBulkiness, caking, segregation, and drllsbility were
studied 1n relation to the size of the particles in fertilizers by muliing
various laboratory tests, some of then with control of the humdity
and temperature of the atmosphere. The Dbehavior of various
lertilizers was studied carefully while they were poured, bagged,
hauled on trucks, and distributed by conunercial implements both in
the laboratory under controlled conditions and in the lield under
normal conditions of farm practice.  Field tests were made in 1931,
1032, and 1933 with cotton on several extensive soil types.  Series of
closely sereened complete fertilizers varying only in the size of their
grains were applied accurately in side placements and mixed with the
soil below the seed in these field experiments. Boil snmples were
gathered ab intervals dwing the growing season, and various chemical
determinations were made to find out what ceflect size of grain had
upon leaching ancd reactions in the soil solution.  Rate of emergence
of seedlings and yields of cotton were determined also.

PARTICLE SIZE IN COMMERCIAL FERTILIZERS

The grains composing i fertilizer are sometimes all of approximately
the same size, as i pellet-lorm sudivm nitrate, but more often vary
in size from niere lleeks of dust to that of pebbles 5 millimeters or
more in diameter, The average diameter in millimeters is the best
measurement when the particles are uniforn in stze or nearly so, but
otherwise size is more clearly indicated by the pereentages of matertal
sepurated by a series of sereens. A seb of screens for this purpose
should start with one having 3 or 6 meshes to the inch, with each
succeeding sereen having twice ns many meshes to the mch as the
preceding. Relatively small amounts of materinl lavger than the
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coarsest or smaller than the finest sieve n the sel employed are
expressed as on or through the mesh designated. A statcment of the
proportions of the fertilizer separated by sieves is its mechanical
analysis. The mechanical analysis may be reduced to an average
dizmeter if desired by the [ollowing method: Multiply the average
diameter of the openings of cach puir of screens by the percentage of
material separated by them, add all the results and divide by 100.

Tt is necessary to know the actual size distribution of the particles
in the moreimportant types of comumercinl fertilizers to appreciate the
practical significance of the results of this study.

Accordingly meebunicnl analyses were made of a considernble
number of samples of conumereinl fertilizers by weighing the separated
portiens after 15 minutes treatment in o Rotap sereening machine.
Some of the snmples were oblained directly from manufacturers over
a period of several years and others were supplied by officials of the
fertilizer eentrol laboratories of New York, New dersey, South Caro-
lina, Georgin, Tennessce, Ohio, and Minnesoty. Table 1 gives the
average results.  The average for limestone is based on data pub-
lished by several State {ertilizer Inboratories.

Tanne L—perage rolues of mechanical nnalyses of commerciel ferfilizers and
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The averages for each group of mixed lortilizers in the table are
essentially alilke but some of the individual analyses in cach group
differed radieally from the average.  Aboub half of the mixtures con-
tained no materinl held on o 5-mesh screen and a few weee free of
powder that would pass througl 80-mesli.  The maximum amounts
on 5-mesh and through 200-mesh in any of these mixed goods was



http:a\,C'l'll.gC
http:necessa.ry

4 TECHNICAL BULLETIN 485, DEPT. OF AGRICULTURE

4.8 and 23.5 percent, respectively. Only 1 of the 3 sedium nitrate
snmples was what is known in the trade as coarse grained and yet the
average is much coarser than the mixed fertilizers. The ures and
ammonium-sulphate samples consisted largely of 20- to 80-mesh ma-
terial. On the average the 18- io 20-percent superphosphutes were
composed of much smaller particles then the double superphosphates.
The limestone samples were the most finely ground of all the classes
of materials or mixtures.

PHYSICAL AND CHEMICAL PROPERTIES AFFECTED BY PARTICLE
SIZE

Physical properties ol fertilizers that change considerably with the
size of the grains and that have a bearing on the present problem are
apparent density, surface tension, eapillarity, adhesion, and cohesion.

The apparent density (weight of u unit volume of divided material)
varies considerably with the size, shape, degree of packing, and dis-
tribution of size of the particles composing it, but the absolute density
(weight of a unit volume of solid substance) changes very little over
the normul range of atmospheric temperature.  The absolute densities
or speeific gravities of pure substances, such as sodium nitrate and
potassium  sulpliade, are given in appropriate textbooks. The
apparent densities of commercial samples of the same materiols are
quite variable, the values ranging as a rule from 40 to 60 percent of
the absolute values. Theoretienlly, the apparent specific gravities
of a material it: the form of spheres of uniform size in the loosest and
closest packing possible are 52 and 74 perceni, respectively, of the
absolute density.

A mass consisting ol graing of various sizes has a higher apparent
density than another of particles of uniform size because small grains
fill 1he spaces between larger ones.  Finely ground materials under
the same conditions are considerably lighter than coarse ones. This
is shown in table 2. A 100-ce lump of solid material after being com-
minuted to colloidal proportions will often more than fill a liter vessel.
This is explained ns follows: When §- 10 10-mesh material is reduced
to an impalpable dust the area of exposed surface is increased in
proportion millions of times.  All solid surfaces adsorb films of con-
densed gases from {he atmosphere and thus pulverized material
ordinarily contains enormous ¢uantitics ol adsorbed gases, which
merease its hulk.

Tanneg Zo—\Varinlions in densibies of musses composed of poarlicles af different
shapes with chonges in parficle size
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Light materials requive larger bugs to hold the snme weight of
material. Since large bags cost more than small ones and the storage
facilities required for a given tonnage of materizl vary with the
apparent density, it is in the interest of economy to grind materials
s0 as 1o occupy the least space possible, provided this does not reduce
cfficiency in some other way. Tho apparent density approaches its
maximum when the pore spsces between the largest particles are
filled with smaller ones and the interstices between the latter in turn
with still smaller ones and so on until no voids remain,

Molecules in the surface Iayers of substances behave differently
from those in the interior. Molecules inside of a mass are acted on
from all sides by the attractive forces of other molecules of the mass
but those in the outer layer have one side free from such influences.
This leaves residual forees at the surface that give rise to such physical
phenomensa as surflace tension, capillarity, cohesion and adhesion,
and the property of adsorption. Theso forces are all functions of the
proportion of surface tomass. The surface ares of a particle increases
rapidly in proportion to the mass as the size of the particie decreases.
When these ratios are plotted against the diamecters of the particles
the resulting curve i1s o hyperbola approaching zero with large
particles and infinity with those ol molecular dimensions, When o
mass of particles the size of peas is subdivided finely enough to pass
freely through a 300-mesh sieve the free surface of the massisincrensed
shout 1,000 times, By coutinving the process of subdivision until
the particle diameters arc 1 millimicron the free surface of an originally
pea-sized grain is increased to about 1 sere. Thus the physical
properties of pulverized materials are quite different from those of
granular ones, The chemical properties also change when the range
of particle size falls between 5 and 200 millimicrons, giving rise to
the phenomena af colloid chemistry.

