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SOIL ZEOLITES AND PLANT GROWTH
BY J. F. BREAZEALE

INTRODUCTION
For the past few years the research, work of the Agricultural Chemistry

laboratory of the Arizona Experiment Station has been confined chiefly
to the study of the nature of the colloidal complexes of the soil, or the
hydrated aluminum silicates, which possess the properties of base replace-
ment. These complexes are commonly called zeolites. Several research
bulletins have been published already, and two more are now In press,
that deal with the chemical and physical properties of these soil compon-
ents. The present bulletin has to do with soil zeolites as they affect plant
growth. For this reason all chemical data have been omitted, except
those necessary to show this relationship.

In agricultural research, it is often gratifying to first observe plant
phenomena, and to explain such phenomena by research work in labora-
tory. The last referee is always the plant, and valuable ideas for both
chemical and physical work are being obtained continuously in this
laboratory by observing the behavior of growing plants, particularly seed-
lings. Several instances that illustrate this, are shown in the experi-
ments that follow.

In determining the availability of potassium in the zeolite little effort
was made to obtain theoretical results. If, for example, a set of plants is
grown in a solution containing 100 mgs. of potassium^ as potassium zeolite,
it makes little difference whether an analysis of the plants shows an
absorption of exactly 100 mgs. or less. The variation in plants is so
great that it is practically impossible to use them as one uses a chemical
balance. When theoretical results are obtained it is usually a matter of
accident rather than an indication of good work. \ zeolite may be
shown to contain available potassium, although it may be impossible to
recover 100 percent of it in the ash of plants.

In describing most of these eperiments, the phenomena alone will be
considered and the explanation of much of the phenomena will be dis-
cussed by others in this laboratory, in. bulletins that follow.

THE RELATION OF SOIL ZEOLITES T O PLANT GROWTH

Agriculturalists of half a century ago taught the exifattnee of 7eolite<
in the soil, and gave to them a well-defined role in plant nutrition. They
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did not then understand the true nature and function of these com-
pounds, but they realized that a close correlation existed between them
and the nutrition of plants. New theories of soil fertility were advanced,
and for many years the presence of zeolites in the soil was overlooked, and
their role in plant nutrition discounted. During the last decade, much
work has been done upon the physical properties of these soil compon-
ents, but little work has yet been done to show the relationship of zeo-
lites to plant growth.

Of the zeolites that occur in the boil, potassium zeolite, from a nutri-
tional standpoint, is the most irnpoitant, as, in the opinion of the writer,
most of the potassium that is readily available to plants exists in the soil
as a hydrated, potassium aluminum silicate, or potassium zeolite. This
zeolite hydrolyzes and ionizes, the ion, K, is split off, and it is upon
this Ion that the plant depends largely for its supply of potassium.

In its relation to the other plant foods that occur as replaceable
bases, the plant is not so dependent upon the zeolitic complex. Calcium
and magnesium occur as zeolites, hydrolyze, and ionize slightly, and
some ions appear in the soil solution that no doubt come from these salts.
However, many other compounds of calcium and magnesium, the sul-
phates, chlorides, nitrates, carbonates, and bicarbonates, ionize readily,
and often occur in soils in abundance. The plant will take most of its
nutrient material from the sources where it is most abundant, so it* is
more than likely that the readily soluble salts of calcium and magnesium
must ordinarily furnish the plant with these ions.

Sodium zeolite, like potassium zeolite, hydrolyzes and ionizes, but
sodium is not as necessary in plant nutrition as is potassium. Where sod-
ium zeolite occurs there is nearly always an excess of the more soluble
salts, sodium chloride or sodium sulphate. In most cases the sodium that
is needed by plants is probably taken from the soluble sodium salts.

Soluble potassium salts, however, seldom occur in high concentra-
tions in the soil. When the concentration of potassium in the soil solu-
tion is found to exceed that of the solubility of orthoclase, it is usually
safe to assume that the excess is due to potassium zeolite. The zeolite of
potassium is, therefore, of special interest, and it will be given the most
consideration.

POTASSIUM ZEOLITE IN T H E SOIL

In eastern soils, where there is no alkali, the concentration of potas-
sium in the soil solution is fairly constant for most soils, and usually runs
from 4 to 20 parts per million. This represents equilibrium, or a con-
dition that approaches equilibrium, although the soil may be supporting
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a crop or being leached occasionally. It is not to be denied but that there
are variations in the soluble potassium content of soil which, when
expressed in terms of percentage upon the total soluble potassium, appear
large. A reduction from 8 to 4 parts per million during the growing
season, for example, would be a 50-percent variation. However^ such
variations are not being considered here. Even at the maximum, the
concentration of potassium in the soil solution is very low, and it will
remain low under nearly every ordinary soil condition. If potassium
chloride or potassium sulphate is added to a moist soil at a rate correspond-
ing to field applications of these salts, in an instant most of the potas-
sium is " fixed," that is, it enters the zeolite complex, and the solubility
of the potassium is reduced to a few parts per million in the soil solu-
tion. The concentration of potassium in the soil solutions of most soils
ordinarily cannot exceed the sum of the solubilities of the potassium in the
zeolite and in the othoclase. This fact explains why a heavy applica-
tion of a potassium salt as a fertilizer, does not increase proportionately
the concentration of the soil extract, although it may affect decidedly
the crop yield. It also explains why the potassium is not quickly leached
from the soil by rain or irrigation waters. With the exception of the
silicates, nearly all potassium salts are very soluble in water, and were it
not for this fixation of the zeolites, they would move with the soil water
and be lost largely in the drainage.

