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THE ACTION OF ALUMINUM, FEREOUS
AND FERRIC IRON, AND MANGANESE

IN BASE-EXCHANGE REACTIONS

By O. C. MAGISTAD

INTRODUCTION
Although the subject of base exchange has been studied rather exten-

sively in this country within recent years, opinions differ widely regarding
the action of aluminum, ferrous and ferric iron, and manganese in their
base-exchange reactions. Thus Joffe and McLean (8) state; " I t has
been pointed out that this particular alkali soil contains large quantities of
replaceable calcium $ however, aluminum ions have not replaced any of
them. Apparently there is no such complex with replaceable aluminum
or iron."

On the other hand Stephenson (16) speaks of the common soil cations
including aluminum, iron, manganese, and hydrogen, and says that under
the proper conditions any one of these cations may replace part, and in
many cases all, of the other cations which are held in the exchange com-
plex. These statements appear contradictory to the average reader. It is
for this reason that research was begun on this subject and also to deter-
mine the value and mechanism of alum in alkali-soil treatments as recom-
mended by Scofield (13) (14), and others.

As early as 1916 Gedroiz (4) investigated the base-exchange reactions
of aluminum, ferrous and ferric iron, and manganese. He showed that
manganese in manganese chloride replaced calcium, magnesium, and potas-
sium from a soil in quantities approximately I equivalent to those absorbed,
but he did not prove that the manganese was itself replaceable. In a
similar manner ferrous chloride replaced amounts of calcium, magnesium,
and potassium approximately equivalent to the amount of iron absorbed.
He did not prove, however, that the absorbed ferrous iron could be
removed by other bases.

Gedroiz (4) made some trials with ferric and aluminum chloride solu-
tions. Considerable precipitation took place and the amount of iron and
aluminum retained by the soil exceeded the bases replaced. With rather
dilute solutions of ferric chloride and aluminum chloride the amount of
bases replaced approximated the amount of iron and aluminum retained.
In the case of iron the agreement was best when the iron was calculated
as ferrous iron. However, Gedroiz does not consider it safe to assume
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that iron is absorbed as ferrous iron from ferric chloride solutions on the
basis of these results. In these trials Gedroiz does not seem to have proved
that the iron and aluminum so retained can be replaced by other bases.
However, on page 490 he cited evidence, based on 10 percent HC1
extracts of soils treated with various bases, that " aluminum and iron do
not enter in common soils, into the composition of the bases of the zeolite
part of the soil, at most not in measurable quantities." Apparently
Gedroiz believed at that time that manganese, ferrous iron, ferric iron,
and aluminum replaced just as do calcium and magnesium, but that
replaceable iron and aluminum were not found in normal soils. He
offered no explanation of this supposition.

In a later paper (5) Gedroiz arranged certain bases in the order of
their powers of replacement and indicates that ferric chloride and alumi-
num chloride are more active replacing agents than are the bivalent or
rnonovalent cations.

Mattson (12) electrodialysed a soil and found that, when moht of
the soluble bases had been removed and the solution in the soil chamber
was becoming rather acid, the cathode solution became turbid due to the
presence of Mg(OH)2 and A1(OH)3. With increasing acidly Fe(OH)3

appeared. Apparently these bases were dissolved by the high H-ion con-
centration in the soil chamber but were precipitated on entering the
alkaline cathode chamber. Mattson showed that the amount of manga-
nese removed by NH4C1 solution, 0.05 N. HC1, and electrodialysis agreed
very well, indicating that the manganese was exchangeable. The amount
of aluminum and iron removed by the various methods, on the other
hand, varied considerably and seemed to be a function of the pH value of
the solution in contact with the soil during treatment.

Gunter-Schultze (7) treated potassium permutite with a manganese
solution and found that some of the manganese disappeared from solu-
tion. He d^d not measure the amount of potassium freed nor did he
determine if the manganese could be replaced. In a similar way he
treated sodium permutite with an aluminum-salt solution and found that
no aluminum remained in solution. Here again he failed to determine
the amount of sodium freed or how the aluminum was held. No data
on reactions were given.

In another paper (6) Gunter-Schultze reports the conductance of
various permutites in water solution. He gives the conductance of alumi-
num and iron permutites as being extremely low. No mention is made
of how these permutites were made, their reactivity, or solubility.
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EXPERIMENTAL
ARE ALUMINUM AND FERRIC IRON REPLACEABLE?