Commercial fertilizers as o rule conlain very little material of
colloidal proportions but do often contain a falr proportion of minute
particles that stick to each other and to almost everything they touch,
These small grains also adsorb much larger quantities of gases and
moisturs from the atmosphere than larger ones do under the same
conditions. For thesc reasons some fertilizers cannot he distributed
uniformly by ordinary farm machinery and are unpleasant to handle
since they are dusty when dry and sticky when damp. The exact
size at which these effects become noticeable varies somewhat with
the materinl and its moisture content. )

Experiments were made to determine the size nb which physical
forces bhegin to injure drillability or thic ability to flow frecly as a
result of the foree exerted by gravity. Tor this purpase ammonium
phosphate was screened into a considerable number of sizes varying
[rom. 5- to 8- to 300- to 350-mesh and stored in a constant temperature
and humidity room until in equilibrivmn with the atmospheric condi-
tions. The particles were then tested for steady flow through specially
constructed funnels. 1t was found that when the moisture content
was 0.08 percens, masses of particles with diameters of 0.04 mm or
less would not flow by gravity but tliose composed of larger grains
did. Similarly the limiting diameters for grains that flowed freely
when the substance contained .53 and 2 percent of moisture were
0.06 and 0.42 mm, respectively. Thus material drier than that
usually found in commerce will not flow by gravity alone whon com-
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minuted finely enough to pass through o 300-mesh sieve, aithough 16
may flow in the form of 20- to 30-mesh or coarcer grains when very
damp. Damp materinls flow less readily than dry ones of the same
particle size because the films of moisture cause the particles to cling
together with n tension that increases with the quantity of moisture
adsorbed until the capillary spaces between the particles ave filled.
‘The smallest sized particles of most fertilizers that would flow by
gravity under normal atmospheric conditions were found to bo those
that pass through a 200-mesh but not fhrough n 250-mesh scresn.

Very fine dry powders, such as some ground limestones, thut
normally show considerable cohesion will, nevertheless, when gud-
denly jarred flow and surge in waves like n licuuid.  Fhe jar momen-
tarily separates the particles sufficiently to break the attraclive
forces between them and as long as they continue to move they flow
freely. As soon as they come 1o rest, however, they cohere ngnin.
Many distributors apply such materials with extreme irregularity.

Chemical reactions do not ardinarity oceur hetween molecudes that
are separated by a space of niore than 50 millimicrons (1.2 Tor this
reason coarsely ground maferizls may be mixed with little or no
chemicnl reaction as long as they are kept dry, while the same ma-
terials in solution or pulverized might react insfantly or in a Tairly
short time.

Fortilizer materinls when mixed, frequently react to & greater or
Jess extent by double decomposition.  The erystal growth of the
resulting products often causes the entire mass to harden so that ib
must be reground before shipment. These reactions between solid
materials require considerable time to be completed but the more
minutely the materials are subdivided before mixing the shorter this
time wili be,

BEHAVIOR IN STORAGE AS AFFECTED BY S1ZI OF PARTICLES

During storage the moisture content of fertilizers changes with, the
relative humidity and temperature of the air in conlact with them.
The amount of moisture held by water-soluble material under o glven
sct of conditions whieh will not cause actual solution varies little
with the size of the grains if they are too large to pass a 200-mesh
sieve, bub it inereases rapidly as tho size decreases helow this limit.

Ono of the causes of eaking of fertilizers is the alternate absorption
of moisture and drying with the dinrnal ehanges of the relative humid-
ity and temperature of the air. When the relative humidity s high
a film of moisture is adsorbed upon the surface of the grains and dis-
solves enough salt from soluble materials to form a suturated solution.
When the humidity is lowered water evaporates and crystals are
deposited, which cement the grains together. A similar result may
also follow varintions in the concentration of the solution due to
changes in temperature. The extent ol this eaking =aries with fthe
size of the particles.

Caking was studied by screening o variety of fertilizer materials
to different sizes and cxposing them first to an atmosphere of 90-per-
cent relative humidity and then to one of low humidity. All sam-
ples fine enough to pass a 200-mesh. sieve were then found to be
caked so hard that none could he erushed with the bare hands.  The

2 TinYe nuntbers in pareniheses refer 16 1Aterojure Ciled, p. 2.
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5- to 10-mesh particles of some materinls were slightly stuck to-
gether but crumbled easily when squeezed in the hand, and those of
other samples showed no caking whatever. As u result of these ex-
periments and observations in the field it may be said that the
smeller the particles of a fertilizer are the more readily they will
}:emen{i together to form a hard cake and the harder will be the mass
ormed.

EFFECTS OF SHIPMENT AND DISTRIBUTION UPON FERTILIZERS
COMPOSED OF GRAINS OF DIFFERENT SIZES

Some commercind lertilizers thougle properly mixed at the {nctory
do not remuin homogeneous while heing shiupped or distributed.  This
was found {o be the case by Faigh {6) in taking samples for snalyses
and by Mehring and Cumings {§) in testing thie distribution of fertili-
zers by machinery.,  Thig tendency for some lertilizer mixtures to
separate more or less into zones of like particla size 1s ealled segrega-
tion. ‘While the relntive densities of the different kinds of matertals
mixed are partly responsible, segregntion nevertheless is essentially a
problem of particle size.

Snuth, ITardy, and Gard (11) concluded that different materials
when ground to pass through a 200-mesh sieve andd well mixed will
remain & homogeneous mixture permanently no matter how much it
may be jatred or shaken subsequently. Mixtures of coarser sizes
than this, however, constitute the overwhelming majority of com-
mercinl Tertilizers. Some fertilizer mixtures tend to segregate while
others do not.

Three kinds ol treatment that any fertilizer mixture is likely to
encounter may cause more or less segregation.  They are pouring,
scbtling, and vibration, Tach of these treatments acts differently
and will be diseussed separately, but all tend to unmix commereial
Tertilizers.