T H E ABSORPTION OF POTASSIUM

It has been shown by the writer, that the rate of absorption by plants
is partly a function of the concentration of the solution. The absorption
increases as the concentration of the solution is increased until a maxi-
mum is reached, 100 parts per million or more, when the absorption
usually begins to decrease. However, plants absorb potassium readily
from solutions of 1 part per million or less. There is probably no limit
in the low concentrations from which a plant cannot absorb potassium or
phosphorus. A concentration of potassium as low as 2 parts per million
in the soil solution, if constantly maintained, will probably furnish the
plant with an abundant supply of this element.* The true soil solution,
whose concentration at the optimum moisture content of the soil is
unknown, for it has never been obtained, usually runs higher than this.
The plant's roots come in contact with., and feed in, the innermost
layers of the soil film, which is, in all probability, of a higher salt

*The relation between the concentration of mineral elements in a culture medium
and the absorption and utilization of those elements by plants F. W. Parker and
W. H. Pierre, Soil Science, 5, May, 1928
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content than the soil extract that is removed by extraction or by replace-
ment with water or other liquids. i\t any rate, assuming that potassium
zeolite occurs in sufficient amounts in the soil, the bolubiht} of the potas-
sium in the zeolite — although depressed to a minimum by common ions
in solution — is usually adequate for the needs of plants,

WATER CULTURE EXPERIMENTS W I T H SYNTHETIC
POTASSIUM ZEOLITE

Seedlings of barley, wheat, and oats were sprouted on perforated
aluminum discs, that were floated in large pans of water, and when the
plumules were about 2 cm. long, they were removed from the discs,
placed in the culture solutions, and kept under observation ior from 10
to 20 days. They were then counted, dried at 110 degrees C , weighed,
and analyzed. In the experiments that follow, the dry weights of the
plants are included as a matter of information only, as there is little or
no correlation between the green and dry weights of a plant and the
amount of potassium absorbed. The results were all based, therefore,
upon the absorption of potassium by 100 plants.

Both synthetic zeolites and those that were formed under boil condi-
tions were used. The synthetic potassium zeolite was prepared by Magis-
tad by methods that he will describe later in detail. Sodium silicate
and sodium aluminate were mixed in molecular proportions of 3 to 2,
and sodium zeolite was precipitated. The precipitate was washed free
from excess alkali, and then leached with a normal solution of potassium
nitrate. The potassium replaced the sodium almost completely. The
zeolite was then washed free from nitrates, dried in air at ordinary
temperatures and ground to pass a 100-mesh sieve. When dried at
room temperature the zeolite retained 18.9 to 20 percent of water. The
analysis of the zeolite, calculated to a water-free basis and compared
with its probable theoretical composition is shown in Table I.

TABLI

Prepared
zeolites

Theoretical
composition

I.— ANALYSIS

SiO*

52.30

47.94

OF SYNTHETIC POTASSIUM

AlaOa

25.97

27.09

JCaO

20.34

24 97

Na.C

1 83

0

ZEOLITE

) Total

100-44

100.0
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FIG. 1.—Water colture showing use of filter paper thimble.
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Calcium, magnesium, and barium zeolites may be prepared from the
sodium or potassium zeolite, by percolating the salts of sodium and potas-
sium with any soluble salt of calcium, magnesium, or barium and washing
the residue free from impurities.

Potassium zeolite it. a pure white powder, i t is highly colloidal and
if placed in water, it disperses through the solution. In culture experi-
ments, the dispersed zeolite adheres to the roots of plants, and unless it
can be removed, the whole plant cannot be used for analysis. To obviate
this difficulty a method of handling the zeolite is illubtrated in figure 1.
A weighed sample of the zeolite is placed in a bmall filter paper, extrac-
tion thimble, or capsule, such as is used in a fat extraction. The thimble
is fitted with a cork, and attached to the wider side of the cork of a
culture bottle by means of a small nail or pin that is driven through
the larger cork. Seedlings are inserted in grooves around the edge of the
cork and their roots are then immersed in the culture solution. The
roots grow around the thimble but do not come in contact with the
zeolite, and are in position to absorb potassium as it goes into solution, and
is diffused through the filter paper thimble. As shown by Magistad and
others, potassium zeolite, although apparently in a bolid phase, has manv
of the properties of a liquid, and acts as if it were in true solution. For
this reason the zeolite is especially adapted for experiments like the ones
to be described.

When large culture pans are used, the sample of zeolite may be put
into thimbles, weighted down with glass beads or pebbles, corked, and
placed in the solutions.