In the earlier researches with aluminum and iron as replacing agents
the workers failed to show, first: that replacement of the cation in the
soil zeolite * was not due to hydrogen ions in the acid aluminum or
iron solutions and, second: that aluminum or iron actually entered into
the zeolite complex in such form that it could be subsequently quanti-
tatively removed by other bases. Soils are very complex and for that
reason the author preferred to do his preliminary work on the purer
synthetic zeolites and later confirm the results obtained by similar experi-
ments on soils.

EXPERIMENTS WITA NEUTRAL SOLUTIONS

In order to prevent the possibility of hydrogen ions being the replacing
agents, neutral solutions of iron and aluminum oxalates were used. These
substances are not simple salts and their manner of ionization is not
definitely known. It is well established, however, that oxalates of the
type Na3Fe (C2O4)3 XH2O are produced. Aluminum forms analagous
compounds.

One gram of air-dried ammonium zeolite containing 0.0362 gram
nitrogen was shaken with 150 cc. of sodium-iron-oxalate solution of
pH 7.2 containing 1056 p.p-m. Fe2O-, in soluble form. A sim'lar sam-
ple was shaken with 150 cc. of distilled water. The next morning the
solutions were removed by filtering and analyzed for nitrogen by the
Kjeldahl method. In the sample treated with water 0.0022 gram
nitrogen was obtained compared to 0.0366 gram in the case of the
oxalate solution. This indicates that all the ammonia was removed from
the zeolite in the oxalate solution but the experiment does not prove
whether the removal was caused by sodium or iron. In the residue con-
siderable iron was present but this may have been precipitated as ferric
hydroxide by the alkaline zeolite. Beginning about pH 7.4 the solu-
bility of Fe2O3 in oxalate solutions decreases rapidly with increasing pH
value.

In another experiment 3 grams of air-dried sodium zeolite were used.
This was leached with 1300 cc. of sodium-aluminum-oxalate solution at
pH 6.8 which contained 620 p.p.m. of soluble A!2OV The zeolite was
then washed and 0.5 gram analyzed for sodium and aluminum. The
original amount of sodium present in the zeolite was 11.3 milli-equivalents

* In this paper, zeolite or zeolite complex includes naturally occurring of artificially
produced soil or mineral zeolites and permutites.
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and only 7.0 milli-equivalents remained. Thus approximately 38 per-
cent of the sodium content was lost in a neutral or slightly alkaline solu-
tion and under conditions where aluminum must have been the cause of
its removal.

The remainder of the zeolite was then leached with 500 cc. of neu-
tral 0.1 N barium chloride. The filtrate was neutral and contained no
aluminum. This indicated that the residue contained no hydrogen
zeolite and that the aluminum which apparently had entered into the
zeolite complex was not there in replaceable form.

Kappan and Breidenfeld (9) believe that an exchange of aluminum
is probable in case a soil becomes acid enough to bring aluminum into
solution. They seem to base their argument on the phenomenon that the
titrable acidity of such solutions corresponds to the amount of dissolved
aluminum. This is to be expected whether aluminum is replaceable or
not, for the ordinary mineral acids like HC1 will, when below pH 4.7 or
thereabouts, dissolve definite amounts of aluminum. Take for example
a soil solution of pH 4.2 which might contain about 100 p.p.m. of A12O3.
One hundred cc. of such a solution will require about 30 cc. of 0.02
N NaOH to bring it to neutrality, while a similar HC1 solution of pH
4.2 without any foreign substance would require less than one drop.
Naturally then, the relation between aluminum content and total titrable
acidity will be close.

As further proof that aluminum in acid soil solutions is dissolved
rather than replaced, 2 grams of an acid zeolite were treated with 150 cc.
of 0.1 N barium chloride in one case and with 0.1 barium acetate in
another. After shaking 1 hour they were allowed to stand overnight.
One hundred twenty cc. of each were then pipetted off and 100 cc.
used for titration with 0.02 N NaOH to neutrality using phen-
ol phthalein as indicator. The barium chloride extract required 5.4 cc. of
the alkali wh'le the barium acetate solution required 20.2 cc. These
values were obtained after subtracting blanks of 0.2 and 0.3 cc. respec-
tively. The explanation lies in the fact that the acetate solution was
well buffered at about pH 6.4. This permitted the reaction:

2 H Z * + Ba Ac *± BaZ + 2 CH3COO H

to progress to the right. On the other hand, in the reaction

2 HZ + BaCl2 ^ BaZ + 2 HC1

tha pH of the solution was reduced to 4.4 before it became buffered due
to dissolved aluminum. At pH 4.4 enough H ions are present to prevent

* Hydrogen zeolite.
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the reaction going but a. short way toward completion. According to
Kappan and Breidenfeld, if the acidity developed was due to exchange-
able aluminum we should have obtained equal figures in both cases. The
barium acetate extract contained no aluminum.

