
Zeolite Formation and Base Exchange Reactions in Soils

Item Type text; Book

Authors Burgess, P. S.; McGeorge, W. T.

Publisher College of Agriculture, University of Arizona (Tucson, AZ)

Rights Copyright © Arizona Board of Regents. The University of Arizona.

Download date 24/05/2023 20:50:05

Link to Item http://hdl.handle.net/10150/190607

http://hdl.handle.net/10150/190607


Technical Bulletin No 15 v̂i-iy 1, 1927

ttg xtf Jlrfemm
College of Agriculture

Agricultural Experiment Station

ZEOLITE FORMATION AND
BASE-EXCHANGE REACTIONS

IN SOILS

By

P. S. BURGESS AND W. T. MCGEORGE

PUBLISHED BY

tg of cArhmta
UNIVERSITY STATION

TUCSON, ARIZONA



ORGANIZATION

BOARD OF REGENTS

EX-OFFICIO MEMBERS

HIS EXCELLENCY, GEORGE W. P. HUNT, Governor of Arizona Phoenix
HONORABLE CHARLES O. CASE, State Superintendent of Public

Instruction - Phoenix

APPOINTED MEMBERS

HON. ROBERT E- TALLY, President Jerome
HON. LOUIS R. KEMPF, LL.B - Tucson
HON. CLEVE W. VAN DYKE - Miami
HON. CHARLES M. LAYTON Safford
HON. GEORGE M. BRIDGE Somerton
HON ROY KIRKPATRICK Globe
HON. THEODORA MARSH, Treasurer Nogales
HON. FRANKLIN J. CRIDER, M.S Superior

BYRON CUMMINGS, A.M., LL-D., Sc.D Acting President of the University

AGRICULTURAL EXPERIMENT STATION

JOHN J. THORNBER, A.M Dean and Director
JAMES G. BROWN, Ph.D Plant Pathologist
WALKER E. BRYAN, M.S. Plant Breeder
PAUL S BURGESS, Ph.D Agricultural Chemist
WALTER S. CUNNINGHAM, B.S Dairy Husbandman
GEORGE E. P. SMITH, C.E Irrigation Engineer
CHARLES' T. VORHIES, Ph.D Entomologist
* JAMES F. BREAZEALE, B.S Research Specialist in Agricultural Chemistry
MARGARET L. CAMMACK, Ph.D Research Specialist in Home Economics
WILLIAM G. McGINNIES, B.S- - Grazing Range Specialist
HARRY EMBLETON, B.S .........Poultry Husbandman
RALPH S. HAWKINS, M.S Agronomist
ALLEN F. KINNISON, M.S Horticulturist
OSCAR C MAGISTAD, Ph.D Associate Agricultural Chemist
ERNEST B. STANLEY, M.S Animal Husbandman
DAVID W. ALBERT, B.S Assistant Horticulturist
IAN A. BRIGGS, M.S Assistant Agronomist
STANLEY P. CLARK, B.S Assistant Agronomist
RICHARD N. DAVIS, B.S . Assistant Dairy Husbandman
ELIAS H. PRESSLEY, M.S Assistant Plant Breeder
HAROLD C. SCHWALEN, M.S Assistant Irrigation Engineer
RUBERT B. STREETS, Ph.D Assistant Plant Pathologist
MALCOLM F. WHARTON, M.S Assistant Horticulturist
WILLIAM F. DICKSON, M.S Assistant Animal Husbandman
G. GORDON POHLMAN, M.S Assistant Agricultural Chemist
HOWARD V. SMITH, M.S Assistant Agricultural Chemist
GEORGE H. SERVISS, M-S Field Assistant in Cotton Studies

*In cooperation with United-States Department of Agriculture, Bureau of Plant
Industry.



CONTENTS
Introduction 359

I. The Effect of Zeolites on Soil Permeability 360

Titration Experiments 360

Titration of Sodium Silicate against Sulphuric Acid 360

Titration of Sodium Aluminate against Sulphuric Acid 361

Titration of Sodium Silicate with Aluminum Chloride 362

Titration of Solution Containing both Sodium Aluminate and Sodium

Silicate 364-

Clay Titrations 366

Capillary Experiments „ 36$

Discussion of Titration and Capillary Experiments 372

II. The Formation and Composition of Soil Zeolites 374

Zeolite Formation In Soils ...374

Experiment 1 „ 374

Experiment 2 375

Studies of Synthetic Zeolites , 384

III. The Base-Exchange Capacity of Soil Organic Matter 392

Summary — — 396

Bibliography , 398

ILLUSTRATIONS
Fig. 1—Titration of N / 2 0 sodium silicate against N /20 sulphuric acid 360

Fig* 2.—Titration of N / 2 0 sodium aluminate against N /20 sulphuric acid.- 361

Fig. 3-—Titration of N / 2 0 aluminum chloride with N / 2 0 sodium silicate 364

Ylg. 4.—Titration of solutions containing equal amounts of N / 2 0 sodium
aluminate and sodium silicate against N / 1 0 sulphuric acid 365

Fig» 5.—Coagulation of protected clay suspensions by progressive additions of
N / 1 0 sulphuric acid 367

Fig. 6.—The effect of reaction upon rates of capillary rise of soluble aluminate
and silicate solutions in an acid soil 370

Fig. 7.—The effect of reaction upon rates of capillary rise of acidified aluminum
chloride and sodium silicate solutions in an alkaline soil ,..371

TABLES
Table I.—Electrometric Titration of Sodium Aluminate with Sulphuric Acid, 362

Table II.—(A.) Titration of N/20 AlCla against N/20 Sodium Silicate

(B.) Titration of N/20 Sodium Silicate against N/20 AlCls 363

Table III-—The Precipitation of Sodium Zeolite at Different Reactions 365

Table IV—Coagulation of Protected Clay Suspensions by N/10 Sulphuric Acid 367

Table V.—Rates of Capillary Rise of Soluble Aluminate and Silicate Solutions
in an Acid Soil, (In centimeters) , 369

Table VI.—Rates of Capillary Rise of Acidified AlCla and Sodium Silicate Solu-
tions in an Alkaline Soil, (In centimeters) 371

Table VII.—Analyses of Progressive Leaching from a Black Alkali Soil 379

Table VIII.—Composition of Artificial Zeolites —386



ZEOLITE FORMATION AND
BASE-EXCHANGE REACTIONS

IN SOILS

P. S. BUR&F&S and W. T. MCGEORGE

INTRODUCTION

In a recent publication from this Station (13) covering a study of
the relationships of aluminum hydroxide to the impermeability of black
alkali soils during reclamation, attention was given briefly to such other
factors as organic matter, colloidal clay, and soluble silicates, all of which
were found associated with it. In taking up the hydrated silicates, the
problem promised to lead into such an extensive field that it was made
the subject of a separate study. On the other hand, these and related corn-
pounds are admittedly closely associated, at least in physical properties,
with aluminum hydroxide. We ha\e shown in previous experiments that
black alkali soils contain notable amounts of s'lica as sodium silicate (13).
While it is recognized that the silicates may be present in part in colloidal
form in alkaline soils, we have found them also to be present in true so-
lution. This fact was demonstrated by dialyzing alkaline soils in distilled
water and analyzing the dialyzate. The logical question then is, what
relation does soluble silica bear not only to permeability but also to other
properties of alkaline soils, both of itself and in conjunction with sodium
aluminate which we have shown also to be frequently associated with It?

This bulletin constitutes a study of the soluble silicates occurring In
alkaline soils, of zeolite formation, and of the part played by organic
matter in replacement react'ons. It is conveniently divided into four parts:
(1) That involving the properties of salts of silicic acid at various re-
actions, both alone and In the presence of alummates, colloidal clay, and
organic matter; (2) the effect of these silicates upon permeability or
water movement In alkaline soils; (3) the relation of soluble silicates
and alumiilates to the formation of the so-called zeolitic complex of soils;
and, (4) the base-exchange property of humates.
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I. THE EFFECT OF ZEOLITES ON
SOIL PERMEABILITY

TITRATION EXPERIMENTS

In such a complex material as soil, it is impossible to anticipate the
many chemical reactions which govern its properties, therefore, in study-
ing the relations between sodium silicate and the other associated com-
pounds in alkaline soils, including the solubility of the products involved,
jnly those of more or less prominence were considered. In thet reclama-
cion of black alkali soils, many of the unfavorable characteristics are asso-
ciated with, or are a result of, changes in reaction. We have, therefore,
first chosen to study the effect of varying reaction upon the properties of
the alkali silicate by titrating it against acids or acid salts, both alone and
in the presence of the more important constituents of alkaline soils.

Fig. 1-—Titration of N/20 sodium silicate against N/20 sulphuric acid,

TITRATION OF SODIUM SILICATE AGAINST
SULPHURIC ACID

In this experiment, 20 cc. of N/20 sodium silicate were placed in
each of a series of test tubes to which was then added N / 2 0 sulphuric
jcid in increasing amounts. The solutions were allowed to stand over-
night and the reactions determined electrometrically. The titration is
shown graphically in figure 1 and is very similar to that obtained in the
titration of NaOH with HC1* except that the soluble silicate shows a

*See Tech. Bui. No. 13 p. 314, Ariz. Agr. Exp. Sta.
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slight buffering action. Sodium silicate, being a combination of a weak
acid with a btrong base, hydrolyzeb to give free hydroxl ions and will,
therefore, give a curve somewhat resembling NaOH. In none of the
test tubes was a precipitate formed.

TITRATION OF SODIUM ALUMINATE AGAINST
SULPHURIC ACID

In this experiment two methodb of titrating the sodium aluminate
with acid were used. In the one case, 20 cc. of N/20 sodium aluminate
were placed in a wide-mouth bottle containing the hydrogen electrode and
KC1 bridge, and titrated electrometrically. The titration was carried on
directly in this vessel by progresbively adding the sulphuric acid from
a burette and recording the changes in pH with \olume of acid added.
The results of this titration are designated as "A" in the graph. In order
to determine the extent of possible buffer act'on, the titration also was
carried out in separate solutions as follows: Twenty cc. of N/20 sodium
aluminate were added to each of a series of tebt tubes to which was then
added N / 2 0 H2SO4 in increasing amounts. The test tubes were then
well shaken, allowed to stand overnight and the reactions determined on
the hydrogen electrode. The foregoing results are given in Table 1 and
shown graphically in figure 2.

/S 3O 35 SO

Fig.

20 25

CC N/20
-2—Titration of N/20 sodium aluminate against N/20 sulphuric acid.

In this titration a flocculent precipitate was formed at about pH 11.3,
increasing in volume with increase in acid added, always with a clear,
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supernatant liquid to pH 9.5, then decreasing in volume to complete dis-
appearance of precipitate at pH 2.9. Qualitative tests for aluminum by
Atack's Method (Alizarine Red S) were positive in all solutions, showing
that aluminum precipitation was at no time complete over this reaction

range.
The changes in reaction recorded by allowing the solutions to stand

overnight (see Fig. 2) before determining the reaction points are due to
either a buffer effect of the precipitated A1(OH)3 or to the presence of
a small amount of Na2CO3 which was later found to be present in the
supposedly pure NaA102.