AVAILABILITY OF POTASSIUM IN POTASSIUM ZEOLITE

Several investigators, notably O. Kellner,* have measured quantities
of potassium and calcium that they were able to displace from soils, and
found that these amounts agreed with amounts that were absorbed by
plants in pot cultures. A. I. Smirknov f and F. V. Chirikov $ have
presented data that Indicate that the potassium in the zeolitic complex is
not available to plants, unless some other element of plant food, or
another base that will replace the potassium, is present in solution. TJiebe
data seem difficult to explain in the light of all the experiments in this
laboratory. Invariably, when seedlings of barley, wheat, or oats are
placed in a culture containing potassium zeolite, they absorb the potas-

•Landw. Vmucfa* Stat. Vol. 33 p. 349, 1886.
t A. I. Smirknov Expt. Sta. Rec. 37, p. 322, 1917.
t p# V. Chirikov Bxpf. Sta. Rec. 36, pp. 728 and 729, 625.
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sium readily. Thib is shown in Table II, in which some results with

these seedlings, that weic grown at different times, have been, for con-
venience, brought together m one table. These seedlings were giown

for 13, 8, and 14 days respecth ely, with 1 gram of potassium zeolite in
each culture.

TABLE II.—ABSORPTION OF POTASSIUM FROM POTASSIUM ZEOLITE
BY BARLEY, WHEAT, AND OAT SEEDLINGS.

Control, distilled water

1 gram potassium zeolite

Grams K in 100 plants

Barley

0219

1507

Wheat

.0193

.1172

Oats

.0460

.1730

The amounts of potassium in the controls represent that in the original
seeds, together with what, may have been absorbed from the tap water in
the seedbeds, before tranfserring to the culture solutions. By subtracting
the controls from the amounts absorbed In the other cultures, the absorp-
tion of the potassium from the zeolite may be determined.

Each of these cereals absorbed the potassium readily, although no
other base was present in the solution. Unquestionably the potassium in
zeolitic combination is available. The plant feeds upon the ion, K, and,
if our ideas of ionization are correct, there is no difference in the nature
of this ion, no matter from what source it may be derived.

The writer has shown,* that the presence of other plant foods, par-
ticularly nitrates, stimulates the absorption of potassium, when present as
a soluble salt. This stimulating effect is also often noticed when nitrates,
or other plant foods, are added to a culture solution that contains potas-
sium as potassium zeolite.

EXPERIMENT WITH WHEAT SEEDLINGS

One hundred wheat seedlings were grown for 10 days in cultures
described below, with 1 gram of potassium zeolite, containing .1365 gram
of potassium in each culture.

It will be seen that, while the potassium in the zeolite was readily
available, the absorption was increased by the presence of sodium nitrate.
This phenomenon is true also with oat and barley seedlings.

* Arias. Agr. Expt. Sta. Tech. Bui. 19, 1928, Effect of one element of plant food
upon the absorption of another element by plants.
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TABLE I I I— EFFECT OF NITRATES UPON THE ABSORPTION OF
POTASSIUM FROM POTASSIUM ZEOLITE BY WHEAT SEEDLINGS.

100 plants

Distilled water -

1 gram potassium zeolite .—

1 gram potassium zeolite with 138 p.p.m.
sodium nitrate ,0650

EXPERIMENT WITH OAT SEEDLINGS

Thirty-five oat seedlings were grown in culture pans, with 1 gram of
potassium zeolite in each pan. After 14 days the plants were removed
and analyzed.

TABLE IV.— EFFECT OF NITRATES UPON
POTASSIUM FROM POTASSIUM ZEOLITE

Distilled water.—

1 gram potassium zeolite

THE ABSORPTION OF
BY OAT SEEDLINGS.

I gram potassium zeolite, with 138 p.p.m, sodium nitrate

Grams K in 100 plants

.0160

.0596

In both of these experiments a large excess of potassium zeolite was
used, and an increase in the absorption of potassium was noticed when
sodium nitrate was present in the culture solution.

EXPERIMENTS WITH A LIMITED SUPPLY OF
POTASSIUM ZEOLITE

In the next experiment a limited amount of potassium zeolite was
used, and the plants were able to exhaust the zeolite completely of its'
potassium. In Table V are shown the dry weights and potassium content
of 100 wheat seedlings that were grown for 14 days in 1 liter each of
the culture solutions given in Table V.

By subtracting the amount of potassium in the control, or the plants
that were grown in distilled water, from the potassium in the other plants,
the amounts absorbed from the zeolite may be determined. As noted
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before, the potassium zeolite contained 20.34 percent of potassium upon
the dry basis, so that the total amount of potassium added in the 0.2 gram
of the air-dry zeolite equalled .0273 gram. After considering the
unavoidable losses and the limit of error in the experiment, it appears that
practically all of the potassium was absorbed by the plants, regardless of
whether another base occurred in the solution.

TABLE V.—ABSORPTION OF POTASSIUM FROM POTASSIUM ZEOLITE,
IN THE PRESENCE OF OTHER SALTS.

ni«it

0.2

0.2

0.2

0.2

illed

gram

gram
ium

gram
ium

gram
tion

water .—

potassium

potassium
nitrate

potassium
phosphate

potassium
of gypsun

zeolite

zeolite

zeolite

zeolite
i

with

with

with

138 p.p.m.

225 p.p.m.

saturated

sod-

sod-

solu-

100 seedlings
Dry weight

3.596

3.676

4.094

4.400

4.028

Grams K

.024?