If aluminum had been replaced by hydrogen, the total base-exchange
capacity of the sodium zeolite treated with sodium-aluminum oxalate (see
p. 447) should be 11.3 milli-equivalents based on the original weight. If
aluminum caused a splitting-off of sodium with a breakdown of the zeo-
lite, or entered into non-replaceable combination with the zeolite, th&
base-exchange capacity should be about 62 percent of the original or 7.0
milli-equivalents. In order to measure the base-exchange capacity, the
zeolite was converted to barium zeolite and again treated with 0.05 N
HC1. The barium in the filtrate was precipitated as barium sulphate and
weighed. The base-exchange capacity was found to be 5.65 milli-equiva-
lents figured on the original weight.

The fact that the base-exchange capacity was below 7.0 milli-equiva-
lents rather than about 11.0 milli-equivalentd indicates that the aluminum
did not replace sodium in the zeolite in such a way that the aluminum was
again replaceable.

EXPERIMENTS WITH ACID SOLUTIONS

One gram of air-dried calcium zeolite containing 3.78 milli-squiva-
lents calcium was leached with 800 cc. of ferric citrate solution containing
15.0 milli-equivalents of Fe2O3. The solution was acid, having a pH
value of 2.6. The zeolite was then filtered, washed, and treated with
neutral 0.1 N. barium chloride. No acidity appeared in the filtrate
indicating that the residue had contained no hydrogen zeolite. In the
barium chloride filtrate 0.83 milli-equivalent of calcium was found but
no iron. The barium in the zeolite was then displaced with 0.05 N HC1
and the barium precipitated as barium sulphate. The quantity of barium
replaced by hydrogen was found to be 0.71 milli-equivalent. Thus a
zeolite containing 3.78 milli-equivalents of calcium was leached with
15.0 milli-equivalents iron as ferric citrate in acid solution; no hydrogen
zeolite was formed; no replaceable iron was obtained, and the total base-
exchange capacity was decreased from 3.78 to 0.71 milli-equivalent. Von
Sigmiond (17) considers 0.05 N HC1 a poor replacing reagent because
partial breakdown of the hydrogen zeolite formed always occurs. There
can be no objection to this method, however, if the amount of base
released by hydrogen alone is desired, and if no further tests are to be
made on the residue.

In the next experiment 1 gram of air-dried calcium zeolite containing
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3.96 milli-equivalents calcium was leached successively with 100 cc. por-
tions of 0.1 N ferric chloride. The amounts of calcium removed by each
treatment were 3.81 and 0.05 milli-equivalents respectively. The zeolite
was then washed, and treated with 500 cc. 0.05 N HC1 solution. This
solution after filtration contained 0.02 milli-equivalent of calcium, 1.58
milli-equivalents of Fe2O3, and 1.41 of A12OS. The zeolite was washed
and leached with neutral 0.1 N barium chloride. The barium chloride
filtrate was titrated with 0.02 N NaOH to neutrality using phenolph-
thalein as an indicator. No iron or aluminum was precipitated and only
0.6 cc. NaOH was required. If the iron and aluminum found in the
HC1 filtrate had been replaced instead of simply d'ssolved, the titration
should have been 149 cc. This shows rather definitely that the iron and
aluminum present in the acid solutions were not replaceable.

In another experiment, a zeolite containing 3.81 milli-equivalents of
calcium was treated with 0.1 N ferric chloride and as a result its base-
exchange capacity was reduced to 0.012 milli-equivalent. Considerable
iron was precipitated in the zeolite by hydrolysis. On heating the washed
residue over a flame to bright red heat most of the iron became magnetic.
Since iron silicates, on heating, do not decompose readily or become highly
magnetic, this seems good evidence that iron was precipitated in the zeolite
mass as hydroxide. This experiment was repeated under the same con-
ditions and again but a trace of hydrogen zeolite was formed indicating
that ferric iron is not replaceable.

Two grams of calcium zeolite containing 0.2210 gram CaO were
leached with 700 cc. N aluminum chloride. The filtrate contained
0.1996 gram CaO. The zeolite was then washed and leached with 0.1
N barium chloride. The filtrate contained no aluminum nor was it acid.
As in the preceding experiments the zeolite was leached with HC1, washed,
then leached with barium chloride solution, and the filtrate titrated. No
acidity was found indicating again that all base-exchange capacity had been
destroyed.