TABLE I.—ELECTROMETRIC TITRATION OF SODIUM ALUMINATE WITH
SULPHURIC ACID.

N/20NaAl(OH)4

20 cc.
20 cc.
20 cc.
20 cc
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.
20 cc.

N/20 HJSO4

None
1 cc
5 cc

10 cc.
12 cc
14 cc.
16 cc.
18 cc.
20 cc
22 cc
24 cc.
26 cc.
28 cc.
30 cc
32 cc.
34 cc.
40 cc.
46 cc
50 cc
55 cc.
60 cc.

Nature of
solution

Clear
Clear
Clear

Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate
Precipitate

No precipitate
No precipitate
No precipitate

Test for aluminum
in supernatant

liquid

Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive
Positive

pH

11.85
11.80
11.25
10.90
10.60
10.35
9.75
9.40
8.90
8-50
7.85
7.70
4.85
4.45
4.30
4.20
440
3.85
2.90
2.50
2.30

TITRATION OF SODIUM SILICATE W I T H
ALUMINUM CHLORIDE

To gain information bearing upon the effect of reaction in the for-
mation of colloidal A1(OH)3, sodium silicate was titrated with a solution
of aluminum chloride, which salt, due to hydrolysis, reacts acid in aqueous
solutions. In carrying out this titration 50 cc. of N / 2 0 sodium silicate
were added to each of a series of test tubes and increasing amounts of
an N /20 solution of aluminum chloride were added. The tubes were
well shaken and allowed to stand overnight when the reactions were de-
termined electrometrically and checked colorimetrically using a La Motte
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roulette comparator. This experiment was repeated reversing the con-
ditions, the aluminum chloride being made the constant and sodium silicate
the variable. The results are given in Table II and shown graphically in
figure 3.

TABLE II.—A.

Na2Si03

50 cc.
50 cc.
50 cc.
50 cc.
50 cc.
10 cc
50 cc.
50 cc.
50 cc.
50 cc.
$0 cc.
50 cc.
50 cc.
50 cc.
50 cc
50 cc.
50 cc.

TITRATION

AlCls

None
5 cc.

10 cc
15 cc.
20 cc.
25 cc.
30 cc.
35 cc.
40 cc
42 cc.
44 cc.
45 cc.
46 cc.
48 cc
50 cc.
75 cc.

100 cc.

OF N/20 AlCla
SILICATE.

Nature of
solution

Clear
Cloudy
Cloudy
Cloudv
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Clear
Clear
Clear
Clear
Clear

AGAINST N/20

Test for
aluminum

Negative
Positive
Positive
Positive
Positive
Positive
Positive
Negative
Negative
Negative
Negative
Positive
Positive
Positive
Positive
Positive
Positive

SODIUM

pH

10.40
10.25
10 19
10.09
9.99
9.76
9.38
6 60
5 20
5 00
4.70
4.50
4-40
4 20
4.00
3.85
3.80

B. TITRATION
None

5 cc
10 cc.
15 cc.
20 cc.
30 cc
40 cc
50 cc.
60 cc.
70 cc.
80 cc.
90 cc.

100 cc.

OF N/20
50 cc
50 cc
50 cc
50 cc
50 cc
50 cc
50 cc
50 cc
^0 cc
50 cc
50 cc
50 cc
50 cc

SODIUM SILICATE AGAINST N/20
Clear
Clear
Clear
Clear
Clear
Clear
Clear
Clear

Cloudy
Cloudy
Cloudy
Cloudy
Cloudy

Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined
Not determined

AICI*

4.00
3 85
3.85
3.85
3.85
3.87
3.91
4.00
5.30
8.00
9 20
9.85

10.05

The transition point from a dispersed state to a flocculent precipitate
was pH 4.5, and in the reversed titration, A1C1S constant and sodium
silicate variable, the change to the dispersed state took place at pH 5.3.
We may thus assume that the isoelectric point lies within this range, on
the alkaline side of which the aluminum silicate complex is highly dis-
persed and settles only on long standing if at all, while on the acid side
the precipitate is Hocculent and settles quickly leaving a clear, supernatant
liqu'd. These reaction curves are of interest in connection with other
titrations which we have made using sodium hydroxide against aluminum
chloride. In the latter case, the range of highest dispersion is on the
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acid side which indicates that aluminum hydroxide in acid soils will be
present in a highly dispersed colloidal state and in a more Eocculent
form in black alkali soils. On the other hand, if there is present along
with the aluminum salt an appreciable amount of soluble silicate, this
same condition of high dispersion will be present in alkaline soils. We
are thus forced to recognize a combination of factors which will add
greatly to the highly dispersed state often noted in black alkali soils.

B—Tnmrrioh

/O 20 30 4O
/

SO 6O 7O SO SO

Fig1. 3-—Titrations of N/20 aluminum chloride with N/20 sodium silicate,

TITRATION OF SOLUTION CONTAINING BOTH SODIUM
ALUMINATE AND SODIUM SILICATE

We have found both sodium aluminate and sodium silicate to be pres-
ent in the soil solutions of practically all black alkali soils examined (13).
The greater the dilution (and, within limits, the alkalinity) the greater
will be the solubility as has been shown in the preceding curves. When
the alkalinity of the soil is reduced, as by leaching in processes of reclama-
tion, it will materially affect the solution of these two compounds and it
is very essential to a clear understanding of black alkali soils that some
knowledge of their properties when present together be studied. With
this in mind, equal volumes of N/20 solutions of these two compounds
were titrated with sulphuric acid as follows: To each of a series of test
tubes, 25 cc. each of N/20 sodium silicate and N / 2 0 sodium aluminate
were added. Tenth normal sulphuric acid was then added in increasing
amounts, the test tubes well shaken, and allowed to stand overnight. The
reactions were then determined both electrometrically and colorimetrically.
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The results are given in Table III and shown graphically in figure 4.

TABLE III.—THE PRECIPITATION OF SODIUM ZEOLITE AT DIFFERENT
REACTIONS.

N/20
NaAl(OH)4

25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc

N/20
NazSiOs

25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc
25 cc

N/10
H2SO4

None
1 cc.
3 c c
5 cc.
7 cc.
9 cc.

11 cc.
12 cc
13 cc.
14 cc
15 cc.
16 cc.
17 cc
20 cc
25 cc.
30 cc.
35 cc

Natuie of
supernatant

solution

Clear
Cloudy-
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Clear
Clear
Clear
Clear
Clear

Test for
aluminum

Positive
Positive
Posit
Posit
Posit
Posit
Posit
Posit
Posit

ve
ve
ve
ve
ve
ve
ve

Positive •
Positiv e
Positive
Positive
Positive
Positive
Posithe
Positive

P H

11.98
11.80
11.60
11.25
10.95
10.16
9.4
9.2
8.6
8.0
7.S
7.0
6.6*
4.8
3.9
3.7**

IZ

. + )fSCC
7~t"

wAOSQk
lASOJLVTIOIt jPECJnqE

2.-^ SOLUTION
w/r/f]rzr

'GJZME Czk&JR
ujLjnrr&&ze/p/p?r&

O S /0 IS 2O 2S X) -3S -4O
CC J///O ASt&Qi

Titration of solutions containing equal amounts of N/20 sodium atummate
and sodium silicate against N / 1 0 sulphuric acid.

^Largest volume of precipitate at this point.
**Precipitate completely dissolved.
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It was found that, upon mixing concentrated solutions ( N / l ) of
sodium aluminate and sodium silicate, they would solidify immediately
to a gel. A mixture of N/10 solutions would gel upon standing 2 or
3 hours, while there was no gelling of N /20 concentrations even after
long standing. Hence, the solutions shown in Table III were, at the
beginning of the titration, perfectly clear and fluid. This equilibrium,
however, is easily disturbed as is shown by the fact that the first addition
of acid brought about the formation of a dispersed cloud which was
permanent. This dispersed condition continued, being gradually accom-
panied by the formation of a flocculcnt precipitate which increased in
amount down to pH 6.6, at which point the supernatant liquid became
perfectly clear. From this point, the amount of precipitate decreased
rapidly with increase in H-ion concentration until at pH 3.7 complete
solution resulted. The contents of the tubes were filtered and the filtrate
tested for aluminum by Atack's Method (Alizarine Red S.). All gave
positive tests, indicating a slight solubility at all reactions. These tests
were repeated on another series to which an excess of sodium silicate had
been added and positive reactions for aluminum again obtained, confirm-
ing the preceding tests. The precipitates obtained in the foregoing experi-
ment were found to possess actively the property of base replacement.

CLAY TITRATIONS

Following these experiments, others were conducted in which clay
suspensions were titrated after adding solutions of sodium silicate and
sodium aluminate. A suspension of this clay, which had been washed free
from soluble salts by repeated shakings with distilled water and filtering
through porcelain filter-candles, was shown by titration to coagulate at
pH 8.6.

Ten cc. of the clay suspension were added to each of a series of test
tubes which were divided into three sets as follows: To one set, 4- drops
of a 5-percent solution of sodium aluminate were added to each tube.
To another set, 4 drops of a 5-percent solution of sodium silicate were
added to each tube. To a third set, 1 cc. each of N / 2 0 solutions of
sodium aluminate and sodium silicate were added to each tube. Increas-
ing amounts of N/10 H2SO4 were then added to all, the tubes well
shaken and, after standing overnight, the reactions determined elcctro-
metrically. The results are given in Table IV and graphically shown in
figure 5.

Upon comparing these data with the result obtained by titrating the
clay suspension alone, the effects of these compounds upon the physical
properties of the colloidal clay are shown. The clay suspension itself
coagulates at pH 8.6. The addition of a small amount of sodium alum-
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TABLE IV—COAGULATION OF PROTECTED CLAY SUSPENSIONS BY N / 1 0
SULPHURIC ACID.

H2SO4
Nature of
solution PH

Clay Suspensions, plus 4 drops Sodium Aluminate Solution
None
0.3
0.5

cc.
c c

0 6 co
1.0
2.0

0.3
0.5
0.6
0.7
1.0
2.0

cc.
cc.

cia

cc.
cc.
cc.
c c
cc
cc.

Clear
Cloudy
Coagulated
Coagulated
Coagulated
Coagulated

9-95
9.37
9.30
8.88
8.15
7.50

Clay Suspensions, plus 4 drops Sodium Silicate Solution
Cloudy
Cloudy
Cloudy
Coagulated
Coagulated
Coagulated

9-50
9.22
8-30
8.16
8.00
7.45

Clay Suspensions, plus 1 cc. each of N /20 Sodium Aluminate and Sodium Silicate

None
0.3 cc
0.5 cc.
0.7 cc
0.8 cc
0.9 cc.
1.0 cc.
1.5 cc.
2.0 cc.

Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Cloudy
Coagulated

10.80
10.25
9-50
9.60
8.39
$.65
8.40
7.62
6-80

Con
+n

\

omr <

cun

\

or Co

sro3

^^

TfPLZTE C

cun

\
\

\jjria

%

>x

r

j

t
O / Z O /

CC. If/lO
Fig. 5.—Coagulation of protected clay suspensions by progressive additions of N / 1 0

sulphuric acid.
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inate changed this to pH 9.3 which is the reaction at which sodium alum-
mate alone coagulated when titrated with H2SO4 . Sodium silicate, on
the other hand, slightly lowered the flocculation point to pH 8.16. The
presence of sodium aluminate and sodium silicate together retarded floc-
culation to such an extent that coagulation did not occur until a react'on
of pH 6.8 had been reached. In this latter experiment there was a faint
turbidity upon the first addition of acid (0.3 cc.) but no coagulation of
the clay. This precipitate increased with increase in acid added but did
not carry down the clay, lca\ing a clear, supernatant liquid until a pH
of 6.8 was reached. The action of the acid in the foregoing experiment
where clay was present was identical with the observations noted in the
titration of the sodium aluminate-sodium bilicate mixture in the absence
of clay. The protective action of this zeolitic colloid is thus practically
complete.

CAPILLARY EXPERIMENTS

The lowered permeability for water of black alkali soils during rec-
lamation is often referred to as "freezing up," i. e., the soil reaches a
point where it will no longer "take water." Our studies of the precip-
itation of aluminum hydroxide from soluble sodium aluminate within
the leached soil mass (13) showed that the precipitation of this colloidal
material upon the highly dispersed clay particles was largely responsible
for this phenomenon. This property of aluminum hydroxide was easily
shown by capillary experiments, for by bringing about the reactions by
which aluminum hydroxide is formed within the soil column, its "freez-
ing up" properties were demonstrated beyond question. In the titration
of sodium silicate with an acid, no precipitate is formed in dilute solu-
tions, but the titration of sodium aluminate with acid results in the pre-
cipitation of aluminum hydroxide. Finally, the titration of a mixture
of the two shows a definite reaction range over which the aluminate and
silicate will be precipitated as a colloidal compound possessing the zeo-
litic property of base exchange. In studying the relative importance of
these reactions to the permeability of alkaline soils, the experiments noted
below were conducted.

In the first experiment it was intended that the aluminum hydroxide
and the zeolitic complex should be precipitated within the soil mass from
alkaline solutions. To bring about this condition, an acid soil of pH 6.1
was chosen, which should so reduce the alkalinity of the soluble silicate
and aluminate solutions as they moved by capilliarity through the soil
mass as to cause their precipitation as hydroxides or insoluble silicates.
The rates of ascent of water should demonstrate the comparative "freez-
ing up" properties of the compounds formed.



ZEOLITE FORMATION AND BASE-EXCHANGE 369

The soil was passed through a 20-mesh sieve, thoroughly mixed, and
placed in glass tubes of 1-inch diameter, care being taken to pack the
soil as uniformly as possible- The soil was held in the tubes by pieces of
muslin tied over the ends. The tubes were suspended vertically in beakers
to which the following solutions were added: N /10 , N / 5 3 N / 2 sodium
aluminate: N / 1 0 , N / 5 , N / 2 sodium silicate, and mixtures of the two
made up of equal volumes of N/10 , N / 2 0 , and N/50 solutions. It was
necessary to use lower concentrations in the combined solutions because
of the fact that N / 5 and N / 2 solutions, upon mixing, form a thin gel.
The N/10 combination formed a gelatinous precipitate within the beaker
2 days after the experiment had been started. The movement of water
up the soil columns was noted periodically. The rates of water movement
and final heights are given in Table V, and shown diagramatically in
figure 6.

TABLE V —RATES OF CAPILLARY RISE OF SOLUBLE
SILICATE SOLUTIONS IN ACID SOILS.

Time

% hr.
1 hr
2 hr
3 hr
4 hr
6 hr
7 hr
8 hr

10 hr
24 hr
48 hr

Chk.

10
13
18
21
23.5
27.5
29 5
32
35.5
47
60

Chk.

9
11.5
16.5
20
22
27
28 5
31
35
46
60

Sodium aluminate
N/10

8.5
10
14
15.5
17
19.5
20 5
21 5
24
29
33.5

N / 5

7
8-5

12
135
15.5
17.5
18.5
19-5
21.5
27

L33 5

N / 2

6.5
7.5
9.5

11
11.5
13.5
14
15
16
20
24

ALUMINATE
(In centimeters)

Sodium silicate
N/10

8
105
135
15.5
MS
20
21 5
26
23
35
45 1

N / 5 N / 2

6
9-5

11.5
135
15
18
19
23.5
21
32

6
75

10
12
13.5
15
15.5
18.5
16.5
22

37. I 23-5

Aluminate and

N/50

9
12
15.5
19
21
24 5
26
28
31 5
42
53

mixture
N/20

7.5
10
13.5
16
17o
2C5
22
24
27
36
47

AND

silicate

N/10

2
3
4.5
5
55
6
6.5
7
7

11
17.5

At the conclusion of this expermiment the soil was removed from the
tubes in sections and the reaction at various heights determined electro-
metrically. The results also are shown graphically in figure 6. This ex-
periment indicated that, compared with the precipitation of aluminum
hydroxide in soils, any precipitate which may have been formed from
sodium silicate was far less effective in retarding water movement. In
fact, it is believed that the results of the foregoing experiment may be
used to show that there is little or no "freezing up" from soluble silicates
but that the retarding of capillarity was due to the free hydroxyl ions
present in the sodium silicate solution causing dispersion and to its indirect
solvent effect upon aluminum compounds. On the other hand, when we
have both sodium silicate and sodium aluminate present together in the soil
solution, the rate of capillarity is reduced to a greater extent than where
either is used singly, indicating that, in the precipitation of the zeolitx
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TABLE VI—RATES OF CAPILLARY RISE OF ACIDIFIED AlCla AND SODIUM
SILICATE SOLUTIONS IN AN ALKALINE SOIL, (in centimeters)

Time

% hr.
1 hr.
2 hr.
4 hr.
6 hr.
9 hr.

24 hr.
48 hr.
11 hr.

Chk. HC1

9
12.5
17
22
26 S
30
42
52
58

Na2SiO3 plus

N/10

8
11.5
17
23
17
30.5
42
49

N / 5

7
8

10
12
13
14
17
20
22

HC1
N / 2

3 5
4
4.5
6
6
6
9

11
12

AICI3 plus

N/10
7

10
15
20
23
25
34
39
41

N / 5

7
9.5

14
18
21
23
29
33
35

HC1
N / 2

5
7.5

11
14
15
17
20
23
24

NaaSiOa plus AlCi3

plus HC1

N/10
5
7
9

12.5
14
15
20
25
29

N / 5

3
3
3
3
3
3
5.5
7
8

N / 2
-)

2
2
2

2.5
3.5
5
6

sSO

\\

so
X JDYTfJTMJC

10

13L

+ATGL
SIUC/C

JT//0 Jf/S Jf/2
SILICIC J?C7Z>

+J7LCL*

Fig. 7.- —The effect of reaction upon rates of capillary rise of acidified aluminum
chloride and sodium silicate solutions in an alkaline soil.

This experiment lends added proof to the results already obtained,
demonstrating that the precipitation of A1(OH)3, either from a soluble
aluminate or from A1C13, lowers the permeability to a much greater ex-
tent than any effect produced by lowering the hydrogen-ion concentra-
tion of a silicic acid solution or a hydroxyl-ion concentration of an al-
kaline silicate solution. Here again the maximum retardation of water
movement results when the zeolite is formed in the reaction involving
the presence of both soluble silica and soluble alumina in the same soil



372 TECHNICAL BULLETIN NO. 15

solution. The fact that reactions between alkaline aluminates and sili-
cates may take place in alkaline soils and that it is possible for zeolites,
markedly showing the property of base replacement, to be formed by the
interaction of these two compounds, has been overlooked largely in al-
kali soil investigations. It suffices to say at this point that the capillary
experiments which we have just described show rather definitely that the
formation of an aluminum silicate complex (zeolite) often may be asso-
ciated with the low permeability encountered in the reclamation of black
alkali lands.

DISCUSSION OF TITRATION AND CAPILLARY EXPERIMENTS

In the reaction between sodium silicate and sulphuric acid, there is
no precipitate formed in dilute solutions and, therefore, we should ex-
pect little or no effect upon soil permeability. The reaction is similar
to that which takes place between sodium hydroxide and sulphuric acid,
the former (through hydrolysis) being present in sodium silicate solu-
tions. The above is substantiated by the capillary experiments.

In the reaction between sodium aluminate and sulphuric acid, our
titration experiments show that colloidal aluminum hydroxide is pres-
ent at all reactions from pH 10.9 to pH 4.0. This precipitation, taking
place within the interstitial spaces of the soil, should materially affect
the movement of water therein. Our capillary experiments indicate this
to be true.

In studying the reactions between soluble silicates and soluble alum-
inum compounds, both acidic and basic salts were employed. The re-
sults obtained were extremely significant in the light of known perme-
ability of alkaline soils. In a study of the precipitation reaction between
aluminum chloride and sodium hydroxide it was found that the precipitated
aluminum hydroxide was always flocculent above pH 6.0. These results
led to the conclusion that, in lowering the hydroxyl-ion concentration of
black alkali soils, aluminum hydroxide would be precipitated upon the
dispersed soil particles, thus filling the interstitial spaces with a highly
colloidal material. The reaction to which the alkalinity of a sodium
aluminate solution is reduced by the addition of an acid with attendant
A1(OH)3 precipitation, also tended to confirm this, the aluminum hy-
droxide precipitating with a clear, supernatant liquid in all cases except
where the sodium aluminate or aluminum hydroxide was completely
soluble. Therefore, we should expect aluminum hydroxide to be pre-
cipitated in a flocculent, non-dispersed form in alkaline soils, its effect
being, as stated above, to close up the interstitial spaces of a highly dis-
persed clay. But where soluble silicates are present in addition to soluble
aluminates, as in many black alkali soils, upon reducing the hydroxyl-ion
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concentration, an alumino-silicate complex may be formed. This com-
pound at such reactions will be non-flocculent and as highly dispersed as
the clay fraction. It is thus evident that the dispersed state within the
soil mass will be greatly increased as the hydroxyl-ion concentration is
reduced during the process of reclamation by leaching. This is confirmed
by the capillary experiments which showed the greatest reduction in
permeability where the alumino-silicate colloid was formed.