.0553

.0550

.0577

.0566

Attention has been called already to the fact that the rate of absorp-
tion is increased as the concentration of the solution is increased. The
presence of any exchangeable base, sodium in sodium nitrate for example,
would replace some potassium in the zeolite, and raise the concentration of
the nutrient solution with respect to potassium* When an excess of zeo-
lite occurs, the presence of an exchangeable base nearly always increases
the absorption of potassium.

Such experiments as these, upon the absorption of potassium from a
zeolite, were repeated many times, and, without exception, the potassium
in potassium zeolite was found to be readily available to plants.

T H E AVAILABILITY OF POTASSIUM IN POTASSIUM
CHLORIDE COMPARED W I T H T H A T OF POTASSSIUM IN

POTASSIUM ZEOLITE

It was estimated that, if 1 gram of potassium zeolite was placed in a
culture pan with 3,000 cc. of water, and allowed to come to equilibrium,
the concentration of the solution would be about 30 parts per million
of potassium. Sixty liters of culture solution were, therefore, prepared,
containing 30 parts per million of potassium that was obtained from pure
potassium chloride. Fifty wheat seedlings were grown for 17. days upon
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an aluminum disc that was floating in a tub of this solution, and compared
with plants that were grown in a culture pan holding 3,000 cc. of water,
to which 1 gram of potassium zeolite had been added. A culture pan
containing no plants, but with 3 liters of distilled water with 1 gram
potassium zeolite in a filter paper thimble was kept with the above set
throughout the experiment. The volume of this solution was kept up
with distilled water, and at the end of the period the solution was ana-
lyzed and found to contain 29 p.p.m. of potassium. The concentration
of potassium in the potassium zeolite cultures, Nos. 3 and 4, was, there-
fore, 30 p.p.m. or less.

TABLE VI.—• COMPARISON OF THE RATE OF ABSORPTION OF POTAS-
SIUM IN THE FORM OF POTASSIUM CHLORIDE WITH THAT OF

POTASSIUM AS POTASSIUM ZEOLITE.

1. Distilled water . __ - -

2. Tub 60 liters 30 p.p.m. K. as KC1

3 Culture pan, 3 liters water with 1 gm. potas-
sium zeolite in thimble . -

4. Culture pan, 3 liters water, 1 gm. potassium
zeolite dispersed in the solution . -

50 plants

By subtracting the potassium in the control plants from that found in
the plants that were grown in the other cultures, it will be seen that 50
plants absorbed .0567 gram of potassium from the solution of potassium
chloride that never exceeded 30 parts per million of potassium. At the
same time and under the same conditions 50 plants absorbed .0496 gram
of potassium from the zeolite that had been added to the culture, in a
thimble, and 50 other plants' absorbed .0711 gram from the zeolite that
was dispersed in the culture solution. These results indicate that the
plant feeds upon the ion, K, and id not concerned With the source of the
ion. The ion may be derived either from a very soluble salt like potas-
sium chloride or from the slightly soluble zeolite.

BASE REPLACEMENT INDICATED BY PLANTS

As has been noted before, the last referee is the plant. When purey

synthetic zeolites are percolated with a salt solution containing a replace-
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able base in sufficient concentrations, the base in the zeolite is partially or
wholly replaced by the base in the percolating solution. It is possible
to measure this replacement by many chemical methods and the replace-
ment may also be shown by the behavior of the plant.

Barley seedlings were grown for 11 days in cultures described below,
and the plants were then harvested and analyzed*

TABLE VII.—BASE REPLACEMENT INDICATED BY PLANTS

100 plants

Distilled water - —

1 gm* calcium zeolite -

1 gm. calcium zeolite that had been percolated
with KC1 solution and washed free from Cl - ..

1 gai. sodium zeolite ... ~ —

1 gm. sodium zeolite that had been percolated
with KC1 solution and washed free from Cl

.0609

.0307

,0680

It will be seen from the table that no potassium was absorbed by the
plants from the solution containing calcium zeolite only. However,
when calcium zeolite was percolated with a potassium chloride solution
and the residue washed free from chlorides and excess potassium, the plants
were able to absorb a considerable amount of potassium. Evidently the
calcium in the zeolite had been replaced by potassium with the formation
of potassium zeolite, that in turn, hydrolyzed and gave up its potassium
to the plant.

The same phenomenon was shown with sodium zeolite, and with
the other zeolites that were used. The replacement of calcium and
sodium in the zeolite by the potassium in the solution is shown in the
potassium content of the plant.

ABSORPTION OF POTASSIUM FROM A PURE ZEOLITE AND
THE NATURE OF THE RESIDUE

When plants absorb potassium from a zeolite, a residue is left which
has been assumed to be an acid or hydrogen zeolite. This assumption,
however, has been found to be partly incorrect. The residue is not alto-
gether an acid zeolite, and when percolated with a neutral salt such as
potassium chloride, does not yield a percolate that is acid to any appre-
ciable degree.
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Three hundred' wheat seedlings were grown for 18 days in a solution
containing 4.5 grams of potassium zeolite that was encased in nine filter
paper thimbles. The plants were harvested, dried, and analyzed, and
another crop of 300 seedlings placed in the same culture solution. The
second crop was harvested after 20 days, and a third crop planted. As
the zeolite contained 16.88 percent of potassium on the dry weight and
as it carried about 18.9 to 20 percent of water, the total amount of potas-
sium added to the solutions in the form of a zeolite was about .6142
gram. Upon analysis the three crops of plants were found to have
absorbed .5738 gram of potassium. There were certain unavoidable
losses, and some blue-green algx developed in, the culture which absorbed
a small amount of potassium, It was evident, however, that the plants
had taken all of the potassium from the zeolite, but to/ make sure another
crop of seedlings was grown in the cultures. This fourth crop obtained
no potassium from the culture, so it was assumed that the zeolite was
exhausted of potassium.