More elaborate experiments were devised to gain an insight into the
mechanism of this reaction. In experiments with iron and aluminum
chlorides in water, considerable hydrolysis took place, and to overcome
this, experiments also were made in 95-percent alcohol. One gram air-
dried calcium zeolite was in each case leached with an excess of 0.1 N
ferric chloride, washed, and the zeolite analyzed. The results are
given in Table I.

In the treatment with FeCls in water, about! half the silica was dis-
solved, all the calcium was lost, and two-thirds of the aluminum. Con-
siderable iron was deposited by chemical action or hydrolysis and it
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appears that the iron might be taking the place of aluminum in the zeo-
lite. Smolik (15) has arrived at the same conclusion from the ratios of
silica, alumina, iron oxide, and bases to each other in some European soils.
In the experiment with FeCl3 in alcohol, however, the amount of precipi-
tation of Fe(OH) 3 by hydrolysis was cut down very much if not com-
pletely. Here there was no perceptible loss of silica, practically all the
base was removed, and the substitution of iron for aluminum was carried
almost to completion. This substitution of iron for aluminum did not
occur in equivalent quantities.

TABLE I.—ANALYSIS OF CALCIUM ZEOLITE BEFORE AND AFTER
TREATMENT WITH FERRIC CHLORIDE IN WATER

AND ALCOHOL.

SiOs

AlaOa

Fe,O3

CaO

Na2O

Before treatment

a !
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oh
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2 29
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13.73
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After treatment
FeCls in water
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.2324

.0800

.1075
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2
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783
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nt
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7.71

470

4.04

After treatment
FeCls m alcohol

G
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m
s

w
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er
-f

re
e

.4120

.0138

.1644

.0010

1
6.83

.135

1.03

.0178

a

a?

si
13 66

.811

6.17

.0356

These experiments demonstrate conclusively that a zeolite washed
with an excess of ferric chloride will be completely broken down, releas-
ing all the base and leaving a residue containing no replaceable hydrogen
or iron. It may seem strange that the zeolite residue contained no
replaceable hydrogen, for the solutions of ferric chloride in water and
alcohol had pH values of about 2.2 and 1.8 respectively. Apparently,
however, if any such hydrogen zeolite was formed, it was broken down
again just as in the case of calcium zeolite above cited.

A similar experiment was made with calcium zeolite using a 0.1 N
solution of aluminum chloride in alcohol. The results of analysis are
given in Table II.

In this experiment where there was no possibility of anything being
substituted for alum'num, the aluminum chloride solution caused a liber-
ation of all the calcium without changing except in a slight degree the
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TABLE II.— ANALYSIS OF CALCIUM ZEOLITE BEFORE AND AFTER
TREATMENT WITH ALUMINUM CHLORIDE

IN ALCOHOL.

Before treatment After treatment
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13.53

12.50

rest of the zeolite. Whether the aluminum remains united to the silica
or separates as alumina is not known.

In the original calcium zeolite the ratio of silica to alumina by
weight was 1.76 to 1.00. At the end of the reaction it was 1.92 to
LOO, indicating that very little change took place in this ratio. The
slight change found was probably caused by the loss of silica.

A similar experiment was performed with sodium zeolite and neutral
sodium-aluminum-oxalate. After being leached with the oxalate solution
the zeolite was washed and analyzed. The analysis of this zeolite together
with the calculations are given below in Table III.

The data from this experiment agree very well with those in the
previous one and indicate that aluminum and ferric iron solutions decom-
pose the zeolite, wholly or in part, with a liberation of the base. The
fraction losing the base becomes inert and incapable of subsequent base
exchange. With aluminum solutions the ratio of aluminum to silica
changes but very slightly in this process which seems valid proof that no
aluminum takes the place of the liberated base to form substitution com-
pounds.

When ferric iron is used there is the same liberation of base with the
formation of an inactive residue. Furthermore, there seems to be some
substitution of iron fdr aluminum in the residue.

EXPERIMENTS WITH SOILS
Although we have very good evidence that artificial zeolites act like

soil zeolites we cannot be sure that they are identical. For this reason
experiments were also made with soils to determine if aluminum and iron
solutions had the same action upon them as upon artificial zeolites.
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An alkali soil containing about 28 milh-equivalents replaceable base
per 100 grams together with several percent of calcium carbonate, was
used. One-hundred-gram samples of this soil were treated in beakers
with 0.1 N solutions of ferric chloride and aluminum sulphate, the
liquid being decanted off when clear and new portions added until the
solutions stayed permanently acid and contained no calcium. The soil
samples were then transferred to percolation tubes and washed. They
were then leached with 0.1 N barium chloride. The barium chloride
filtrate had only a trace of acidity and contained no aluminum or iron.
The barium-treated soil was then washed and leached with 0.05 N HC1.
The filtrate contained only a trace of barium. In this case, as with the
zeolites, ferric iron and aluminum had caused the soil to lose practically
its entire base-exchange capacity. Since the soil is complex, no attempts
wjere made to determine by analyses the amounts of aluminum or iron
depobited or secure data concerning the mechanism of the reaction.