The dispersed clay of alkaline soils may be flocculated by the addi-
tion of many chemical compounds, as salts, acids, etc. The clay suspen-
sion used in our studies, and which has been washed free of soluble salts,
flocculated at pH 8.5 to 8.6 upon addition of a dilute acid. It is in-
teresting to note that, in the presence of both soluble aluminate and sol-
uble silicate, there appears to be a precipitation of the alumino-silicate
complex upon the surface of the clay particles which acts as a protective
colloid, lowering the reaction at which the clay fraction flocculates from
pH 8.5 to pH 6.8, the latter reaction being that at which the alumino-
silicate itself coagulates. On the other hand, aluminum hydroxide, when
precipitated from sodium aluminate solutions by lowering the pH, will
carry down the dispersed clay at a reaction more alkaline than that at
which the clay itbelf is precipitated by acids, while sodium silicate has
little protective action.
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II. THE FORMATION AND COMPOSITION
OF SOIL ZEOLITES

ZEOLITE FORMATION IN SOILS

Having shown, in the titration of sodium silicate against sodium alum-
inate, that the base of the precipitate formed was replaceable by other
bases, thus exhibiting an outstanding property of zeolites, the question
arose as to whether we might not consider this reaction as taking place in
the formation of the naturally occurring soil zeolites. Our results showed
that, in fairly concentrated solutions, reaction is not a governing factor,
a mixture of the two setting at once to form a colloidal zeolite even in
the presence of high hydroxyl-ion concentrations, this high hydroxyl-ion
concentration being due, of course, to the hydrolysis of both sodium sili-
cate and sodium aluminate in aqueous solutions. On the other hand, when
we bring these two compounds together in dilute solutions, there is no
formation of a colloidal gel at all unless the concentration of the solu-
tion is increased by evaporation, or the alkalinity of the solution is re-
duced. Thus, in dilute solutions, zeolite formation is dependent upon
reaction and takes place only within a comparatively narrow reaction
range. It appeared from these facts that, in alkaline soils, the alternate
wetting and drying process might increase the zeolite content, or that
changes in soil reaction might be followed by changes in its content of
compounds showing the base-exchange property. A number of experi-
ments were conducted bearing upon this point.

EXPERIMENT 1

In this experiment, solutions of sodium aluminate and sodium silicate
were added to a soil of pH 7, the whole allowed to evaporate to dryness-
after it had been well mixed, and replaceable bases then determined.
Four portions of 300 grams each Were added to four 1-liter bottles and
treated as follows:

No. 1—To this bottle 600 cc. of distilled water were added.
No. 2—To this bottle were added 600 cc. of water in which were

dissolved 0.24- grams of sodium aluminate and 1.26 grams of sodium
silicate.

No. 3—The 600 cc. of water added to this bottle contained 0.48
grams of sodium aluminate and 2.52 grams of sodium silicate.

No. 4—The 600 cc. of water here used contained 1.20 grams of
sodium aluminate and 6.3 grams sodium silicate.

The following procedure was used in adding the solutions to the soils.
Two hundred cc. of water were first added in each case and shaken so
that the soil was well mixed and saturated with water. After this the
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200 cc. of water containing the bodium aluminate were added and the
whole well shaken and finally the 200 cc. containing the sodium silicate
were added. The bottles were then placed in a shaking machine for 2
hours, after which they were allowed to stand for 2 days and the excess
of solution filtered off through porcelain filter-candles under pressure,
and the soils placed in pans. The soils were dried in the'air and the total
replaceable bases determined with the following results:

Soil No 1 2 3 4
Total replaceable bases
expiessed as Ca (percent) 0.265 0-378 0.420 0-512

In \iew of the fact that we were interested only in the total base-ex-
change capacity, portions of these soils were leached first with N/10
CaCl2, then with water until free from water-soluble Ca, and finally with
N/10 BaCl2 to replace the calcium. Calcium was determined in the
leachings of BaCl2 and is exprebbed in the table as total replaceable bases
m terms of calcium. The original soil contained 0.198 percent replace-
able Ca, 0.05 3 percent replaceable Mg, and no replaceable Na. The
initial effect of the foregoing treatments was to decrease replaceable Ca and
to increase replaceable Na. In fact the entire increase in replaceable
bases is due probably to new sodium zeolite formation. The calcium
was found to have been changed from calcium zeolite to calcium car-
bonate, probably during the drying of the soils in the air.

This experiment shows that it is possible for the zeolitic complex to
be formed within a soil by the addition thereto of solutions of the chem-
ical compounds which unite in its formation. As a further step, it was
decided to asceita'n if the zeolites could be formed simply by the addi-
tion of NaOH solution to the soil, thus depending upon the solvent ac-
tion of this alkali upon the soil minerals for the solution of the sodium
aluminate and sodium silicate. In other words, to approach more nearly
alkaline soil conditions by permitting the soil itself to act as the source
of the aluminate and silicate, and the soil solution of high hydroxyl-ion
concentration which is always present in black alkali soils, to act as the
solvent, the following experiment was conducted.

EXPERIMENT 2

Four 500-gram portions of black alkali soil from the University of
Arizona Farm were weighed into 1-liter bottles. To one were added 500
cc. of N /20 NaOH, to a second 500 cc. of N /10 NaOH, to a third 500
cc. of N / 5 NaOH, and to the fourth 500 cc. of N / 2 NaOH. The
above-noted mixtures were shaken in a machine for 2 hours and poured
into enamelware pans in which they were evaported to dryness in the air.
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The soils were then sifted, the excess of alkali washed out and replace-
able Ca and Na determined with the following results, expressed as per-
cent of dry soil:

Soil No.
Replaceable
Replaceable

Total.

Ca
Na (Ca equiv.) ....

Original
soil

.™0.048
. .194

. .242

1
0.033
.210

.243

2
0.033
.228

.261

3
0.036
-234

.270

4
0.042
.240

.282

It thus appears that merely an increase in the OH-ion concentration
of the soil solution, followed by drying out in the air, will increase slightly
the zeolite content of certain soils. At least an increase in the amount of
bases capable of ready replacement is shown.

The synthetic zeolite which has been formed from sodium aluminate
and sodium silicate in the experiments just described seemed to be sim-
ilar, in base-exchange properties at least, to the natural soil zeolites, if
not identical with them. In the titration of the mixture, sodium silicate
plus sodium aluminate, there was shown to be a complete solubility of
the precipitated zeolite at a reaction slightly below pH 4.0 (See Table
III) . If we started at the acid end and titrated with alkali, there was no
reaction where solubility was complete on the alkaline side. The solubility
of the zeolite at the acid end of the curve is in d'rect accordance with
published results regarding the properties of soil zeolites; namely, that
in all attempts to use the hydrogen ion of strongly ionized acid solutions
for displacement, there results a partial destruction, or solution, of the
zeolite molecule. On the other hand, we would hardly anticipate a de-
struction of the zeolite, at least the sodium zeolite, in the presence of an
excess of NaOH, for an excess of sodium ions would prevent the com-
plete hydrolysis of the sodium zeolite. Also, the excess of OH ions
should retard the hydrolysis of any of the basic zeolites as it is a com-
mon ion in all cases. Hence, the zeolites should be more stable in alkaline
solutions than in acid solutions. We have in zeolites the combination of
a weak acid, silicic acid, with a strong base. Therefore, such compounds
should hydrolyze to give alkaline reactions in aqueous solution unless the
hydrolytic process is retarded by some means.

In comparing the properties of synthetic zeolites and soil zeolites, let
us first discuss some of the experimental data obtained in our preliminary
study of the synthetic compounds. In Our first experiment we sought to
prdve that -the colloidal zeolite which was present in these soils was
formed i from the combination of compounds which were in true solu-
tion and that chemical combination is either a function of concentration
or reaction. Proof of this was sought-both in acid and in (alkaline -solu-
tions.
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A synthetic zeolite was prepared as follows: One part of sodium
aluminate, in N / 2 0 solution, was mixed in a large beaker with three
parts of sodium silicate, in N/20 solution, and dilute HC1 added from
a burette to bring the reaction to pH 6.0 to 6.5. In our titration exper-
iments, this was found t) be the point at which the precipitated colloid
was least soluble. The beaker with contents was allowed to stand for 3
hours when the whole had solidified to a gel. On transferring a portion
of this material to a filter, and washing it with a CaCl2 solution^ it was
shown to possess actively the property of base exchange. A portion of
this gel was dissolved in a slight excess of dilute HC1 and dialyzed
through a paralodion bag. The products of solution were completely
dialyzed, showing that the colloidal zeolite molecule had been split and
its components, in true solution as A1C13, H4S'O4 (or H2SiOs) and NaCl
had passed the semipermeable membrane. The solution in the beaker in
which the paralodion bag was suspended was also kept slightly acid In
order to maintain the same reaction inside and outside the bag and thus
prevent a precipitation of A1(OH)3 such as would have resulted had
distilled water been used. The dialyzed acid solution was then evaporated
on the water bath and, before it had reached a sufficient concentration to
form a gel, divided in two portions. One portion was brought to a re-
action of about pH 6 by the addition of NaOH solution, and evapora-
tion continued until it had formed a gel. The other portion was evap-
orated to a gel without partial neutralization and was very acid. A por-
tion of the first gel was placed on a filter, washed with a BaCl2 solution,
then with water until free from BaCl2 and then with NaCl solution. A
strong test for Ba was obtained in the NaCl leachings showing active re-
placement. It is thus apparent that we h-ad converted the colloidal zeolite
molecule into Us soluble comfonents in crystalloid form, passed these
through a semipertneable membrane, and brought the soluble comfonents
together again to re-jorrn a colloidal zeolite molecule. Base-replacement
properties characterized both the original and the final colloid. The sec-
ond, very acid gel did not show the base-exchange property.

We next leached 100 grams of soil with 500 cc. of 3-percent HC1,
and evaporated the leachings on the waterbath, to a small bulk. The ex-
tract was then brought to a reaction of pH 5 to 6 and evaporation con-
tinued until a gel state was reached. This was placed on a filter and
washed with CaCl9 solution to replace all other bases, washed free from
Ca and Cl with water, then treated with NaCl solution and the latter
leachings gave a strong test for Ca, indicating replacement. This was re-
peated by washing again with CaCl2 followed by distilled water and
then NaCl with the same results as noted above. The process was con-
tinued by using BaCl2 solution in place of CaCl2 and the replacement
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property was again demonstrated. It thus appears that there may be a
relationship between the zeolites of acid soils and the synthetic zeolites
formed in these experiments. Our titrations showed that, at reactions be-
low pH 5.0, the zeolite complex breaks down into its components of
which AICI3 was one. It is conceivable that this may be one source of
the aluminum ions found in many acid soils.

In the determination of replaceable bases in black alkali soils by
leaching with salt solutions the first filtrate to appear where moist soils are
used is merely a displaced soil solution and will have the characteristic
black color of dissolved organic matter. As the salt solution passes through
the soil column and reaches a sufficient concentration in the filtrate, there
will be a material reduction in alkalinity and a precipitate often forms
therein. This precipitate, if filtered on a filter paper, usually shows the
property of base replacement. It is nothing more nor less than a natural
zeolite which has been formed from the sodium aluminate and sodium
silicate formerly present in the soil solution which was displaced from
the alkaline soil by the salt solution. The formation of a zeolite was also
effected by leaching a neutral soil with NaOH solution and precipitat-
ing the zeolite from this solution by neutralizing to proper reaction.
There is thus a pronounced similarity between the synthetic zeolite and
the soil zeolite, both formed under alkaline conditions and from the
same compounds.