The thimbles containing the zeolite residue were then percolated
with tenth-normal solution of neutral calcium chloride and the percolate
titrated with fiftieth-normal solution of potassium hydroxide. The per-
colates showed very little, if any, acidity, so it was evident that the
zeolite residue that had been exhausted of its potassium by the plants,
contained little or no acid zeolite.

It is difficult to conceive of a break-down of the zeolitic complex
occurring without the formation of a certain amount of hydrogen zeolite.
The potassium in the zeolite hydrolyzes and goes into solution as potas-
sium hydroxide, and an equivalent amount of hydrogen zeolite may be
formed. Under the conditions of the foregoing experiment, the amount
of potassium occurring in solution at any one time, probably did not
exceed 20 or 30 parts per million. This was being absorbed continuously
by the plants, and the amount of hydrogen zeolite in equilibrium with
the potassium in solution must have been very small. It seems highly
probable that the hydrogen zeolite occurs as an intermediate product
and that the break-down occurs after the potassium has been replaced by
the hydrogen. The hydrogen zeolite is probably unstable. The plants, by
removing the potassium from solution as it is hydrolyzed from the zeo-
lite, carry the reaction to a finish and accomplisli the same results that
may be obtained by long, continued leaching with pure water.

T H E a BREAK-DOWN " AND " BUILD-UP " OF
SOIL ZEOLITES

The phenomenon of a break-down of the soil zeolites has been noticed
by others, at different times in the past, in soils that have been percolated
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with water or salt solution, but not thoroughly understood.* In hu>
work upon the effect of aluminum salts upon the permeability of soils,
Magistad f observed this phenomenon and explained it satisfactorily.

From the work just described it is evident that a plant is able to
exhaust the potassium from a zeolitic complex, and that in so doing it
leaves a residue that Is not acid.

When percolating the zeolite residue in the filter paper thimbles with
neutral calcium chloride, it was observed that a certain amount of calcium
was fixed and calcium zeolite formed. There appeared to be a build-up
of the exhausted zeolite. This build-up was found to be equal in this
instance to about one-half of the theoretical base replacement in the
original potassium zeolite. In each 0.5 gram of potassium zeolite residue,
an average of .0207 calcium was fixed. The possible theoretical amount
would have been .0350 gram calcium, equivalent to .0683 gram of potas-
sium. In the experiments referred to, the replacement took place at a
pH of about 7, but it was found by experiment that the addition of cal-
cium carbonate, which raised the pH value to above 8, increased the
build-up materially.

It appears probable that a plant, when growing in a solution containing
potassium zeolite, is able to absorb all of the potassium from the zeolite,
and to break down the zeolite into its^ components, A12O3> SiO25 and
H2O, The components A12O3 and SiO2 are probably left in the colloidal
phase, and may be built up again into a zeolite by the addition of any
salt that carries a replaceable base, in a solution that has a suitable pH.
The break-down may take place either in a neutral or acid solution, but
in order that a complete break-down may occur it is necessary that no
other replaceable base be present in the solution. If, for example, cal-
cium chloride is present, the potassium will be absorbed from the zeolite
by the plant and a certain amount of calcium zeolite will be formed that
will depend upon the number of H ions in the solution. A break-down
can not occur in the presence of calcium carbonate.

On the other hand a build-up cannot take place, except in a very
limited way, in the presence of any great number of H ions in the solution.

As mentioned before, when muriate or sulphate of potash is added
to a soil as a fertilizer, the potassium is fixed immediately. It is quite
probable that this fixation is due often, in part, to the building up of a
potassium zeolite, as well as to the replacement of some Other base in a
zeolite that has been formed already. When calcium zeolite is present

* Breazeale, J. F. and McGeorge, W. T., Tech. Bui. No. 13, Ariz. Agr. Expt. StaM p.
323, 1926.

f Magistad, O. C. Tech. Bui. 18, Ariz, Agr. Expt Sta., 1928.
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in the soil, the fixation of potassium from an application of a potash
fertilizer, may be attributed largely to the replacement of calcium by
potassium. If, however, the potassium in the soil had been exhausted
by continuous cropping, with no replaceable base present the fixation of
potassium may be attributed largely to the building up of potasisum zeolite
in the soil. It often happens that the amount of base that is replaced
by the addition of the salt, is not exactly balanced by the amount of base
that Is added to the soil. This may be accounted for by the building up
of a zeolite by the salt added.

The manufacture or building up of zeolites, or permutites, for pur-
poses of softening water, and for use in other arts is carried on exten-
sively. It has been, shown by Burgess and McGeorge * that a zeolite is
formed whenever the components are brought together at the right pH.
This formation of zeolites also apparently takes place in the soil under
suitable conditions.