T4JJLE III.— CALCULATION OF ANALYSIS OF SODIUM ZEOLITE
AFTER TREATMENT.

Pei cent in original

Pel cent in theoretical

Percent in final

Percent Na zeolite left

On basis of 1 gram water-
free material

Weight Na zeolite

Weight residue

Total weight constituents

Weight in Na zeolite

Weight in residue

Percent in residue

Theoretical

SiO.

50.90

52 42

56.03

.5603

.3260

.2343

62.2

63.9

4 1 2 O T

32 04

29.62

32.78

.3278

.1840

.1438

38.1

36.1

17.06

17.96

11.19

62.2

.622

.378

(Based

Na2O

(in nitrolite)

{on basis of
theoretical)

gram

gram

on 2AlaO8.6 SiO*)
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The question might be brought up that small amounts of soluble iron
and aluminum present in our very acid soils might then destroy all base-
exchange capacity in the soil zeolites. The amount of babe liberation and
breakdown appears to be proportional to the amount of soluble ferric iron
present, and is not of the nature of a catalytic reaction.

The following experiment in which a series of half-gram samples of
calcium zeolite was treated with increasing amounts of ferric chloride
will prove this. The data! are given in Table IV.

TABLE IV.—THE AMOUNT OF
ZEOLITE BY INCREASING

Trial
No.

1

2

3

4

5

M.E.*
Ca in zeolite
at beginning

1.92

1.92

1.92

1.92

1.92

CALCIUM LIBERATED FROM CALCIUM
AMOUNTS OF FERRIC CHLORIDE.

M.E.
iron

added

2.50

5.00

7.50

10.00

15.00

M.E. Ca liberated

In water

.63

.65

.66

.70

.72

In alcohol

.54

.61

.73

.80

.84

The foregoing experiment, as first carried out in water solution was?
unsatisfactory because much of the ferric chloride hydrolyzed and wâ - not
free to act It was repeated in 90-percent alcohol to diminish the
amount of hydrolysis. Many base-exchange reactions go on as readily in
alcohol as in water and attain approximately the hame equilibrium. In the
the above-noted experiment the iron chloride bolutions were diluted to
150 cc. in each case, shaken, allowed to stand overnight, an aliquot of the
supernatant liquid pipetted off, and analyzed for calcium. The amount
of calcium liberated increased with increasing concentrations of ferric
chloride in both cases and was especially noticeable in the alcohol trials.
Since the amount of calcium liberated is a function of the amount of
iron added it lends weightv proof to the idea that iron does not act as a
catalyst in this reaction.

In the case of aluminum-salt solutions, as with ferric salts, the decrease
in base-exchange capacity is proportional to the ratio between aluminum
and the zeolitic bases present. This furnishes an explanation why the
author wjts able to obtain zeolites with some base-exchange capacity when
made from sodium silicate and aluminum sulphate mixtures having pH
values of 3.4 and above. Apparently in this case an equilibrium existed

* M.E. denotes milH
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between sodium and hydrogen on the one hand and aluminum on the
other to the end that an acid zeolite containing some replaceable hydrogen
and sodium was formed. In a later experiment 3 grams sodium zeolite
were treated once with a moderate amount of aluminum chloride. The
zeolite was then washed free of chlorides and leached with 100 cc. of
neutral 0.1 N barium chloride solution. Eleven cc. of 0.02 N NaOH
were required to neutralize the barium chloride solution. In earlier
trials with repeated treatments of ferric or aluminum chlorides only
traces of replaceable hydrogen were found. An explanation is that the
reaction goes on in two steps; first,'the hydrogen of the acid arising by
hydrolysis replaces the base originally present; and second, this replace-
able hydrogen becomes inert, possibly through some shifting of bonds with
the formation of water. This second stage goes on very readily in the
presence of iron or aluminum chlorides. Furthermore it always happens
to a certain extent whenever hydrogen zeolite Is formed, whether by
water, carbonic acid, dilute acids, electrolysis or other means. In the
earlier trials with repeated treatments of ferric and aluminum salts the
hydrogen zeolite formed had all been destroyed, e.g. the second stage had
also gone to completion.