We have .already shown that the zeolite can be synthesized within the
soil when conditions are correct. The next step was to study the prop-
erties of the soil zeolite at alkaline and acid reactions. Five hundred
grams of black alkali soil, pH 10.2, were washed consecutively with 500
cc. portions of normal NaOH as follows: The soil was weighed into a
1-liter bottle, shaken for 1 hour and filtered through a porcelain filter-
candle under pressure. The soil was returned to the bottle and again
shaken with NaOH solution and filtered as above. This operation was
continued until the soil had been washed six times. It was then allowed
to dry in the air and replaceable bases were determined. The filtrates
were saved and analyzed for silica, aluminum, iron, and calcium. Three
samples of soil were obtained in this experiment: No. 1, the original soil
before washing with NaOH; No. 2, a portion of soil removed at the
end of the third washing with NaOHj and No. 33 the soil after six wash-

Soil No. 1 2 3
Replaceable Ca ~ 0-048 0.078 0.066
Replaceable Na (Ca equivalent) 204- .203 .225
Na2CO3 None -223 .315

Total replaceable bases .252 .281 .291
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ings with NaOH. Replaceable bases were determined on these three soil
samples, with the following results, expressed as percent of dry soil:

These results show no loss in base replacement even under this drastic
alkali-washing treatment. In fact, a slight gain is recorded. Special at-
tention is called to the fact that No. 3 soil was washed entirely free from
alkali-soluble organic matter yet had suffered no loss in its base-exchange
property.

The filtrates or washings from the foregoing soils were analyzed and the
results of these analyses are given in Table VII, expressed in percent of
drv soil:

TABLE VII- -ANALYSES OF PROGRESSIVE LEACHINGS FROM A BLACK
ALKALI SOIL.

Washing

First 500 cc.
Second 500 cc.
Third 500 cc
Fourth 500 cc.
Fifth 500 cc.
Sixth 500 cc.

Percent
SiO3

0 162
.131
.090
.154
.088
.075

Percent
A12O3

0011
.015
.008
.019
.009
.011

Percent
Fe2O3

0.024
.022
.013
.011
010

.008

Percent
CaO

Trace
Trace
Trace
Trace
Trace
Trace

The analyses shown in Table VII indicate a slight solubility and
washing-out of the zeolite in the N-NaOH solutions used; nevertheless, a
progressive increase in capacity for base replacement was shown as the
soil was washed progressively.

A similar experiment was conducted on an organic soil of pH 7.7
from Oregon, high in replaceable calcium, except that the soil was
washed but once with alkali. Five hundred grams of soil were placed
in a 1-liter bottle, 500 cc. of normal NaOH added, shaken in a shaking
machine for 2 hours and the whole filtered through a porcelain filter-
candle. The wet soil was then removed from the filter and dried in the
air. Replaceable bases were determined with the following results:

Replaceable Ca
Replaceable Mg and Na

(expressed as Ca equivalent)
Total replaceable bases

(expressed as Ca equivalent)

Before After
.0.198 percent 0.078 percent

.065 percent*

.263 percent

.251 percent

.329 percent

As in the previous experiment there has been no loss in total base-
replacement capacity although the Ca has been greatly reduced and its
place taken by the Na. The increase in total replaceable bases is due ob-
viously to the formation of "new" sodium zeolite and will be discussed
later. In this case also a large amount of organic matter has been removed

*AH Mg
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without loss in base-replacement capacity. The Ca was found to have
changed from zeolite to carbonate form upon drying.

This experiment was repeated by placing SO grams of University
Farm soil in a glass percolating tube and leaching with 500 cc. of N / 5
NaOH after it had been previously leached with N / 1 0 NaCl so as to
replace all of the bases with sodium. The original percentage of total
replaceable bases expressed as the Ca equivalent, was 0.24-2, while after
leaching with N /5 NaOH it was 0.300. Here again the soil was washed
practically free from organic matter. The slight increase in replaceable
bases which pers'sts in all of these experiments is due, doubtless, to the
precipitation of new zeolites from the soluble aluminates and silicates
dissolved by the NaOH from the soil mass during the leaching process.
The alkaline leachings were analyzed with the results shown below:

Silica (SiO2)
Lime (CaO)
Iron (FeaOa) - - -
Alumina (AI2O3)

Percent dry sou
. . . 1.89

31
35

_ .11

Fifty grams of the Oregon soil were next placed in a glass percolat-
ing tube and leached with N/10 NaOH. The replaceable bases in the
soil were then determined with the following results:

Soil after leaching-
Original soil with NaOH

Replaceable Ca 0.198 percent 0.044 percent
Replaceable Na plus Mg (as Ca equiv.) 0.053 percent* 0.316 percent

Total (expressed as Ca equiv.) 0.251 percent 0-360 percent

This soil is very high in organic matter and, in spite of the fact
that it was leached with N/10 NaOH until the percolate was free from
color, there was no loss in base-replacement capacity, in fact, a slight gain
is again recorded.

A natural zeolitic "water softener" was next studied. Three grams
of this zeolite, finely ground, were placed on a filter paper and leached
with N/10 CaCl2 until saturated with Ca. This was then washed free
from soluble Ca with water and then washed with 5,000 cc. of N/10
NaOH solution. Following this, it was leached with N / 5 NaCl and the
displaced Ca determined in the leachings. The original replaceable Ca
was 0.030 gram but after leaching the calcium zeolite with NaOH solu-
tion it was 0.008 gram Ca.

In another experiment with the same material, after convertng it
entirely into sodium zeolite, a portion was leached with N /S NaOH and
another portion with 1 percent HC1. Replaceable sodium was determined

•All Mg
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before and after leaching with the above noted solutions. In the former
there was no loss of sodium zeolite while in the sample leached with 1
percent HC1 the replacement property was destroyed.

Thus it appears evident that, where soils or artificial zeolites have
been treated with NaOH solutions, there has been a partial replacement
of Ca by Na in the zeolite molecule. Sodium hydroxide has a low en-
ergy of replacement, but by using a large volume of the solution, and by
continually removing the products of the reaction, an appreciable re-
placement results. Furthermore, if a soil treated with an alkali is allowed
to dry, the replaced calcium, in large part, will be present as CaCCX.
This is especially noticeable in a calcium-saturated soil.

We believe that the results which we have presented indicate that
soil zeolites (the basic hydra ted aluminum silicates with base-exchange
properties) are definite chemical compounds also that the zeolite com-
plex may be formed by the combination of its soluble constituents pres-
ent in both strongly acid and in strongly alkaline soils. We consider such
formation of zeolites to be a possible source of these compounds within
soils although it is not our contention that it is the only source. A num-
ber of investigators have discussed the possible origin of soil zeolites,
but so far as we have been able to ascertain, no one has suggested the
combination of crystalloidal compounds soluble in either acid or alkaline
soil solutions, under definite conditions of reaction or concentration, as
being a possible source of these substances.

Gedroiz (8) distinguishes between what he terms the "old zeolites"
and the "new zeolites." The former result from a pulverization of the
solid particles of the mother rock to particles of colloidal size. The latter,
or "new zeolite," he says is formed as follows: "During the processes of
chemical decomposition there are formed such substances as silicic acid
and iron and aluminum hydroxides which give in the soil a dispersed
system. Such colloidally dispersed substances on coming in contact with
one another and with electrolytic products of weathering will flocculate
one another, giving rise to mineral absorption complexes." Regarding
these complexes, he says. "The particles of colloidal silicic acid carry-
ing a negative charge and the particles of aluminum hydroxide carrying
a positive charge may unite with, one another. At the point of contact
between the surface molecules of the particles of silicic acid with those
of the particles of aluminum hydroxide a chemical reaction takes place
with the formation of definite chemical compounds. The greater the
degree of dispersion the greater the proportion taking place in the re-
action. * * * TJier&fpre, independently of the, purely chemical reaction
between, the molecules of SiO2 and Al2Qa , ,at the point of contact; of *!>e
colloidal particles of these substances we will generally have not a chern-
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ical compound but an adsorption compound. The connection indicated
above between colloidal substances giving complicated complexes as a
result of mutual rlocculation, explains the fact that the newly formed,
mineral-absorbing complex m the soil, the secondary zeolitic part of the
soil, decomposes easily even under the reaction of very weak reagents
and water into its constituent parts. In this respect, these secondary
formations are sharply distinguished from the primary absorbing com-
plex, which is a final result of colloidal subdivision of the alumino sili-
cate substances." It thus appears that Gedroiz does not believe that a
stable soil zeolite can be formed by quick reaction between substances in
true solution (7). He points out also that it is not necessary to assume
that the reacting substances are in true solution but that if the solid phase
is sufficiently finely divided, these will react with one another at the
contact surfaces. He further states that there is no preliminary solu-
tion of the solid phases in these reactions and also that he has no direct
proof of the formation of "new zeolites," but that some results had led him
to believe that this process of formation occasionally takes place.

Way (17), Ramann and Spengel (15), Gunther-Schulze (9), and
others have long believed in the chemical nature of exchange reactions
within soils. Gans (4-) also published the same general conclusions although
both Wiegner (18) and Gedroiz, in view of the fact that Gans worked
largely on synthetic zeolites, questioned the interpretations which he put
upon his experiments. The later investigations of Kelley and his co-
workers (12) and of Fisher (3) have further tended to prove the true
chemical nature of base-exchange reactions as they occur in soils.

Previous to the work of Gedroiz, Hissink, Kelley, and others, Hil-
gard's theory of black alkali formation in soils was almost universally
accepted. According to this theory, sodium carbonate is formed by the
interaction between either sodium sulphate or sodium chloride and cal-
cium carbonate. The formation of sodium carbonate by such reactions
in soils has been demonstrated experimentally by Breazeale ( I ) . It
also has been demonstrated recently in our laboratory. At the present
time Hilgard's theory has been discarded by many investigators, and in
its stead the hydrolysis of sodium zeolites is invoked as the source of black
alkali in arid soils.

While many investigators, including ourselves, have definitely proved
that sodium zeolites will be formed by replacement reactions where an
excess of neutral sodium salts is present in the soil solution, and that,
upon the hydrolysis of the sodium zeolite thus formed, a so-called black
alkali soil will result, the data reported above suggest that, in part at
least, we may have been putting the "cart before thd horse," as it were.
We have shown that the presence of sodium hydroxide within soil solu-
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tions will d;ssolve soil aluminum and soil silica and that these, under
certain conditions, will unite to form colloidal zeolites with base-replace-
ment properties.