When s mixture of dissimilar materials is poured in air the Jargest,
heaviest, and most symmetrieal particles fall fastest and, after land-
ing in a heap, roll farthest and thus tend to accurmulate on the bhot-
tom nnd at the outer edges of the pile. Tho extent to which segre-
gation takes place increases with the distance through which the ma-
terinl travels. Pouring so that the displaced air rushes up through
the descending fertilizer greatly increnses the degree of separation in
n fall of the same distance. Thus segregation due to this cause while
filling sacks or distributors may be materially lessencd merely by
pouring as short a distance as possible and on one side of the recep-
tacle so that the displaced air may flow out on the other,

Fertilizer immediately alter heing poured is in o loose condition,
hut il this loose mass is jarred or shaken, as when a bag is jounced
up and down to settle i, or a distributor is hauled over « field, the
particles rearrange themselves in tighter packing, The contraction in
volume 1s enly about 5 pereent nnd this rearrangement is nccomplished
m such a way ns to have no eflect upon the homogeneity of the mix-
ture when the grains are all of about the same size. The average
commercial fertilizer, which is composed of many sizes of grains, set-
tles on the other hand from 12 to 25 percent with & mean of about 16
percent and this may be accompanied by considerable segregation.
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When » heterogeneous mixture scttles the powdered materials sift
down and gradually pack the pore spaces bebween the granular ones,
If each ingredient of the mixture consists of about the same range of
sizes thiz has no effect on composition but if one ingredient s com-
posed of large grains while another is more or less pulverized serious
separation may resuit,

The nanner in which this occurs may be clearly demonstrated on
a magnified scale by half filling a glass hottle with spheres 10 mm in
diamoter and then pouring others 4 mm or less in diameter upon the
surface of the larger ones. Any otlher sizes will do as well provided
the dinmeter of the larger ones is nt least two and one-hall times as
erent as that of the others, The little balls will run down in zigzag
courses through the inturstices and fill them up from the bottom.

The same experiment may now be used to show what happens
when & mixture is vibrated with a horizontal thrust. To do this the
bottle is turned on its side and tapped vigorously on the bottom
with the palm of the hand a few fimes, whereupon the large spheres
accumulate on top of the small ones,

The phenomenon of stratification as & result of horizontal vibrn-
tion occurs at times in distributors with knocking devices and may
also take place to some extent in moving freight cars and under other
cireumstances. This kind of segregation was studied in glass bottles
so that the ellects could be watehed with a wide variety of mixtures
composed of two well-mixed substances of known properties. In
some cases complote separation into layers was effected by tapping
the hottom of the bottle only n few fimes. Figure 1 shows 8- to
10-mesh superphosphate completely separated in this way from 10- to
16-mesh nitrate of sode. It other tests the materinls did not stratify
nor oven tend to separate. From these tests it may be coneluded
that when the density of the {wo materials is approximately the same,
the average diameter of one kind must be moro than double that of
the other before eomplete separation can be obtained in this way.

Horizontal vibration and setiling tend to correct the segregation
produced by pouring.

In view of the ease with which some of these mixtures separated,it
becomes o mattoer ol interest {o know what happens when commereial
mixtures are being handled and applied to the soil.  This was studied
by distributing under controlled conditions & number of typical fer-
tilizers bought on the open market,

Tach fertilizer was tosted in n star-wheel groin-drill attachment.
The fertilizer was first thorouglly remixed in s rotating drum and
then placed in the hopper with & scoep to avoid pouring or shaking.
After thoe distributor had been operating for 3 minutes, a sample was
collected in a pan placed under the delivery spouts for 1 minute.
TLyery 3 minutes thereafter a sample was gathered for 1 minute, The
first, middle, and last samples obtained under normal operating con-
ditions were suhjeeted to chemical and mechanical :1.1'1:1.&_5'505, the re-
sults of which are given in table 3.
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TABLE 3.—Chemical and echanical analyses of the first, middle, and last portions
{(samples nos. 1, 2, and 3, respectively) of commercial fertilizers delivered by «
gmmgdmll Jertilizer oltachment and the difference! between the first and last
sample
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The mechnnicnl analyses of all these lertilizers except no. 5 show
an unmistakable tendeney for the dust to be delivered first and the
gravel sizes last.  The chemical composition of o few of these fertilizers
remiained  practically constant {luoughouis the test but in others
considerable variation oceurved. The aunalyses of fertilizer no, 8
show that it segregated very badly, Tt differed from the others in
containing no material {ine enough to pass through a 200-mesh sieve,
and a targer than usual proportion of big granules.

Since the fertilizer that contained no powdered material segregated
most, several specinl mixtures were prepared for study which also
were {rec of powder. Table 4 gives the essential facts regarding the
composition of these mixtures and table 5 the results obtained with
them in the distributer,
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TasLe 4.—Specificalions of speciul miztures prepared lo study segregation
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Tasue 5.—Chemical analyses of portions of special miztures delivered af inlervals
by « grain-drill fertilizer allochanent wad frone different parls of o sack that had
been subjected lo vibration

PRant ool content of fortillzer - -

Dyeseription af spaaple Mo U No, 12 Mo, 13

Nl K0 | N | fafyy - K20 | N 20y | K0
: I

Pereent | Pereend | Pereent | Perceat Pereent | Pereead | Preecat [Pereent | Meroent
Eutlee nmilxtore I LFA ] ILET LR 178 I:HH.'-! +4 81 .78 [ 1382 L %1

First portion delivered. w2l 6 42 72 4, I 8 4.7 i 54 DN i)
Midito portlon delivere 43t 3. 60 2, 46 4 85 LS| ML AS 443
Tenst porthens deljvered o L. LAG | 1560 1. 5 1. 477 3 14,37

Differengel ... | =78 4237

—h 22 - Ol - .22

Tapnfsack, .. ... . . LB 8.4 [ ei] 480 | 3, 3. 341
Midde of spek oo aael s L. i 1 L[ 1¢] -4, Ml A 4 oA, T Vi 545
Bottom of spek. | . 7.0 s A [ A : ; 3,72

EHTH TR T A B S Ll A SR I B T It 1 IR S -;-.:;1|
i ' ‘

Phis (4-) indiceies Hint i dast portian dellverod contnined more sl wdas (=1 thnt 0 containod
Poss Phme vl lese porthon deliversd, by e nmount shawt

Some tests were made to determine what might happen to the
material in a sack owing to vibration such ss might oceur in trnns-
porting it.  For this purpose the speeial mixtures just mentioned were
remixed and pucked into burlap sacks, placed on a truck with iron
wheels, and hauled nbout on a cement fioor for several minuies.
Analyses were then made on samples removed from the top, middle,
and bottom of the bag and these resulis also appear in table 5.