In a very recent paper appearing after the work herein reported was
finished, Kappan and Rung (11) publish somewhat similar experimental
results. They believe that the trivalent elements, Al, Fe, and Cr, can be
present in exchangeable form. In their trials they treated various permu-
tites with salts of the trivalent elements above, but not in sufficient quantity
to remove all the previously held base. On leaching the perrnutlte with
potassium chloride solutions an acidity appeared which they attribute to
the hydrolysis of the salt of the; replaced aluminum, iron, or chromium
ion. Permutites repeatedly treated with salts of the trivalent metals gave
no such acidity for which the authors evolve a rather unplausible explan-
ation. The author has shown, however, that the rat'o of Si to Al remains
the same after treatment as before, clearly indicating that Al does not
take the place of the previously held base. This is true for zeolites
treated sufficiently to lose all base exchange power and also those only
partially converted. For that reason the author cannot subscribe to the
theories of Kappan and Rung, and especially so since their data conform
to the author's views.

FERROUS IRON

For this experiment a soil containing a large quantitv of zeolites and
some calcium carbonate, was leached with dilute HC1 until aH carbonate^
were removed and no more calcium appeared in the filtrate. Tt wa*
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then saturated with calcium chloride by leaching, and washed free of
chlorides. In this way a calcium-zeolite soil free from carbonates was
obtained. One hundred grams of this soil were leached with 0.1 N
barium chloride, the barium precipitated as the chromate and the calcium
determined. The soil was found to have the very high base-exchange
capacity of 4-6 milli-equivalents per 100 grams. One-gram samples of
this soil were shaken with increasing quantities of 0.1 N ferrous sulphate.
The samples of this soil were then filtered, washed, and leached with 0.1
N barium chloride. The amount of calcium appearing in the filtrate,
the residue of iron in the filtrate, and the amount of iron appearing in
the barium chloride filtrate were all determined. The results are given
in Table V.

TABLE

Trial No.

1

2

3

4

5

V.— DATA

M.E. Ca in
soil at the
beginning

.46

.46

.46

.46

.46

CONCERNING
OF FERROUS

M.E. Fe
idcled

.26

1.04

2.60

<J.2O

T H E B A S E - E X C H A N G E A C T I O N
SULPHATE.

M.E. Ca
liberated

.11

.38

.40

.41

.42

M.E. Fe
In soil

.01

.04

.12

.79

2.65

left M.E. Fe
liberated by
BaCla

.14

.40

.64

.88

1.28

It is at once evident from the data in Table V that the amount of
ferrous iron extracted by barium chloride is greater than the amount of
calcium liberated. Furthermore, the sum of the iron left in solution
after being shaken with the soil and the amount in the barium chloride
soluron is always less than the original amount. This indicates that some
iron was precipitated in the soil beyond the amount which could have been
concerned in base replacement. This iron may have been deposited as
ferrous hydroxide by hydrolysis or as ferric hydroxide by oxidation and
hydrolysis, in which case the organic matter may have aided.

Since the amount of iron extracted by barium chloride is greater than
the amount of calcium liberated it seemed certain that freshly precipitated
ferrous hydroxide must be soluble in barium chloride. In order to test
this point, freshly precipitated ferrous hydroxide was obtained by adding
ammonia to ferrous sulphate. The precipitate was washed and treated
with hot barium chloride solution. The barium chloride was found to
•dissolve large amounts of it.

If some of the iron present in the Barium chloride solution came
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from the ferrous hydroxide, one might assume that much of it came from
that source, and that there was little true base exchange in the experiment
above cited. To prove that this assumption was not true, the samples
were then washed and leached with a neutral calcium chloride solution.
No acidity appeared in the filtrate showing that the residue contained no
hydrogen zeolite. The samples were then washed and the calcium replaced
with 0.05 N HC1. The amount of calcium so obtained agreed with the
original content. Since hydrogen had not replaced the calcium found in
the ferrous sulphate solution, this calcium must have been replaced by the
ferrous iron.

BIVALENT MANGANESE

In another test a calcium zeolite was completely saturated with man-
ganese by leaching. The white manganese zeolite was then washed and
treated with bariulm chloride. The amount of manganese liberated was
very nearly equal to the amount of calcium liberated by manganese. The
barium zeolite was in turn washed, and treated with 0.05 N HC1. The
hydrochloric acid filtrate contained barium equivalent to the original cal-
cium content of the zeolite and almost equivalent to the amount of man-
ganese liberated by barium chloride. This indicates that the manganese
was practically all present in replaceable form and that only traces of
manganese hydroxide had been formed, later to be dissolved by the barium
chloride.