There are two definite sources from which hydroxyl ions may arise
naturally during soil formation. In many soil minerals, especially basalts,
we have the combination of a weak acid (silicic) and strong bases (Na
or "K) which will hydrolyze slowly during weathering processes where
water is present, with the formation of hydroxyl ions. Secondly, there
is the reaction between sodium salts and calcium carbonate already men-
tioned. May we not, therefore, consider hydroxyl ions, either from hy-
drolyzed basic silicates or from sodium carbonate as being instrumental
in the formation of sodium zeolites within soils? It is well known that
sodium carbonate when added to a normal, arable soil containing calcium
zeolites, disappears in large part, and if the soil be neutral, that calcium
carbonate appears as one of the products of the reaction. Gedroiz men-
tions this fact (7) . We have shown that, upon addition of sodium hy-
droxide (and sodium carbonate will partly hydrolyze in aqueous solu-
tion giving the hydroxide), the calcium zeolite will be changed to sodium
zeolite and calcium carbonate. On this basis it is evident that the aoldJ>

soil zeolites may also become sodium-saturated from sodium carbonate
which has been formed in the reaction between sodium salts and calcium
carbonate. Unpublished data from our laboratory show that continuous
washing with distilled water not only hvdrolyzes and dissolves appreciable
quantities of a pure sodium zeolite, but also alters the chemical compo-
sition of the washed zeolite remaining behind, the percentage of soda
becoming progressively less and that of both silica and alumina increas-
ing. The calcium zeolite also loses the base more rapidly upon prolonged
washing, although the process is much slower. This indicates that, in
soils where water partially saturated with CO2 is often present, a gradual
disruption and loss of zeolite is to be expected, and as this may be a rela-
tively rapid process, active recuperative measures should be considered
whereby zeolites may be restored to soils.

Brifly summarizing, it appears possible for the "old" soil zeolites to
become sodium-saturated by reactions with sodium hydroxide as well as
by contact with neutral sodium salts. It has also been shown possible for
a "new" zeolite to be formed within soils from its soluble constituents
which previously have been dissolved from the soil minerals by high
hydroxyl-ion concentrations. Possible sources of such high alkalinities
are discussed. It should bt reiterated that in presenting the foregoing
discussion and data, the possibility of the formation of sodium-saturated
zeolites by leaching soils with neutral sodium salts has not been over-
looked; nor have we failed to consider the high alkalinities developed in
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certain soils by the hydrolysis of these compounds, although we feel thai
possibly this latter reaction recently may have been given too broad and
too general an application without sufficient thought having been given tc
poss'ble means of replacing the alkali zeolites lost from soils by such
h\ drolysis.

STUDIES OF SYNTHETIC ZEOLITES

Previous work by the authors (13) has shown that black alkali soils
usually carry sodium silicate and sodium aluminate dissolved in their
soil solutions. The preceding section of this present bulletin has demon-
strated that these two compounds will unite chemically under proper
conditions of reaction and concentration, to form a jelly-like, zeolitic
substance possessed of active base-replacement properties, either within
soils or in test tubes. The next logical step appeared to be to synthesize
this zeolite, study its properties, and, if possible, determine its composi-
tion and structure.

A perusal of the literature will show that a large amount of work
has already been done in synthesizing zeolites or permutites, for the arti-
ficial "softening" of industrial waters. Three general methods for the
manufacture of these compounds have been used: First, the wiet method,
in which sodium silicate and sodium aluminate alone or with other sub-
stances, as acids or sodium sulphate, have been caused to react in aqueous
solutions; second, fusion methods using silica, aluminum hydroxide or
sodium aluminate, and basic oxides, or using kaolin and sodium carbon-
ate; third, the grinding, drying, and granulating of naturally occurring
zeolites.

In commencing our work with artificial zeolites it seemed fair to as-
sume, as a working hypothesis, that we were working with definite chem-
ical compounds capable of ionization and true chemical reactivity, and
this assumption, we think, we will show to have been entirely tenable. In
writing the simplest reactions between sodium aluminate and sodium sili-
cate, four equations, differing only in the ratio of aluminum to silicon,
are pobs ble, yet maintaining a balanced equation. These are as follows:

[SiO4Na3

(1) NaAl(OH)4+3Na4SiO4*±Al — \ SiO4Na.,+4NaOH
S i '

(2) 2NaAl(0H)4+3Na4Si04**Al —

(3) 3NaAl(OH)4+3Na48iO4£±Al—

4 j

SiO4Na3

N
4 3

SiO4Na3+8Na0H
SiOAl

4

SiO4Al

4

SiO4Al

' (Mephelite)
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fSiO4Al
(4) 4NaAl(OH) 4+3Na 4Si0 4?±Al — i SiO4Al+16NaOH

[SiO4Al

It is immaterial whether we consider the silicate molecule to be a
salt of ortho-silicic acid, Si(OH)4 , or the meta-silicic acid, O = Si(OH)2 ,
the reactions in aqueous solution should be the same. The formulae for
the possible compounds which might be formed in the foregoing reac-
tions are identical with those given by F. W. Clarke (2) for the simplest
possible zeolites,* which would lend added proof to the true chemical
nature of soil zeolites and to the synthetic compounds which we have
obtained in our experiments, could they be shown to be identical with
these simple substances or, if more complex, to be derived from them by
substitution reactions.

The first zeolite to be prepared in any quantity was made from com-
mercial sodium aluminate and "water glass," both products carrying con-
siderable quantities of sodium carbonate. An excess of the aluminate
was used. The sodium zeolite gel which formed immediately upon
mixing two fairly concentrated solutions of these materials was washed
several times in distilled water by decantation and finally on a large
Buchner funnel with the aid of suction. It was then shaken several times
with an excess of normal calcium chloride solution to convert it into the
calcium zeolite which could be washed without excessive hydrolysis, and
finally freed from chlorides and from all but traces of water-soluble cal-
cium. The material was then air-dried and ground to pass an 80-mesh
sieve. The calcium zeolite thus prepared was a white powder showing
a slightly greenish tint, and was possessed of extremely active base-re-
placement properties. When dried to constant weight at 100° C. it
lost 7.5 percent of its original weight Between 100° and 140° C. it
lost about 1 percent; from 140° to 300° C. it lost an additional 18 per-
cent, and from 300° to dull red heat, approximately 1 percent more.
The total loss on heating the air-dry material was found to be 27.6 per-
cent.

The zeolite was then analyzed by the fusion and by the strong-acid
digestion methods, both giving practically identical results. These data
appear in Table VIII under the heading "Calcium zeolite No. 1."

The zeolite, nephelite (2), is theoretically formed when three mols
of sodium aluminate unite with three mols of sodium silicate, as shown
in equation 3 on page 384. The theoretical composition of this material
appears in Table VIII. It should be readily possible to substitute com-
pletely Ca for Na, thus forming a Ca derivative of this zeolite. The

*Nephelite (formed in reaction 3) is the only natural zeolite known to exist in
this series.
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theoretical percentage-composition of such a "Ca Nephelite" also is given
in Table VIII. By comparing this with the analysis of our "Ca zeolite
No. 1," the latter is shown to be too high in silica and slightly low in
lime, although it approaches the uCa Nephelite" much more closely than
it does any of the other calcium derivatives which might have been
formed by replacement reactions with the sodium compounds derived
from the other reactions shown on page 384.

TABLE VIII.—COMPOSITION OF ARTIFICIAL ZEOLITES.

Material
Nephelite
"Ca Nephelite"
Natrolite
Scolecite (Ca Wellsite)
Ca zeolite No 1 -
Ca zeolite No, 2
Ca zeolite No. 3
Ca zeolite No. 4
Ca zeolite No 5
Ca zeolite No. 6
Acid zeolite No. 1
Acid zeolite No. 2
•\cid zeolite No. 3

Percent of water-free material
SiOj AlsOj • CaO Na2O Total
42.3

| 43.5
| 52.4
I 53.4

46.5
53.4
52.0
47.9
48-0
50.1
79.3
78.2
78.1

35.9 1 21.3 [
36.5 | 20.0
29-6
304
35.0
29-6
31.0
32.7
34.0
32.9
16.2
17.2
17.7

18.0
16.5 1

15.7 | 0.5
16.1 0.4
17.0 | 0.3
16-6
16,1
3.5
3.9
4-0

0.4
0.2
0.
0.
0. |

99.3
99.2
99.5
98-9
99.1
99-3
99.0
99.3
99.8

Chemically pure sodium silicate and sodium aluminate* were next
procured and analyzed for their respective SiO4> and A12O3 contents, and
a new series of calcium zeolites made up. The amount of sodium silicate
was kept constant at three mols and the sodium aluminate added at the
rate of one, two, three, and four mols, in an endeavor to synthesize the
four theoretically possible aluminum silicates shown in the reactions above
given. The materials were each dissolved separately in carbon-dioxide-
free distilled water and, where possible, poured back and forth several
times to insure complete mixing. The first precipitated rather slowly,
forming a thin, creamy liquid. The second precipitated much more quickly
and was less fluid. The third congealed quickly and was but slightly fluid.
The fourth instantly congealed upon mixing, to form a firm gel. The
four sodium zeolites were filtered, washed free from sodium carbonate
invariably present as an impurity in sodium1 aluminate, and converted into
the calcium zeolites by shaking several times with a large excess of normal
CaCl2 solution. The calcium zeolites were finally washed free from

*It is impossible to purchase sodium aluminate free from sodium carbonate, We
found it best to make the latter fn?m pure alumina cream and carbon-dioxide-free
sodium hydroxide. As the synthetic sodium zeolites are washed free from soluble
carbonates with extreme difficulty, it is wise to exclude these materials from the re-
agents wherever possible.
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chlorides and water-soluble calcium, dried, and ground to pass a 100-mesh
sieve. The analyses of this series also appear in Table VIII as zeolites
Nos. 2, 3, 4, and 5. The filtrates from the Na zeolites were analyzed
both for aluminum and silicon. Small amounts only of the former w êre
found, but the excess of soluble silica over that present in the synthesized
zeolites was recovered in each case. These compounds were also ana-
lyzed for sodium. Less than one-half of 1 percent was found, showing
that the calcium replacement had been very nearly complete.

From the analyses of these zeolites, two things appear evident: First,
irrespective of the initial proportions or amounts of the reacting ingre-
dients, zeolites of very similar chemical composition are formed in each
case; second, the composition of the zeolite does not coincide with any
of the four possible compounds formed in the reactions shown on page
384. The proportion of aluminum to silicon is approximately 2 to 3, as
is the case in equation 2, but the percentage-composition is at variance.
Furthermore, no natural or artificial zeolite has been reported, so far
as the writers have been able to find, which corresponds to the formula
given in equation 2. Another set of four zeolites, the same as above, was
synthesized, making somewhat larger amounts and slightly improving the
technique. The analyses of these zeolites showed them to be practically
identical in composition w :th the first set, so that the figures need not
be given. The water lost at 100° C. was variable in amount and was
probably hygroscopic in nature. That lost from 100° C. to dull red
heat was fairly constant in all cases, and amounted to about seven mole-
cules. This is doubtless constitutional water, although "the present weight
of evidence goes to show that zeolitic water is extraneous to the silicate
molecule" (2). With the proportion of aluminum to silicon established
as approximately 2 to 3, We then made up about 500 grams of this zeo-
lite for future study, using theoretical amounts of the constituents. An
analysis of his large lot also appears in Table VIII under the heading
ccCa zeolite No. 6 / ' *

A compar'son of the composition of many of the naturally occurring
zeolites with the one which we have synthesized showed ours to be ap-
parently a calcium Wellsite or Scolecite (2), which may be formed from
natrolite by treating this zeolite with a soluble calcium salt. Natrolite

*In making up this zeolite it has been found best always to have a slight excess
of the soluble silicate present* Where the aluminate is present in excess, there is a
tendency for the zeolite to adsorb the aluminum in considerable quantities, and,
whether adsorbed or precipitated as the hydroxide -when the OH-ion concentration
is reduced by washing, the excess aluminum is exceedingly hard to wash out. If n,ot
thoroughly washed, the zeolite invariably runs high in alumina and correspondingly
low in silica.
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appears to be directly synthesized from sodium aluminate and sodium
silicate in the following reaction:

f(SiO4Na2)2Al2Si3O8

4NaAl(OH)4+6Na4SiO4+4H2O=Al <j +24NaOH
[ SiO4Al

While several of our synthesized calcium zeolites reported in Table
VIII vary somewhat from the theoretical composition of scolecite, they
approach it too closely to suggest another compound as being the more
probable.* Furthermore they give the typical quantitative replacement
reactions which would be expected from the indicated composition.