The facts already presented indicate that segregation is greatest
vhen the bulk of the mixture is conrse material and inconsequentinl
when it cohsists entirely of pubverized material. To make a practical
test of these conclusions o bag of commercial 4-8-4 ferfilizer wae
divided into fwo portions and one part was reground somewhat more
finely. The mechanieal anglyses of the two portions and the results
of tests with them in the drill are given in table 6, which proves that
while other conditions remain identical liner grinding does greatly
decrense the extend of segregation,
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Tasus 6.—Effect of grinding on segregution of a fertilizer
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t Sec fgotnota Pable 5

In the various experiments just described the nitrogen content of
the commercial fertilizers remained inuch more constant during
distribution than did the P,0; and 150, but the nitrogen percentages
of the special mixtures vuriedd as much as those of the other plant
foods. This may have been due in part to the possibility that basing
or ammoniation ol superphosphate had distributed nitrogen through
all the particles in the preparation of the conunercial mixtures. It
scems, however, to have been due also Lo the fact that the special
mixtures contained only one source of nitrogen, while the commereial
mixtures all contained three or more materials supplying it,

PARTICLE SIZE AND DRILLABILITY

The effects of particle size on the drillability of fertiizers have
been investigated by Mehring and Cumings (8}, They found that
the rate of deltvery and uniformity of distibution along the row by
commercial distributors are affected by the dimensions of the particles
and under the conditions emploved {ound 20- (o 80-mesh the most
satisfactory range of size.  Drillability was very unsatisfactory when
the fertilizer consisted largely of pulverized material. Powders are
dusty when dry and pasty when damp. During distribution in
windy weather considerable quantities are often carried away to
other fields and irritate the eves und respiratory passages of the
operator and team. Suoch substances will nel How and cannot be
distributed satisfactorily. This 15 illustrated in fgure 2, which
shows the velative quantities of fairly dry crystailine, granular, and
powdered samples of the same fertilizer materinl delivered by three
separated identical units of @ grain-drill altachment operating
stmultaneousty.

RELATION OF PARTICLE SIZE TO ACTION 1IN THE S0QIL

Much study has been devoted to finding out the effeets of fincness
upon the reactions of limestone in the soil. Walker, Brown, and
Young (74} give s review of a number of these siudies. No previous
work has been done, so Tar as is lmown, fo delermine the effect of
particle size upon the changes in composition, solubility, cte., of
commereinl fortilizers when they are placed in the soil. TFrom the
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results obtnined with limestone, however, conmnercial fertilivers also
seemed to be worth investigating in this respect.

Special fertilizers were prepared in scveral closely sereened sizes
in such & way as to eliminate the possibility of segregation. This
was done by first grinding the materinls shown in table 7 to pass
through an 80-mesh sieve. The weighed quantities of the proper

P R T e e S Lo A

Wouke 2;—Oomlmrison of tho quantities d;:li\'cm:!i by bhireo sopuenkisd undis of o Jdeil] opeesbing stols

toneasly, of different saipdes of the snae ferUbleer shaderkel o, Obdong erystals; B, prunuiee; £

nowederied,

ingredients to give the desired grade wers then thoroughly dry mixed
in a rotating drum and while being mixed were sprayed with water in
the formof & mist. The dump material was thean dumped into a grainer
and agitated at 105° C until dry. This treatment produced hard pellets
most of which contained each of the ingredients w the mixture. The
sizes desired were sereened out and the oversize material was crushed
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and also screened. These grained fertilizers were prepared in 5 different
sizes of 4-8-4 grade, 4 of 8-16-8, and 3 of 12-24-12. Dry-mixed
fertilizers also were prepared in which only the superphosphate
particles varied in size. The other ingredients of the latter mixtures
all passed through an 80-mesh sieve, In one of these 4~8—4 mixtures
all the phosphoric acid was derived from 5- to 10-mesh superphos-
pbate, in another from 20- to 40-mesh and in the third from finer
than 80-mesh particles of the same superphosphate.

TarLe 7.—Formulas of mised feritlizers

Nos. 18| Nog. 24 Nos. 31 Nns. 16| Nos. 21 | Noa. 31

Ingredienl 1023, | {odf, | Lo, Ingredient lo 38, | tedd, | tods,
A=K | B-16-8 J12-21-13 48—~ | 8-16-4 112-24-12
Pounds | Powads { Ponads Porads | Pourds | Peitnd

ner per e per per pEr

ton 1] fon
Bodium nilrate. ... Dauble superphospinle. | ..., T2 | e
Amprgninm sulphate... . Tolassium sniphnie... OO | i
Amntoniam nitrale...... Potagsiom nurinte. oo mmeenan 320 480
Ammonium phosphates. Piller {snnd, ete} B8O | e 124
Cottonseed meal.moo.... Daboandte. oo ) I
Drled bload._____. .-

Superphosphate......... Toln)eon ceaea ] 2000 2,000 2,000

The snalyses given in table 8 show that the fertilizers in each
grade were essentially alike in chemicsl composition. The same
fertilizers were used in other phases of this study, to be deseribed
later, and were therefore given numbers so that the same fertilizer
can be identified in various tests.

TanLE 8.—Analyses of fertilizere used in the fiold work

Thysical mensurements Chemnienl innlyses
i - o — =
- ) @ = P -
. f 3 ] - = ] = =
i} = & el S £ 2 |%®
= k) ] = 2 - = - o~ - K
s = B 4 H = E] 2 |Ss| 2 2 | da
& ] = s # = - 3 A S 2 |22
= H 3 = £ = < ] o = 5 = g4 2
« = k- = = - T = 3 % i
= = gl 2 2 3 il & = | = :l_ 2
g g Elw) E ] Z({E}E [ £ 2 | |2
34 5] = 5 = = = = = = & ] =
= 0 - -4 &= - ) ’u - o= = = [ =
! Por- | Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per- | Per-

Glo10... ... 0. 4G Wl {20l BoM |02
20 {o 20, i .
20 to 40..

d0to g, .....1 .M ; 490 [ LG Y 81 L0y

Throupl 8i_. ] R .08 W .43, JH) ,
(% 1 A5 43 412 | 2065 B i Lo 5

0] 1874 Lk 7| 1.05 8,20 L) LA
. 1 LR ] 8,44 1] 2.4

ki B2 | 347 | 16.70 14 1.88

ki AL | s | w51 10 1. 83

A5 E 1| &80 | 16.8% | .48 2,08

qn.—‘—-_tél

I IR [T N T T (]
Wtodd,.....| .88 a5 | 12s 057 | oA L 5466
sptois__ | &7 36 | 1086 (o0 | 2e ] L 5,30
Stoln .. .93 W [ ] - . 467
2 Lo 40 R L I £ i {4 R I H 481
BOto 150, .| .U N BT £5} U] A T 351 4,17

+ AN iugredients were proined toged ber o porkicles of the size indiceled oxegp Tn ferlilizers nos. 20, 22,
anied 24,

# 5~ to 10-aiesh superpliosidinte, other ingredients through 80-iesh; dry mixed,

2 20- (o 48-mesh superphosphate, ofher ingredionis ihratiel 30-mosli; dry mixed.