There remains the possibility that hydrogen zeolite might have been
formed from the acid manganese sulphate solution, and that barium zeolite
was formed by the exchange of barium for hydrogen. Subsequent experi-
ments with a manganese chloride solution of pH 7.2 gave conditions under
which only a very small amount of hydrogen zeolite could possibly be
formed. Here, again, the theoretical quantity of barium zeolite was
formed showing that manganese must have been replaceable. The fact
that the amount of manganese liberated by barium chloride approximates
closely the amount of calcium liberated lends weighty support to the
idea that manganese is replaceable.

A series of half-gram samples of calcium zeolite was treated with
increasing amounts of manganese sulphate. The volume was in each case
150 cc. After shaking 1 hour the bottles were allowed to stand overnight.
The supernatant liquid of each was then analyzed for calcium and man-
ganese. All manganese determinations were made by the Volhardt
method. The results of these trials are given in Table VI.
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TABLE VI.— DATA CONCERNING BASE-EXCHANGE REACTION
BETWEEN MANGANESE SULPHATE AND CALCIUM ZEOLITE.

©
55
a

H

1

2

3

4

5

. 
C

a 
in

te
 a

t

S 8 *

1.92

1.92

1 92

1.92

1.92

x

.63

.74

.80

.86

.96

|
a

1.29

1.18

1.12

1.06

.96

|

.488

.627

.715

.812

1.000

9
f

|c

.689

.796

.854

.910

1 000

.85

1.21

1.46

1.71

2 46

.63

.78

.82

.96

1.00

|

.349

.552

.782

.886

J.460

g, -
1

K/i

f

.544

744

.893

.948

1.163

.839

849

.811

.863

.824

In the above table:
x = No. of milli-equivalents Ca liberated.

n — x =z No. of milli-equivalents Ca remaining as Ca zeolite.
S •=•=•: No. of milli-equivalents manganese in onginal solution.

S — y = No. of milli-equivalents manganese in filtrate.
y = No. of miUi-equivalents manganese taken up by zeolite.

x [ S - y ] .517
K = Reaction constant in formula = K

In true base-exchange reactions x = y. In these trials y usually
exceeds x because of a slight amount of precipitation of manganese in the
zeolite as manganese hydroxide.

Gans, (3) who early investigated base-exchange reactions from a
chemical standpoint, found that they could be expressed by an equation
of the type:

Ca in solution pMn in solution] 1/p

Ca in zeolite [ Mn in zeolite j

The equation of Gans can be derived theoretically with the exception of
the correction factor 1/p. Some investigators have tried to apply
Freundlich's absorpt'on isotherm to base-exchange reactions. Arrhenius
(1) has called attention to the fact that all investigated absorption systems
have a rather well-defined maximum, which is not expressed in the
Freundlich absorption isotherm. It follows that base-exchange reac-
tions, with total base-exchange capacities as maxima, can not accurately
conform to Freundlich's absorption isotherm.

The author believes base-exchange reactions with zeolites are well
expressed by the Gans equation. For the purpose of plotting and calcu-
lation, equation / can be written In the form
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f" Ca in solution] 1 [Mn in solution)

[Ca in zeolite J p [Mn in zeolitej

or substituting the usual symbols

f x 1 i fs-y]
Log10 \ [ = Log10 K + - log10

[n —xj p [ y
Mathematics teaches us that equations of type 3 when plotted give a

straight line whose slope equals 1/p. On plotting the logarithmic values
s-7

of [_ i against h 1 we obtain in this case a straight line
n — x y s S—y

having a slope of .517. The values of logarithms of and
n — x y

have been increased by one to avoid the use of negative logarithms, which
x S — y

would have resulted because the values of and are frac-
n — x y

tional. Equation 3 by substitution then becomes

* 1 fs-y]
}- = Log1 0K+.517Log1 0^ [ 4

l n ~ X j . . L 7 J

Solving, using the figures in trial 1, we obtain
Log10 K = 9.924 — 10, or K = .839

In the trials with manganese sulphate and artificial zeolites y is slightly
larger than x because a small amount of precipitation of manganese hy-
droxide takes place within the zeolite. In spite of this a fairly constant
value of K, as shown in the last column of Table VI was obtained. The
fact that manganese sulphate reacts with calcium zeolite according to the
typical base exchange equation 4 is excellent proof that manganese replaced
just as does calcium and the other common base-exchange elements.*

An experiment was then made with 1-gram soil samples of the same
soil as used in the ferrous sulphate experiment. After being treated with
manganese sulphate the soil samples were washed and leached with 0.1 N
barium chloride solution. The amount of manganese In the barium chlor-

* Maganese zeolite, like that of calcium, sodium, potassium, and other bases, ex-
changes a portion of its base for hydrogen in water. The amount of soluble mag-
anese in 125 cc. water containing 0.5 gram maganese zeolite was found to be 17
parts per million. Barley seedlings grew as well in this solution, as m distilled
water.
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ide leachings was also determined. The data from this experiment are
given in Table VII.