The amount of water of constitution in the naturally occurring scole-
cite is given as six molecules. Our analyses show from seven to eight,
but it is possible that this may vary slightly in the artificially prepared
compound although one molecule of water for each atom of silicon ap-
pears to be the rule in most of the formulae of zeolites as given by
Clarke (2). Due to the low molecular weight of water, small errors in
its determination are exaggerated in computation, often causing consid-
erable irregularity in the final results secured.

It is of interest to note Clarke's statement to the effect that natro-
lite often occurs as an alteration product of nephelite in nature, and that
Doelterf has produced by artificial means natrolite from nephelite by
substitution reactions. A glance at Table VIII shows that the analysis of
our "Ca zeolite No. 1," which was made of crude materials, falls be-
tween that of "Ca nephelite" and scolecite ("Ca natrolite"). It is thus
possible that we may have here a mixture of these two calcium zeolites.

A large number of base-replacement determinations were made on
all of the artificial calcium zeolites shown in Table VIII, using different
concentrations (from N/10 to N) of BaCl2 and MgCl2 solutions Three
methods were tried: (1) Shaking a known weight of the zeolite with the
replacing solution for a short time, filtering, and determining the cal-
cium in the filtrate; (2) leaching a known weight? of the zeolite placed
on a filter paper with the replacing solution and determining the calcium
in the filtrate; (3) a combination of (1) and (2) . Similar rebults were
usually obtained by all methods although the last is preferable. From
75 to 100 percent of the total calcium, depending upon conditions, was
found to be quickly replaceable at room temperatures using the last

*It may be said at this point that Dr. Magistad in our laboratories is still further
improving- our synthetic technique, and has shown by very closely agreeing- analyses
that the Na zeolite first formed is Natrolite, that its Ca derivative is Scolecite, Its
Ba derivative is Edingtonite, and other derivatives, including acid zeolites, are at
present being synthesized and studied.

tNeues Jahrb. I (1890). p. 134.
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method. When half-gram portions of the calcium zeolites, together with
50 cc. of N-BaCl2 solution, were sealed up in pyrex glasb tubes and sub-
jected to temperatures of 250° to 300° C. in a bomb furnace for peri-
ods in excess of 4 hours, practically complete replacement resulted.
Where sodium zeolite was shaken at room temperatures with CaCL or
BaCl2 solution, the replacement of sodium by calcium or barium was com-
plete. No attempts were made to use tri-valent bases in our replacement
studies, for, due to acid hydrolysis of the soluble tri-basic salts, probably no
true replacement results unless by hydrogen ions. Both Hissink (10) and
Gedro'Z (5) state that iron and aluminum are never found in ex-
changeable forms, as are the other zeolitic soil bases of lower valence.
Stud;es on the energies of replacement of the different bases is now
in progress in our laboratories and will form the basis of a separate pub-
lication.

It is often stated that the base exchange property of zeolites is de-
stroyed by heating sufficiently to deprive them of their water of consti-
tution or hydration. Exactly 1 gram each of calcium zeolites Nos. 2, 3,
4, and 5 were placed in platinum dishes and heated to dull redness for
1 hour in a muffle furnace. This treatment freed them completely of
water. The zeolites were then washed free of water-soluble calcium,
and base-exchange determinations made, using N-BaCl9 as the replacing
agent. From 6 to 10 percent of the original calcium was still found to
be in a readily replaceable form. This would indicate that the base-ex-
change phenomenon is a true chemical reaction and not a colloidal ab-
sorption, for, at the temperature here employed, all colloids would have
been rendered inactive. Also it appears that zeolitic water Is not a con-
stituent of the silicate molecule. If heated to a bright red heat the cal-
cium zeolite fuses, after which no replacement is possible. The sodium
zeolite fuses at much lower temperatures, hence dull red heat is usually
sufficient to render it inactive.

Two soils were studied briefly; one a calcareous Arizona soil of pH
8.6; the second, a Kentucky soil of pH 6.2. A portion of each was
leached with N-CaCl2 until all zeolites had been converted into the cal-
cium salt, and another portion of each was leached with N-NaCl until
these had been changed to sodium zeolite soils. After drying and sifting,
all were subjected to dull red heat in a muffle furance for 1 hour, when
base-replacement determinations were made. None of the soils showed
this property to have been retained. No explanation is offered as to why
the calcium zeolite soils should not have retained a part of their base-
exchange capacities, although many factors are operative in soils and many
substances, as hydrated minerals and organic matter, are present which
are absent wfcen pure materials are used.
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Several attempts were made at different times to synthesize a zeolite
under acid conditions. Only two of the experiments will be considered.
In the first, 9 grams of sodium silicate (Na2SiO39H2O) were dis-
solved in 500 cc. of water and carefully neutralized to pH 6 with dil.
hydrochloric acid. Six grams of aluminum chloride were dissolved in
another 500 cc, portion of water and neutralized with a small amount
of NaOH solution until a slight, peramanent precipitate was noted. This
solution was filtered and the two solutions poured together. A slight
precipitate at once formed which apparently increased somewhat upon
standing. The reaction of the mixture was pH 3.8. At the expiration of 2
days, the clear, supernatant liquid was poured off and the precipitate fil-
tered and washed. After transforming it into the calcium zeolite, it was
air-dried and ground, and found to be active in base-exchange reactions.
The analysis of this zeolite apears in Table VIII, entitled <cAcid zeolite
No. 1." All of the calcium was found to be readily replaceable.

The second experiment was performed in our laboratories some
months later by Dr. Magistad, using aluminum sulphate and sodium sili-
cate. Two acid zeolites were synthesized. In the first, 13 grams of so-
dium silicate and 3 5 grams of aluminum sulphate were used; and in the
second, 15 grams of sodium silicate and 25 grams of aluminum sulphate.
The salts were dissolved separately and the silicate solutions poured into
the acid sulphate solutions in both cases, so that an acid reaction was
maintained at all times. The pH of both zeolite suspensions was about
3.6 after mixing. The zeolites were filtered, washed practically free
from sulphates, dried, and ground. They were then analyzed, with the
following results:

Acid Zeolite No. 2—80.1% SiO2; 17.6% A12O3; 1.8% Na2O
Acid Zeolite No. 3—79.1% SiO2; 18.0% A1268 ; 1.5% N2O
One gram of each was now shaken with 100 cc. of N-BaCl2 solu-

tion, allowed to stand overnight, and an aliquot of the clear, supernatant
liquid titrated with standard NaOH, using phenolphthalein as the in-
dicator. The results show the amounts of replaceable hydrogen in the
zeolites to have been 0-08 percent for acid zeolite No. 2, and 0.09 per-
cent for acid zeolite No. 3.

The remainder of these zeolites was then converted into the calcium
salts by treating with N-CaCl2 solution, after which they were washed
free from Ca and Cl and again dried and ground. The analyses of these
calcium derivatives appear in Table VIII as Acid zeolites Nos. 2 and 3.
Thus far, our attempts to find a description of a naturally occurring zeo-
lite of this composition in the literature have been futile. Ptilolite, as
described by Dana in his "System of Mineralogy/' 6th edition, page 572,
approximates it. He represents this mineral as carrying 5 molecules of
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HOO which also closely corresponds with the amount of water lo&t by
our compound between 100° C. and dull red heat.

It is interesting to note the similarity of composition of the three
acid zeolites, synthesized at different times and from different materials.
It is also apparent that the acid zeolites carry only about one-fourth as
much replaceable base as do the compounds synthesized in alkaline solu-
tions.

The work on artificial zeolites here presented is in the nature of a
preliminary report. These compounds are at the present time receiving
further attention in our laboratories and soon will form the basis of an-
other contribution. But, from the data already secured, we feel that zeo-
lites are true chemical compounds, that they have a definite solubility,
and are capable of ionization and true chemical reactivity. We consider
base-exchange reactions in soils come under the head of double decompo-
sitions rather than physical adsorptions.
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III. THE BASE-EXCHANGE CAPACITY OF
SOIL ORGANIC MATTER

Judging from the work of Gedroiz (6), Page (14-), Robinson and
Williams (16) and others, it seems to be a general opinion among in-
vestigators of base-replacement phenomena in soilt, that the so-called
humates or organic matter, as well as the zeolites, possess i considerable
capacity for base exchange. This property of humates appears to have
been accepted without contest in spite of lack of direct experimental
proof, and apparently is based largely upon an assumption that the humate
complex is so little understood that almost anything may be assumed re-
garding its many properties.

The following quotation from the work of Gedroiz (6) on the base-
exchange property of humates is of interest. He states:

"It is known that on treating a soil with Na2CO t i the so-
dium of this salt is exchanged by the Ca of the soil; a part of
the sodium enters into the zeolite part of the soil and a part
into the organic. That this actually takes place is shown by the
fact that the solubility of the humus, after treating the soil
with Na2CO3, considerably increases after the removal from
the soil of the NaoCO., with which the soil has been treated.
We have had occasion to show and to prove that the part of
Na2CO3 in this process of increasing the solubility of organic
substances is only indirect. It is merely a question of the Na
ion, and any other sodium salt could be used:
Calcium humate + 2NaCl = Sodium humate + CaCl2."

In attempting to demonstrate the replacement property of humates,.
Gedroiz destroyed the soil organic matter by heating, but found that this
destroyed all replacement. Following this he treated the soil with 10
percent hydrogen peroxide and warmed to 30° to 40° C. to rid it of
organic matter. The original replaceable Ca was 0.810 percent, but after
treatment with hydrogen peroxide, it was reduced to 0.056 percent. He
recognizes that the above experiments are not conclusive. Base-replace-
ment studies were also conducted on clays freed from organic matter and
from this it is concluded that there is no difference between the min-
eral portion of the soil, sufficiently finely divided, and the humus frac-
tion in their abilities to exchange their cations, the differences being
quantitative only. In the papers of Gedroiz which we have thus far
been privileged to read, no direct proof that humates possess the true base-
replacement property has been offered.