+ All ingrecients ground 1o pass an 80-miesh siove and dry indved,

* Not determined,
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The grained 4-8—4 fertilizers, of five different particle sizes and
the dry-mixed fertilizers each containing superphosphate of & different
grain size, were planted with cottonseed in South Carolina in 1931
The fertilizers were applied at the rate of 800 pounds per acre in
narrow bands 1% inches to the sides of the seed on o 2-inch lower
level in one test, and were mixed with the soil below the seed in
another. The soils used for the experiment were Norfolk very fine
sandy loam at Pee Dee Experiment Station, Norfolk coarse sand at
Sand Hill Experiment Statiou, and Cecil sandy cluy loam at Clemson
College. The planting was done with the distributor described in
Depsartment of Agriculture Circular No. 264 (5), which gives aceurate
delivery rates and placements and uniform distribution.

A core of soil 1 inch in disinster with the cottonseed at its center
and parallel to the fertilizer band was removed from the row every
few days aiter planting o determine with a soil bridge the amount of
soluble salts that had diffused from the fertilizer into this area which
will be called the seed zone. This was done by removing & small
part of the row and exposing o cross section at right angles fo it.
The cross section was then whittled down with a spatula until a
seed was found, whereupon a 1-inch cork borer was shoved into the
soil parallel to the row with the seed in its center. TFurther details
of the method of obtaining the sumples and of making the deter-
minations together with rainfall and soil-noisture data, applying
equally well to these experiments, are given in Cireular 264 (5).

Table 9 gives the results of the analyses, which show that more
soluble salt was carried into the seed zone from the fertilizer mixed
with the soil below the seed than from thab at the sides. Any differ-
ences in the amounts of salls so transported due to the size of the
fertilizer grains are obscured by the errors involved inma king the test,

Tasue 9—Concentration of soluble sulls in the seed zonc as o resull of SU0-pound-
per-aere applications of 4—8-4 fertilizers composed of di ferendly sized grains and
b several placements
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Samples of scil from the fertilizer zone also were removed 100 days
after application in order to determine chunges that may have cceurred
in composition and availability of plant food. Duplicate eomposite
samples, each composed of four 1-inch cores of soil with part of the
fertilizer band at the center, were anualyzed cheniecully as follows:
A weighed quantity of the well-mixed sample was placed in & col-
lodion sack and dialysed. Water-soluble P,O; was determined by

- the improved Deniges method (£3) and XK,O by the Association of
Official Agricultural Chemists’ method on aliquots of this extract.
Dilute sulphurie seid-seluble P05 was determined on another portion
of soil by Truoeg’s method (J2). Total P.O; was determined volu-
metrically on n solution made by evaporating to dryness a suspension
of the soil in magnesium nitrate solution, igniting and extracting with
hydrochloric ncid. Base exchange KO was extracted with N/20
HCI and then determined by the official method. Total soluble
salts were estimated with & soil bridge. Total nitrogen and moisture
were also determined by official methods. Table 10 gives the wverage
results, The determinations show the sum of the plant food already
in the soil plus that from the added fertilizer.

TasLE 10.—Analyses of svil to which -84 fertilizers of varying particle size had
been appliad 100 days previousty
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Comparison of the determinations directly is not satisfactory since
the fertilizer was mixed with diffevent amounts of soil in each sample.
Differences in behavior may be scen readily, however, fifst by reducing
to ratios the amounts by which one kind of determination exceeds
that on the soil alone as compared with a similar excess of another
kind of determination on the same sample and then by comparing
these ratios with corresponding ones for samples of other-sized
fertilizers,
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Actual analyses made on the soil t day after application and 100
days later show that mosgof the 1%,0; added to the loam soils was still
there st the later date, although in the coarse sand the quantity was
reduced to Jess than half with the largest grains and the amount re-
moved increased as the dinmeters decreased.  Since the value of total
PO, changed very litéle in some instances and much less than did
any of the other determinations in every case, the value for total 0,
was used as the nunerator in all of the fractions expressing these ratios.

An increase in valuc of the ratios for the fertilizer that had lain in
the soil over those for the corresponding original fertilizer indicates a
loss of the component represented by the denominator either by con-
version to a form not soluble in the solvent employed in the deter-
mination or by removal from the soil included in the sample either by
the cotton plants, by percolating rain water, or by other means.

Table 11 shows that P.0; was reverted to less soluble forms in all
cases but in the 5- to 10-mesh superphosphate dry mixture more P»0;
remained in a water-soluble condition than in any other fertilizer.
When the ingredicnts were all grained together, reversion appears to
have been greatest with the smullest grains, and the net effect was
even greater than indicated because a little less total 1%0; remained
in the smallest particles.

Tanue 11.—Ratios belween delerminalions of plant food in fertilizers (nos. 16-23,
tnchusive} of varying particte size, and between the swmme delerminations 160 therys
after applicationin soils
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Leaching of nitrogen appears to have been greater from the smailest
sized particles and this was sctually somewhat greater than indicated
by the ratios for the reason again that the total PO, was a little less.

Water-soluble potash disappeared from the soil in all cases but to
& greater extent when the smallest sized particles were used. In the
Norfolk soils much of it was lost but in the clay loam a considerable
percentage was still present as basc-exchange potash. )

Some similar experiments were made in 1933 on the Norfolk conrse
sand with 8-16-8 and 12-2¢-12 lertilizers, but only a few determina-
tions could bemade on each sampic of soil.  The results of the analyses
are given in table 12, which shows that removal of water-seluble salts
proceeded much more rapidly from the smallest particles of both
fertilizers and varied inversely with the size of the particles, The
12-24-12 fertilizers were composed of suore readily soluble materials
and the amount of loss from them was also greater. Nitrogen con-
stituted about 20 percent of the soluble salts of the original fortilizers
but alter 100 days in the soil it was about 1 percent or less. Thus
nitrogen was removed either by the plants, by leaching rain weaber, or
by micro-organisms much more rapidly than were soluble salts as a
whole and it disappeared most rapidly from the smallest particles.
The rainfall during the peviod of the 1933 experiments is given in
table 13,

Tase 12—Water soluble salts and witrogen remnaining in the fertilizer placement
zenie of the Nocfolk coarse sand 100 duys after application