THE BUILD-UP AS INDICATED BY PLANTS

Several thimbles of the synthetic zeolite that had been exhausted of
potassium by plants were percolated with a normal solution of calcium
chloride, in order to be sure that all of the potassium had been removed.
The thimbles were then washed, and percolated with 250 cc. each of a
normal solution of potassium chloride. They were then washed free
from chlorides, placed in culture pans with wheat seedlings, and the
plants allowed to grow for 14 days. The seedlings were then removed
and analyzed.

TABLE VIII.- -THE BUILDING UP OF ZEOLITES AS INDICATED BY
WHEAT PLANTS.

100 plants
Dry weight

3.260

3.480

3.600

3.656

4.400

Grams K.

,0244

,0251

.1024

.0947

.1188

Distilled >water~—

0.5 gram exhausted zeolite- «.

1 gram zeolite built up with CaCla and KC1

Duplicate .

Duplicate. „ „

^ Burgess, P. S. and McGeorge, W. T., Ariz. Agr. Expt. Sta., Tech. BuL No. 15,
1927.
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In washing a zeolite that has been built up with potassium or calcium
chloride or in the preparation of synthetic potassium zeolite, it is almost
impossible to avoid the loss of potassium, due to the hydrolysis of the
zeolite. If washing is continued until all traces of chlorides disappear,
a certain amount of potassium is sure to be lost. It is evident, neverthe-
less, from the above experiment, that the zeolite was built up by the
addition of potassium chloride, and that the plants absorbed the potassium
as readily from the built-up zeolite as they had done from the original
salt. In absorbing the potassium from the built-up zeolite in the second
experiment, the plants again broke down the zeolite into its components
as they had done in the first six crops. There is no doubt but that this
breaking down and building up of zeolites is going on continuously in the
soil, and that these processes may be carried on indefinitely. It was
shown that the building up process is greatly stimulated by the presence
of calcium carbonate.

The experiment just described was repeated with barley seedlings
which were grown in culture pans with samples of potassium zeolite
enclosed in filter paper thimbles. From 4 grams of potassium zeolite
that contained .5460 gm. potassium the amount of .4628 gm. of K was
recovered from the barley plants. The presence of blue-green algae in the
cultures probably accounted for the difference or apparent loss of potas-
sium. The exhausted zeolite from this experiment, when percolated with
neutral potassium chloride, did not yield an acid, percolate.

After percolating the exhausted zeolite with potassium chloride and
washing it free from chlorides, a set of cultures was grown with the
residues, as was done with wheat seedlings. In Table IX are shown
analyses of the barley plants that were grown in the cultures for 14 days.

TABLE IX.—THE BUILDING UP OF ZEOLITES AS INDICATED BY
BAHLEY PLANTS.

Distilled water .

1 gram zeolite built up with CaCk and KCL

Duplicate . . .

Zeolite built up with CaCl2 and KC1, then per-
colated with N / l CaCls, and washed

100 plants
Dry weight

4.100

4,000

3.580

3.820

Grams K

.0496

.1296

,1200

.0443

It will be noted that a large amount of potassium was absorbed from
the zeolite that had been exhausted by several crops of plants and built
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up again with potassium chloride. Nos. 2 and 3. In culture No. 4, the
exhausted residue, after having been built up with potassium chloride,
was percolated with calcium chloride. The calcium evidently replaced
all the potassium from the zeolite, which potassium was removed in the
wash water. The plants were, therefore, unable to get any potassium
from this solution.

EXPERIMENTS WITH ZEOLITE IN SOILS

The absorption of the bases from zeolites in the soil is simiki to
their absorption from pure, synthetic compounds. If a soil that contains
a zeolite is percolated with a salt that contains a replaceable base in suffi-
cient concentration, the base in the soil zeolite will be replaced par-
tially or completely by the base in the percolating solution.

Samples of soil from the University Farm were percolated with con-
centrated solutions of potassium chloride, sodium -chloride, calcium
chloride, magnesium chloride, and aluminum chloride, and the soils were
washed until free from excess salts. The soil samples then contained
potassium zeolite, sodium zeolite, calcium zeolite, and magnesium zeolite
respectively. It has been shown by Magistad that, when aluminum salts
are added to a zeolite the aluminum does not enter the zeolitic complex
as a replaceable base. Apparently aluminum breaks down the zeolites
of the soil into their components.

Larger filter paper thimbles holding 50 gms. each, were filled with
samples of soil that had been treated as described before, and one thimble
placed in each culture pan with 2,500 cc. of water, and 100 wheat or 100
barley seedlings planted upon aluminum discs that floated in this water.
By thus inclosing the soil in thimbles, it was prevented from dispersing
in the solution and adhering to the roots of the plant. The soluble salts
diffuse out from the soil into the solution and become available, and the
entire plant may be used for analysis. In Table X is shown the analysis
of 100 barley plants that had grown for 11 days in culture solutions
that contained different soil zeolites.

The plants that grew in the pans containing the potassium zeolite soil
absorbed more potassium than did those that grew in the other pans.
However, it will be noted that all the cultures contained more potassium
than did the control. No matter how completely the replacement may
be carried out, or what salt is used in the percolating solution, the plant
often is able to extract some potassium from the soil. It will be noted that
when the aluminum-treated soil, No. 6, was made up to its original
calcium carbonate content and percolated with potassium chloride, the
zeolite was built up and the potassium became available.
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JVUgistad* has shown that, when a soil is treated with an acid3 the

zeolite is partially or completely broken down in much the same waj

as it is when treated with an aluminum salt. Both the acid-treated and

aluminum-treated soils may be built up by the addition of salts that have

replaceable bases, and this building-up process is usually stimulated b}

the addition of calcium carbonate. This is shown in the following

experiment:

TABLE X.— ABSORPTION OF POTASSIUM FROM TREATED
BARLEY PLANTS.