As mentioned above, in our experiments where certain soils were
treated with NaOH solutions, the replacement capacity of the soil was
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in no way decreased by the entire removal of the alkali-soluble organic
matter. This led us to believe that the so-called humates might not pos-
sess a true replacement property, but that the apparent insolubility of
humus in the presence of salts of di-valent bases might be merely a "salt-
ing out" effect. A number of soil extracts were made from a black alkali
soil from the Salt River Valley as follows: No. 1. One hundred grams of
soil were shaken with 500 cc. of distilled w âter in which 10 grams of
NaOH had been dissolved, and the solution filtered through a porcelain
filter-candle under pressure. No. 2. One hundred grams of soil were
shaken with 500 cc. of distilled water in a glass-stoppered graduated
cylinder and allowed to settle 1 week. The white-alkali-salt content of
this soil was sufficiently great to cause the soil to settle, leaving only traces
of clay suspended in the black, supernatant liquid. This supernatant
liquid was removed with a syphon. No. 3. One hundred grams of soil
were shaken with 500 cc. of distilled water and filtered through a
porcelain filter-candle under pressure. No. 4-. Five hundred cc. of a
1 to 5 water extract of this soil after filtration through a porcelain filter-
candle, were acidified with HC1 to precipitate the organic matter, which
was filtered and washed free from acid w,ith distilled water, and the
organic matter redissolved in dilute NaOH solution and made up to
original volume with distilled water.

To each of the above solutions an excess of dilute CaQU solution
(sufficient to precipitate completely the organic matter) was added and
each shaken. Two aliquots from each of these suspensions, representing ap-
proximately 75 cc. of the 1 to 5 soil extracts, were then poured into
15 cm. paper filters. One set was washed with N/10 NaCl and the other
with distilled water until the organic matter was as free as possible from
Ca. It was found to be impossible to accomplish this completely in No.
1 and No. 2 even after washing continuously for 3 weeks, during which
time over 2500 cc. in each case had come through. The NaCl solution
was no more effective than was the distilled water in washing out the (re-
placed?) absorbed Ca. In No. 3 and No. 4 the organic matter was washed
free from Ca with 1 liter of either distilled water or N/10 NaCl. This
shows the high degree of base adsorption which the precipitated organic
matter possessed for the calcium used in its precipitation or "salting out."
Following the above operations, the remaining adsorbed Ca was deter-
mined as follows:

In the NaCl solutions. The organic precipitates which were washed with
N/10 NaCl were leached with1 250 cc. of N /10 CaCl2, the Ca deter-
mined in the leachings and compared with the original Ca content of
the solution. The difference represented the Ca removed from the so-
lution by the organic matter either by absorption or by replacement. The
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results of these analyses are expressed as milligrams of Ca removed by
the organic matter, as follows:

No. 1 2 3 4
Milligrams Ca 1.4 2.3 None None

In the distilled water. The organic precipitates which were washed with
distilled water were leached with N /10 BaCl2 and the Ca determined
in the leachings." These results showed that some Ca was retained by the
organic matter after washing with 2500 cc. of distilled water, in all cases
except in No. 4. The results are as follows:

No. 1 2 3 4
Milligrams Ca 1.2 3-3 3.7 None

We have already shown that silicates and aluminates are soluble in the
water extracts of black alkali soils and that these compounds, under certain
conditions, will combine to form compounds of zeolitic nature with base-
replacement properties. Consideration of this fact was taken into account
in planning the foregoing experiment in which the organic matter was
prepared by four different methods. In No. 1, the alkali extract was free
from colloidal substances (no Tyndall effect), but we might expect a small
amount of calcium zeolite to have been formed during the precipitation of
the organic matter with CaCl2 solution from the extremely alkaline soil sus-
pension. This precipitate might, therefore, be expected to show a slight
capacity for base replacement, which it did. In No. 2, the soil extract
from which the organic matter was precipitated contained not only traces
of sodium aluminate and sodium silicate in solution, but also small amounts
of clay in suspension. This clay should be coagulated with the organic
matter upon addition of CaCl2, and we should thus expect this organic
precipitate to show slight base replacement properties, which it did. In
No. 3, there should be small amounts of sodium aluminate and sodium
silicate present, but less than in No. I and we might anticipate a slight
base-replacement capacity in this organic precipitate. Where the pre-
cipitate was washed with N/10 NaCl this result was negative, but where
washed with distilled water a slight positive base-replacement capacity
was shown. In No. 4 soil extract, we precipitated the organic matter with
HC1 first, in order to separate the dissolved organic matter from the
sodium aluminate and sodium silicate, which would be soluble in the
acid and removed subsequently by washing. This acid-precipitated organic
matter, on redissolving in NaOH and then precipitating with CaCl2,
should show no base-exchange capacity unless the so-called "calcium hu-
mate" itself possessed this property. Our analyses showed no base re-
placement whatever for organic matter alone, as prepared in No. 4.

From this work we are strongly of the opinion that the so-called or-
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ganic humates have no capacity for base replacement other than a variable
physical adsorption.

We have repeated the Gedroiz experiment in which the soil organic
matter was destroyed with hydrogen peroxide and in which he obtained
a notable reduction in calcium zeolite. It is of interest that, in this ex-
periment, he obtained copious amounts of aluminum in solution. We
treated 10 grams of a highly organic soil of pH 7.7, with 50 cc. of a
3-percent solution of hydrogen peroxide and found that the alkalinity of
the soil was increased to pH 10. From this, it is probable that Gedroiz
greatly increased the alkalinity of his soil, which might account for the
large amount of aluminum dissolved. We have also found that, where a
soil high in calcium zeolite is treated with an excess of a soluble alkali
hydroxide, a notable change of calcium zeolite into other zeolites re-
sults. This possibly would account for the reduction in calcium zeolite
noted.

We believe our results show that the absorption of di-valent bases by
soil humus is largely a physical phenomenon and that the precipitation of
organic matter from an alkaline soil extract by means of neutral salts
is chiefly a "salting out" process. As bearing on the above, it may be of
interest to describe the following experiment which was conducted on a
highly colored, alkaline soil extract. Five cc. portions of this extract
were poured into beakers containing normal solutions of the following
salts: Na2CO3, NaHCO3 , NaCl, CaCl2, and BaCl2. All showed a pre-
cipitation of organic matter, least in the Na2CO3 solution and increas-
ing in the order given. The CaCl2 and BaCl2 precipitated entirely the
organic matter leaving clear, colorless, supernatant liquids. With the
sodium salts, the precipitation was only partial as shown by a yellow
color still persisting in the supernatant liquid. These results apparently
show a "salting out" effect of the basic and neutral salts. Upon testing, the
precipitation showed base adsorption but no definite base-replacement prop-
erties.

A recent study of the absorptive capacity of humic acid by Kawamura
(11) is pertinent to this discussion. He writes: "The term humus seems
to be generally employed to designate the whole of the black substance
which is regarded as an intermediate decomposition product of organic
matter in the soil. Van Bemmelen and later Baumman and Gully showed
humus to be a colloidal complex. It may, however, be regarded simply
as a mixture of numerous organic compounds as was thought by older
chemists. Many attempts have been made to fractionate humus into con-
stituents of different compounds among which attempts we should cite
Schreiner and Shorey's investigations as a splendid piece of work. They
succeeded in isolating over 30 compounds from humus. However, the
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yields of these compounds were very small as compared with the total
amount of humus submitted for the separation. And furthermore, no
black colloidal substance was isolated." It is unfortunate that Kawamura
confined his studies to artificial humus prepared from sugar. With this
substance he obtained evidence from absorption-isotherm curves which
led him to conclude that humic acid would form definite chemical com-
pounds (humates) with bases (he used hydroxides). These basic hu-
mates then acted as absorption compounds, showing a strong absorption
for the bases above that necessary for what he termed "chemical com-
bination." He found sodium humate to be markedly soluble, while bar-
ium and calcium humates were relatively insoluble.

From the data here presented and discussed (and from other data
not included in this bulletin), we do not consider that soil humates pos-
sess the ability to take part in true base-exchange reactions, but that they
are able markedly to physically adsorb solutes to their surfaces. If a cal-
cium humate is prepared by precipitating the organic matter from an
alkaline soil extract by the addition of calcium chloride, a small amount
of calcium zeolite may be formed from the soluble aluminate and sili-
cate dissolved from the soil and present in solution. This zeolite will
impart then to the precipitated organic matter a slight base-replacement
capacity. Where purified, di-basic humates are used, no rapid replace-
ment by the bases of other salt solutions is shown although a slow leaching-
out of adsorbed material is noted.

SUMMARY

1. Sodium silicate, sodium aluminate, and combinations of the two,
have been titrated against acids and an acid salt, and a study of the re-
sulting precipitates made. The effect of sodium silicate, sodium alum-
inate, and combinations of the two, upon the isoelectric point of clay
suspensions has also been studied, using H2SO4 as the coagulant, and
the strong protective actions of these substances, when precipitated, noted.

2. A series of capillary experiments was carried out, using both
acid and alkaline soils and employing acid and alkaline solutions of silicon
and aluminum compounds, and mixtures. The acid solutions were pre-
sented to the alkaline soils, and vice versa. The results indicate that
soil permeability is hindered very little by simple silicates, but almost
completely retarded by aluminum hydroxide or by the hydrated alum-
inum silicate gels (zeolites) when these substances are precipited within
the soils.

3. It has been shown in a previous bulletin (13) that sodium sili-
cate and sodium aluminate both usually are present in the soil solution
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of strongly alkaline soils. It is found that these two compounds unite
under certain conditions, to form a basic hydrated aluminum silicate
(zeolite) possessed of active base-exchange properties. When solutions of
these substances are added to soils and the latter air-dried, their base-
exchange capacities are greatly augmented. This is the case, to a lesser
degree, when certain soils are treated with NaOH solutions. A colloidal
zeolite with base-exchange properties was also formed under acid con-
ditions. It is suggested that such reactions may be considered as playing
an important part in the natural formation of soil zeolites. From our
work, we do not feel that Hilgard's theory of "black alkali" formation
in soils is untenable, but rather that the reactions which he proposed are
associated intimately with both zeolite formation and "black alkali" form-
ation.

4. A series of artificial zeolites was synthesized in alkaline solu-
tions, using different proportions of sodium aluminate and sodium sili-
cate, finally replacing the sodium with calcium. Although the analyses
of these compounds varied somewhat, it appeared evident that the same
zeolite was formed in each case. This zeolite is thought to be scolecite,
and a reaction for its formation is proposed. The analyses of another
series of zeolites, synthesized under acid conditions from aluminum sul-
phate (or chloride), silicic acid, and sodium chloride, are also given and
discussed. The amount of replaceable base here is lower.

5. We consider zeolites to be chemical compounds, capable of ion-
izing and entering into true chemical reactions.

6. Data are presented which are thought to show that soil organic
matter (humates) does not possess a true base-replacement capacity, but
rather the ability merely to physically adsorb solutes. If care is not ex-
ercised in purifying organic matter, dissolved from soils by means of
alkalies and precipitated as di-basic (calcium) humates, the alkaline ex-
traction may dissolve also small amount? of soluble silicates and alumin-
ates from the soil which later may react to form small amounts of cal-
cium zeolite. This latter compound, if formed, will impart slight replace-
ment properties to the precipitated calcium humate.
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