R-16-5 fortilizers . 2-4=12 fertilizers
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Tanve 13, ~Deily rainfall onthe Norfolk conrse sand from Apr. 1 fo Aug. 1, 1933
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AGRONOMIC RESULTS

Some previous work that has & bearing on the effects of particle
size of ferithizers in relation to crop vields should be mentioned.
Lyon (8) found that of the sizes tested 50~ fo 80-mesh Himestone P
ticles were most effective.  Very large grains required years to pro-
duece expected eflects, while pulverized materinl gave quick results.
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Conner and Adams (4) experimented with rock phosphate that varied
from fairly coarse material to that of colloidul dimensions and found
it to be more efficient as the size was reduced 21l the way down the
scale. Recently Conner (8) compared powdered and granulated
soluble phosphates on corn. The powdered superphosphate was
found to be much more cfficient than the granular product when
applied in & band and less so when mixed with the soil. On the
other hand Chucka and’ Lovejoy (2) found that granular cyanamid
was superior to the pulverized form for potatoes. Lenching of soluble
salts and fixation of phosphates are so excessive in certain Huwaiiun
sugnrcane soils that Hance {7 pp. 69-60) pressed conmercinl fertilizer
into briquettes and covered them with purallin v an attempt to
combat too rapid loss of available plant food.  One of these briquettes
applied to each plant gave much betler results than the untrented
fertilizer distributed in the usunl way.

As o parb of the present study, tests were made with cotion in South
Carolina during 1931, 1932, and 1933.  All the plantings previously
deseribed were used for this phase of the study szs well, and some
additional pluntings were made on the sume soils for this part of the
study only.

The preparation and composition of the fertilizers have been de-
soribed in the previous scetion.  The seed were ncid-delinted and of
high germinating power.  They were planted simultaneously with the
fertilizers in several placement relationships by the improved machine
already mentioned ab arate of 1 bushel pev sere. The 4-8-4, 8-16-8,
and 12-24-12 fertilizers were applied at rates of 800, 400, and 267
pownds per acre, respectively.  The plots consisted of 50-foot rows
spaced 3.5 feet apart and were guarded a g ends and sides by additional
planting. Every test was repheated from 10 to 16 times, usually 12
times, in dilferent parts of the field in a random arrangement.  Checks
for each test were trented in exactly the sume way except that no
{ertilizer was applied to them.

The eriteria used for determining relative cfficiencies ure stand
counts and yields of sced cotton, .

The number of living plints aboveground on cach plot was counted
every few duys after planting and table 14 gives the average results
for each treatment, with their probable ervors.  The soil moisture at
planting time and some pertinent rinfall datn which may be of
Interest ininterpreting these results ave given in table 15, Seedlings
with fertilizer of the largest sized particles locuted at the sides came
up just a little more rapidly than the unfertiized ones but when
powdered fertilizer was employed in the same placement cmergence
of seedlings was delayed, especinlly when the soil moisture was high.
All the fertilizers seriously delayed the appearance of plants above-
ground when they were mixed with the soil below the sced and those
of intermediate size appear to have done so to a greater extent than
those of either the largest or smallest size.




TABLE 14.—Number ‘of colton planis appearing aboveground per 30-foot row when fertilized with- complele miztures of various particle sizes

02

Tertiliz ‘;f N ! Norfolk very finesandy loam, | Norfolk coarse sand, planted | Cecil sandy clay loam, planted
e ¢ p]nmed Apr. 17, 1931 Apr. 24,1031 May 1, 1931

Number? Sereen mesh size o Jflngemenf o P Apr. 294 May 6 fh[nylp’ Vlv\ruy4 May 11 | May 222] May 10 y May 23 ¢
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below level of seed, 1614 8 1564212 7 1184 4 | 324 71 318+ 8§ 1 250410 [
1582410 150412 316 7 3024 7 2424 8 |..
l('ﬁ:!:l() 162412 3204 6 3064 3 2634 § ... -]
1024:20 2684 8 24147 27k 6 SES 395411
54 14 217415 ';’79:}:]0 216410 7 282+ 9
. . X 715 | 1781t | 1284 7 7
10 Mixed with soil below seed...... ... ... v {%i}é ~,égi}; }Sgil:l g{éiig
Through . . 180413 2454121 211k14 it 344411
e i E 1184:15 19016 144413 i 7| 89624 7
[ S SR i , 354k 8 34511 276410 148410 429+ 6
Su]\LbrphOSpllﬂte . 1104‘18 175422 1412219 316k 7 31811 255416 1454 3 4174 3
a-1 < iE . el 8id e Trehins
B oo mchies to ench side—2 nehies oy g | izgor | 13708 | 39011 | 313 0 | o589 | 139 0 | 408 5
Superphosphate : 181217 169121 | 1344219 352418 34413 202414 1354 5 4104 4
through 80. i

Planted Apr. 14, 1032 l’]unu.d Apr. ‘_’1 1632

Apr. 25 [ May 2 . May 122 \pr .i() May 6  May 162

21340 306:£8 3484 17317 1 110 &86:£5
23044 35843 . 36043 192125 1 44310 5540
2233-0 kT 30633 204421 452412 58146
223:4:5 323k5 1 . G404 210422 | 47315 599::6
235 310244 34843 155617 § 4124 8 559145
20248 30726 7 BdH 146217 M34 0 57406
19547 1 2860« 49714 16815 | 414210 5186
Buands 3 inches to ench side—? inches i . .

below levcl of seed, Planted Apr. 18, 1933 Planted Apr. 2t

Superphosphiife
2010 40.

May 2 | May® §May 162] May3d | May12 |Alay "0 1

372412 S03£5 Sl | 24810 3606 3209
A5 A8 | 2 & 2 361=k5
505::2 SRk i 3654
HUES] 8135 | 28 t 88245
8075 81644 1 282 6 4 5 38844
5006 6105 § 2 5 4224 B395:44
2 RN - : 51043 &144-4 3063 371kt
§0to 150 . - b 3t 48324 #9244 1 380=k6.{  B65LT

TIALINOTIDY J0 ‘IJAd ‘S8%F NILLATING  TVOINHOEL

I For particuines abort the fertilizers see tables 7 and 5, #The findl counts include only living plants,
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TaBLB 15.—Soil moisiure b planttng and patufell during first § weeks ofter planting
and flwrvng period from Apeil }to Oclober 1

 Norfulk "ﬁ;ﬁl?"” SHUY . nortnik conrse said . Ceell sind v clay loam
L}

fatinfull Batnili . Hainfal
B0l L || VoBell -
I | 5 ! mals-
| e Thsl  Ape )l First - Apr.i-, tuee | Fesh pApe -
| Thweeks Qe _G\ruuksl det, 1 1 !Et}wueksi et i

1 L
Pereent )‘ncﬂml Inches | Percent | Iud:es Fuels Pcrcmfi futhes | Tnehes
WL e 49, (3 TN 2340 4, 3 A G0 487 1047 IR
lD‘32-.._,,.,-_ emmn e T 4. b S0 S ), [ SO
1023’ ST Fer ashy wia( we2| % Ghal LT
- I i | S 1
After the third count the plants were thinned {o n sfand of two to
the foot wherever possible. The final stand at picking lline was
practically perfect wherever the fertilizer was applied at the sides
but was brolken wherever 3L was mised with the soil below the sced.
Table 16 presents (he total yields of sced cotton. In mosh cases
these are the sum of three separaie pickings.