Distilled water

Potassium-zeolite soil

Sodium-zeolite soil . _ . _ . _

Calcium-zeolite soil

Magnesium-zeolite soil

Soil percolated with aluminum chloride, 5%
CaCOs added . . . . . „ .

Soil percolated with aluminum chloride, 5%
CaCOa added, then percolated with KLC1 and
washed _ „ . _ ._ __

SOILS m

100 plants
Dry weight

3J24S

3.428

3,600

3.680

3.816

3.Z20

4.140

Grams K.

.0296

.1619

.0817

.0927

.0941

.0857

,1462

TABLE XI.—THE BUILDING UP OF ACID-TREATED AND ALUMINUM-
TREATED SOILS AS INDICATED BY BARLEY PLANTS.

1,

2.

3.

4.

5,

6.

Distilled water

Soil percolated with

Soil percolated with
CaCO* added

Soil percolated with

Soil percolated with
percolated with KO

Soil percolated with
lated with ICQ and

KCi and wa«oed

aluminum sulphate, 5 %

dilute HC1 and washed .

aluminum sulphate then
and washed, P

dilute H Q then pecco-
washed _ .

100 plants
Dry weight

3.280

3.596

3.640

3.360

3.392

3.694

Grains K

.02S)

,1519

.0464

.042*

.1095

.1339

O. Oi'Affe. Afff. Expt. Sta^ Tech. Bui. 18, 1928,
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One hundred barley seedlings were grown in pans with SO grams of
soil that had been treated as described in the table below, for 13 days
and then analyzed for1 potassium. The plants were then harvested and
analyzed.

There are evidences of a marked build-up, both in the acid-treated
and the aluminum-treated soils, as shown by the analysis of the plants.

EXPERIMENTS WITH IGNITED SOILS

A sample of University Farm soil was percolated with dilute hydro-
chloric acid, until all the calcium had been removed. The soil was
washed, dried, and ignited at a bright red heat for 1 hour. At the same
time another sample of the same soil was percolated with a 5-percent solu-
tion of aluminum sulphate, washed, dried, and ignited. Barley seedlings
were then grown for 18 days, in water cultures in which 100 grams each
of these soils were placed. The analysis of 100 plants is shown in
Table XII.

TABLE XII.—THE BUILDING UP OF IGNITED SOIL AS INDICATED BY
BARLEY PLANTS.

li Control

2. Soil percolated with HC1, ignited, and washed

3. Soil treated with HC1, ignited then percolated
with KC1 and washed free from Cl -^

4. Aluminum-treated soil, ignited, washed and

5. Soil treated with aluminum, ignited, then per-
colated with KOI atr3 wnsh,ft<?

100 plants
Dry weight

, #.060

4.204

4.040

4.200

4.360

Grams K

.0276

.0457

.0624

.0502

.0.822

Igniting the soils in this way destroys their colloidal properties but,
judging by the behavior of the plants there was a certain amount of
build-up from the separated constituents of the broken down zeolites,
when the ignited soils were percolated with potassium chloride solution.
This build-up, however, is not nearly so pronounced as it is with soils
that have not been ignited.

A MEASURE OF THE BUILD-UP OF AN ALUMINUM
SULPHATE TREATED S'QlL ' . ' ",

The untreated, University Farm soil contains about 5 percent of cal-
cium carbonate. A* sample of this soil was leached, witji a 5-percent
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solution of aluminum chloride until all of the calcium carbonate was
decomposed and removed in the percolate. The soil was then dried but
it still showed a small amount of base replacement properties. It was,
therefore, leached again with aluminum chloride, washed, and dried.
This process was repeated the third time, or until the base-replacement
properties were found to have disappeared. One-hundred-gram sample*
of the soil were treated as described in Table XIII and a set of barley
plants was then grown for 10 days in cultures containing the soils. The
analyses of the plants are shown in Table XIII.

TABLE XIIL—ABSORPTION OF POTASSIUM, AND THE MEASURI OI
BUILD-UP IN ALUMINUM CHLORIDE TREATED SOIL.

100 plants

1. Distilled water - . „

2. Aluminum-treated soil thoroughly washed.

3. Aluminum-treated soil percolated with KC1
solution and washed free from Cl

4. Aluminum-treated soil with 5% CaCOi added,
percolated with KC1, and washed free from Cl

The percolate from the alurninum-chloride-treated soil after it had
been treated with potassium chloride and washed, No. 3, showed a pH
of about 6.4, while the percolate from the soil that had been built up
in the presence of calcium carbonate, No. 4-, showed a pH of 9.3.
According to Magistad, the latter pH, 9.3, is the pH of pure potassium
zeolite that has been prepared synthetically. This indicates that the
nature of the zeolite that was built up in the soil was probably the same
as that prepared from pure salts.

It will be noted, judging from the analysis of the plants, that there
was an abundant supply of potassium in Nos. 3 and 4, when the alumi-
num-treated soils were percolated with potassium chloride and washed
free from chlorides. Evidently the build-up of potassium zeolite had
taken place in the soil during the treatment with potassium chloride.
More potassjum was absorbed, however, from the soil that had been built
up in the presence of cajcium carbonate, No. 4, than from the soil that
frad been built up without the addition of calcium carbonate. The pres-
ence of qajcjum carbonate, which gives a pH value of above 8 to the
splution, always stimulates the build-up of the zeolite.

A chemical meastire of the build-up in these soils was made on fresh
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samples of the aluminum-chloride-treated soil by percolating the soil
with potassium chloride, with and without the addition of calcium car-
bonate, replacing the potassium in the zeolite with calcium chloride, and
determining the amount of displaced potassium in the percolate.

TABLE XIV.—THE BUILD-UP OF ALUMINUM-TREATED SOIL WITH
AND WITHOUT CALCIUM CARBONATE.

1. Original potassium-zeolite soil.

2 Aluminum-treated soil, washed

3 Aluminum-treated soil peicolated with KLC1 and,
washed...

4. Aluminum-treated soil ukh 5% CaCOa, percolated
with KC1, and washed _

Grams replaceable K
in 100 giams soil

.28*0

Trace

.22 H

.3916

Apparently the soil had been completely exhausted of potassium b)
may be large, it will be seen that by percolating the soil repeatedly with
aluminum chloride solution, until all calcium carbonate had been removed,
its base replacement power was reduced to practically nothing. When
the soil thus treated was percolated with a neutral solution of potassium
chloride, its base replacement was increased, that is, its content of zeolite
was built up to an equivalent of .2234 percent potassium, or to nearly
that of the original zeolite soil. When the pH of the percolating solu-
tion was increased to a value of 8.6, with calcium carbonate, the zeolite
was built up to an equivalent of .3916 potassium, or considerably higher
than that of the original soil. These values are far greater than any
probable error that might enter into the determination of the replaceable
bases in the soil.

HOW POTASSIUM ZEOLITE IN SOILS MAY BE EXHAUSTED
BY CROPS, AND BUILT UP AGAIN BY

POTASSIUM FERTILIZERS

A large sample of soil from the University Farm was percolated
with a strong solution of potassium chloride until practically all of the
replaceable bases had been replaced by potassium. The soil was tlu&i
washed free from chlorides arid dried. The sail now contained potas-
sium zeolite, equivalent to about .2850 percent potaamm on tEc basis of
dry soil*
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Samples of 50 grams each of this soil were put in large filter papei
extraction thimbles, corked, and placed in culture pans with 2,500 cc. of
water. One hundred wheat seedlings were then placed in each pan, and
allowed to grow for 19 days, the solution being kept up to volume with
distilled water. The plants were then harvested and aanlyzed, and
another set of 100 seedlings placed upon each disc, and allowed to grow"
for the same length of time. This was repeated, until six crops of 100
plants each had been grown in each of the culture pans. The soils were
then found to be ehausted of available potassium.

The thimbles containing the soils were removed, and one of them
percolated with 250 cc. of a normal solution of potassium chloride, and
washed free from chloride. A set of wheat seedlings was then placed
in cultures that are described in Tab]e XV and allowed to grow for 16
days.

TABLE XV.—THE BUILD-UP OF EXHAUSTED SOIL WITH POTASSIUM
CHLORIDE, AS INDICATED BY WHEAT PLANTS.

1. Distilled water

2. 50 grams soil, exhausted by six crops of wheat

3. 50 grams exhausted soil, percolated with KC1
and washed

4. 50 grams fresh potassium zeolite soil, no crops_

100 plants
Dry weight

3.556

3.552

5.320

5.120

Grams K.

.0262

.0290

.1036

.2266

Apparently the soil had been completely exhausted of potassium by
six consecutive crops of wheat seedlings, as the difference in composition
of Nos. 1 and 2 was within the limit of error. However, judging by
the absorption of potassium by the plants in the other cultures, the per-
colation with potassium chloride solution had built up the soil, not com-
pletely, but partially. The fresh, potassium zeolite soil, No. 4, evidently
contained more potassium than the built-up soil, No. 3.

As in the case of the synthetic zeolite, the plant seems to be able to
absorb all of the potassium from the soil zeolite, and, If no other
replaceable base is present, probably to break down the zeolite into its
components. The components may then be built up again into a zeolite
with any suitable salt solution with a proper pH.
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SUMMARY

L The potassium that occurs in soil zeolites, is readily available to

plants.
2. The presence of other salts with replaceable bases, particularly

nitrates, stimulates the absorption of potassium from solutions containing
potassium zeolite.

3. When the potassium is absorbed from a zeolite by plants, a residue
is left that is not acid and has no replacement capacity. This residue
may be the broken-down components of the zeolite, A12O3 and SiO.?J

existing either in a colloidal state or held together in some way.
4. The broken-down residue of the zeolite may be built up into a

^oolite at a suitable pH by the addition of a salt solution that carries a
replaceable base.

5. Ignited and acid-treated soils that have lost their property of
base replacement are partially restored by treatment with salt solutions
that have a neutral or alkaline reaction.