Tanw 16.~=Yields per avre of eotton from fertilizers with grains of verions sfzes

BRH

Norfalk very fine . Norfolk coarse Oeeil sandy elay
siedy lowin A lowmn

- Nprrow D NarTow

Hire of parholes, serech | Narmow 4 b= bamdls
Itish Bumlslg | Mixed | ioewh 3fixed . toesch i Mixed
et sicde with  seleof © with - sit!co!i with
of soeed, 2 soll  meed, 20 sl osed, 2D sgyl
1ehis folow nelies | helow Coinehes | telow
fwwer level  seed - lower T osved ¢ lower r st

leved jevel

Fertilizer nno.

Pmmda' Futinla b Pﬂ!mfh j Potrnds  Pounds !‘oruuﬁ
XNa h.rllllnr e —e e e thJ- A Rl LT ) BR2a 1 [T il 32
113 N Fiu I . . E f-HI.'U,im ) L KOS D ‘I.Ull-b‘“

1) ey ) X i b

'J'\"i'”
40 ber SEY Wik 10
gl

P hiristhe s C b
- ¥urphiosoluete 5 w1, Lin
IR VTITC S H TS T OB NRPISTERS T | i P
CswRrphiosphiate theogeln 12308 02 . (:!}‘rj:""
a,

K 'Jah-} 21
jF) LA

I
.L’!]I:: it iy __‘ I8 |8 ' Tt i R ' JepL 0

. . 113
l & Ly 102 . . fioledd
- 1D 1 I i I . s E i 82 I
B Lg I5 i - | IR
Supdn . P e it ST
| PR . : ire-g G R
P M to dw b B NIl 435

\o fertilizer . i . [EA TR
P S U7 A . . )
ROV 8 3110 | S : X . LS
a0t i . S0R3E35 .. AT I

R N T @ 15850, | O} TUSERE G

L 6tolf . A I . RIHAn
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i For deseriplion and gsanisses of fortBizers see faides ¥ oo 5.
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In 8 of the 13 trials using grained fertilizers the smaller than 80-
mesh particles produced the lighest yields and 7 of these 8 occurred
in 1932 and 1933. The largest sized grains were best in this respect
in 3 of the 5 remaining tests, all of which happened to bein 1931. In
&'nll:ilj()ﬁty of the tests thie intermediate-sized particies gave poorest
yields.

The differences in yield in nearly all of these 13 tests is {from 3 to 6
times as large as the probable error, and similar tests gave consistent
results as arule. It may be concluded, therefore, that the diiferences
in yield in general are due to differences in the size of the feriilizer
particles, but the significance of individual determinations should be
interpreted with caution for it is possible by chunce for one average
to be 8 times the probable error too high and another in the same
test three times the probable error too low, aithough extreme cases
of this kind are net likely to happen often.

Two or three individual determinations are not consistent with
the others. If these areassumed to be erratic and due to uncentrolled
variance, it is elear that two factors are operating, onc to make the
fittle particles most efficient in increasing yields and the other favoring
the big grains. Both appear to operate simullaneously, but the
tatter appears to have been more important in 1031 and the other
far more influential in 1932 and 1933. This faeh suggests the possi-
bility of weather conditions being involved.

Table 15 gives the rainfail during the first 6 weeks after each
planting and for the entire growing seasons. There is a very close
correlation between the amount of rainfall during the first 8 weeks
and the different rosults in different seasons, although the total
reinfall is essentially the same in each season. During 1931 the
rainfall was above normal during the first 6 weeks after planting at
each of the three points in this experiment. In 1 week, immediately
after planting, 7.7 inches of rain fell on the Cecil soil.  This unusually
heavy rainfall on the Cecil soil may accouns for the largest particles
producing the Inrgest yields on this soil. In both 1932 and 1933 the
rainfall during the month immediately after planting on the Norfolk
conrse sand was only ahout half of the normal amount. Tn these
cases the largest particles of hoth fertifizers were poorest and the
smallest best 1 increasing yields.

In the case of the dry-mixed fertilizers the one contuining the
smallest sized superphosphate was most effieient in each of the three
trinls and in hoth of the Norfolk soils decidedly more so.

When only the size of the superphosphate particles was varied the
tendency for the smallest to be most effective in increasing yiclds was
much more marked than when the size of all the ingredients was
varied in the grained fertilizers. This fact seems to indicate that some
other ingredient of the mixture was more efficient in larger ]mrticles.
The soil analyses show that nitrogen disappeared very rapidly under

the conditions of these experiments from particles of all sizes but most
quickly from the little ones. On the other hand the phosphoric acid
was undoubtedly more readily available to the plants from the smallest

articles but the soil analyses show that very little loss of P.O; from
eaching could have occurred in any case. These differences between
phosphates and nitrogenous salts niay be the explanation for maxima
at both ends of the yield curves in some cases.  No experiments were
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conducted in which the sizes of the nitrate or the potash particles were
varied while those of the other materials were held constant, but such
tests would be of value.

GENERAL DISCUSSION

The problem of what size of particle is preferable in the manufacture
of fertilizers is very complicated. Even if the best size for every phase
of fertilizer efficiency were definitely known the problem would still
be involved because there are so many phases. The best size for one
purpose may be bad for another and it is difficult to evaluate the
relative importance of each.

Without doubt the most irportant consideration is the ability to
increase crop vields under average conditions. Under the conditions
of these experiments the smallest sized fertilizers used increased yields
most, but there were indications that a combination of small super-
phesphate and large nitrogenous particles would be hetter in years of
heavy rainfail. These observations nre entirely consistent with the
conelusions of Conner (3) and of Chucka and Lovejoy (2) but much
more work with various crop, soil, placement, and climatic vonditions
needs to he dane hefore this phase of the problem can be considered as
solved.

In the present experiments the fertilizer was applied uniformly, but
many of the machines used by farmers apply fertilizers irregularly.
Meliring and Cumings (/0) have shown that fertilizers are at Jeast
half agatn as cfficient when unifornly applied a3 when distributed in
the manner typical of many commercial distributors. Most farm
implemnents eannot apply pulverized fertilizers uniformly but, as a
rule, do a fairly good job with granular materials.

Reasons for avoiding powders are: That they are more difficult to
distribute uniformly ; they ahsorb more moisture from the air, and do
it more rapidly; they show & much greater tendency to cake; they are
dusty in dry weather and sticky in dnmnp weather; they are wasteful
and annoving to distribute in windy weather; they are bulky and re-
quire larger sacks and more stornge room; they sometimes sift through
burlap sacks, and in general are more disagreeable to handle than
granular materials,

On the other hand powdered materials do not segregate when mixed,
while mixiures consisting mosily of large particles may segregate
badly. Aside from the misunderstandings that arise when the control
cliemist analvzes such mixtures, scgregation 1s very undesirable from
the standpoint of Lhe consumer beenuse if a certain ratio of the plant-
food clementsis hest for a crop under any given set of conditions and a
segregating fertilizer is used of even the best composition to meet these
conditions, nevertheless very fow of the plants in the field will get the
plant food needed for eptimum results, Segregation can be prevented
by grinding the mixture finely enough to pass through a 200-mesh
siove. Grinding fertilizers to this fineness, however, 1s difficult, and
produces an undesirable product in other ways. I ortunately other
methods are available for preventing or greatly minimizing segrega-
tion. For example, it Jins been found that when all the ingredients
for n. mixture nre ground logether rather than separately the lightest
material is comminuted most becuuse density and hardness usually
vary together. This trentment greatly reduces the tendency to
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separate. When all the well-mixed componenis are cemented together,
as by basing or graining operations, separation through handling
of the mixture is impossible.

At present prices the average cost of the plunt food in the grained
fertilizers used in these experiments would be $9.86 per acre. The
average difference in yield of cotton resulting from the use of the 80- to
150-mesh fertilizers over that obtained with 20- to 40-mesh in 13
tests was 59 pounds per acre, by itself worth atb present prices about
$7, or nearly asmuch as ihe total cost of the fertilizer. The dry-mixed
fertilizers with 5- to 10-, 20- to 40-and through 80-mesh superphosphate
produced 269416, 3014+5, and 375417 peounds more cotton per
acre, respectively, than the unfertifized ehecks, The difference of
106 pounds hetween the yields with the largest und smallest super-
phosphate particles is highly signifiennt and at 12 cents per pound is
alone worth §12.72, or considerably, more than the entire cost of the
Tertilizer,

Tt will be recalled that the average 16- to 20-percent superphosphate
examined in this study contained oniv 38.8 pereent of mnaterial finer
than 80-mesh and that the average double superphosphate contained
less than 20 pereent.

It does not scem desirable ab present to grind and sereen fertilizers
to definite sizes as special operations, because this would add unneces-
sartly to the cost of manufacture.  [n the process of making commer-
cinl Tertilizors, however, cortain grinding and screening opemmons
e necessaLy andinm anyv cases it will be a simple matter to substitute
another mesh screen for one niready in usc or to adjust the crushing
and grinding equipment so as Lo prepare the hulk of the material in
the grain size that appears likely under the eircumstances to be most
eflicient,

SUMMARY

A stady was snade of the effeets of size of particles on the properties
and behavior of fertilizers during preparation and use.  Tn the field
tests nonsegreanling ferlilizers with vrains ranging in size from 2- to
3-mesh 1o 80- {0 150-mesh, and dlymuwd fortilizers with the super-
phosphate particles only varying in size, were applied accurately and
uniformly to cotton in 3 soil types for 3 seasons in South Carolina.
Of the grained fertilizers 80- to 150-mesh purticles produced highest
vields in o majority of the 13 trials. The smallest superphosphate
pairticles were best in every test, and the average difference in yield
ns between the smallost and Iargest particles was alone more than
enongh to pay for all the fertilizer used. Chemical analyses were
made on the soil to which the fertilizers had been applied to deter-
mine differences in lenching nnd ehange in solubility of the fertilizer
clements.  Laboratory tests were also made to determine the present
range of parlicle size in typical fertilizers und the effects of particle
stze on various properties of fertilizers and their behavior during
handling and distribution.

The average mixed fertilizer consists almost entirely of material
that will pass through n 5-mesh and be held on a 200-1110311 sCreen.
No significant difference in the distribution of particle size exists be-
tween various clnasses of mixed fertilizers. Double superphosphates

3 '"Plinge probable errors buve been eorrected Lo ofimbnete ns mineh s possible tho varlance dus Lo fuctors
nlher thon pardfeie siza,
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appear to be composed of coarser particles on the average than
ordinary superphosphates.

Small particles of fertilizer adsorb moisture from the air and fe.ad
to cake more readily then large ones.

Apperent density varies with the size distribution of fertilizer par-
ticles, and therefore the size of bag required. (o hold a given welght of
substance depends upon its particle-size distribution.

Segregation of fertilizer mixtures is caused largely by differences in
the sizes of the grains of the different components. Segregation
occurs to & slight extens in most conmmereial mixtures during ship-
ment and application to the soil.  In most cases this is so slight as to
be of little consequence, but in 1 of the 10 mixtures tested the com-
position changed seriously during distribuiion. Regrinding & segre-
gating mixed fertilizer a little finer considerably reduices segregation.

Nitrogen, potash, and total soluble sults were found to be removed
from the placement srea in the soil iIn greater proportion as the size
of the particles diminished, Nitrogen disappeared relatively much
more rapidly than other soluble salts.

Decrease in the size of fertilizer parficles containing phosphates
was followed by grealer reversion of 1,0, to insoluble forms in the
loam soils and by disappearance of larger quantities of total Po0g from
the immediate zone of application in tho coarse samd soil.

Large fertilizer particles in side placements under the conditions of
this work siizhily hastened emergence of plants nnd powdered fer-
tilizers delaved it. When mixed with the sotl helow the seed all
sizes usually found in commereinl fertilizers delayed germination.

Finer than 80-mesh superphosphate grains applied in a band were
decidedly superior to very conrse ones in inereasing yiclds of cotion,
but Jurge grains of readily soluble nilrogenous materials were better
in this respect than small particles of the same substance.

The most efficient particte size under the average circwmstances
encounterced in this study with grained fertilizors wus 80- to 150-mwesh.
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