TABLE VII

Trial
No.

!

2

3

4

5

.— DATA ON THE BASE EXCHANGE BETWEEN A
ZEOLITE SOIL AND MANGANESE CHLORIDE.

M.E.
replaceable Ca
in beginning

.46

.46

.46

.46

.46

M.E.
Mn

added

.20

.40

.80

2.01

4.02

M.E. Ca
liberated

.18

.32

.40

.41

.41

M.E.
Mn left
in soil

.01

.04

.31

1.22

2.17

CALCIUM

M.E. Mn
liberated
by BaCla
solution

.20

.34

.52

.85

1.76

These data indicate that in soil, a considerable amount of manganous
hydroxide was precipitated, as the figures for manganese obtained in the
barium chloride solution are much larger in some cases than the amount of
calcium liberated. The sum of the two last columns does not equal the
amount of manganese added3 showing that a small amount of manganese
still remained in the soil. In order to prove as conclusively as possible
that manganese did actually replace in this soil, the last two samples were
well washed and leached with 0.05 N HCL The amount of barium so
obtained was 0.44 and 0.45 milli-equivalents respectively, approximately
equal to the calcium content at the beginning.

DISCUSSION
Some investigators as Scofield, (14) and Bodkin (2), have advocated

the use of iron and aluminum salts to improve permeability of alkali
soils. Theoretically the salt should hydrolize, and the hydrogen of the
acid portion exchange for sodium, with the partial production of hydrogen
zeolite. Since hydrogen zeolite is less colloidal than sodium zeolite this
should increase permeability. Some investigators believe that there is
also the possibility of forming ferric iron and aluminum zeolites, these
being more permeable than the sodium zeolite. Thus Kelly and Brown
( I I ) state that they obtained substantial amounts of replaceable aluminum,
iron, and manganese from four eastern acid soils. Again in speaking of
the Comber soil acidity test they state: " Our data show that the content
of replaceable Fe is not always proportional to the total content of replace-
able trivalent bases and that a soil may be decidedly acid without con tarn-
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ing more than traces of replaceable Fe.J1 Actually, however, aluminum
and iron salts form neither hydrogen, iron, nor aluminum zeolites, but
bieak down the zeolite molecule so that it has no base-exchange capacity.

Studies are being made in this laboratory on the ability of plants to
obtain nutritional bases from soils whose base-exchange capacity has been
reduced to zero by aluminum and iron-salt treatments.

Applications of iron and aluminum salts to calcareous soik will usually
increase permeability at the start, but later on the iron and aluminum are
precipitated as hydroxides and almost invariably the soil becomes more
impermeable than it was originally (12a).

The reaction between aluminum or iron-salt solutions and zeolites,
seems to be ionic. This is indicated by the fact that sodium zeolite
leached with sodium-aluminum-oxalate loses only a portion of itb base-
exchange capacity, while if leached with a simple salt of aluminum, all
base-exchange capacity is lost. Further, when zeolites are made in acid
solution from sodium silicate and aluminum sulphate, the resulting zeolite
nab some replaceable hydrogen and sodium. Evidently there is an
equilibrium between hydrogen and sodium ions as opposed to the break-
down effect of the aluminum ions.

If only small or moderate amounts of iron or aluminum salts are
used, all the base-exchange capacity will not be destroyed. Our western
alkali soils often have such high base-exchange capacities that they could
be decreased by half and still equal that of eastern soils. Judicious appli-
cations of iron or aluminum salts might accomplish this, but it is doubtful
if soil permeability would be markedly increased until all the sodium has
been removed.

Soils containing relatively large quantities of ferrous iron are toxic
to plant growth. This may be due to the anaerobic conditions of the soil,
toxicity of ferrous iron fer se, or to other causes. Since zeolitic bases are
ordinarily readily available to plants one can understand how they could
take up large quantities of ferrous iron and little calcium or other bases
in some bog soils.

Manganese is present in nearly all soils, although usually in small
amounts. It is important to know that manganous salts are replaceable
in zeolites, because its presence determines to a slight extent the behavior
of the other replaceable bases in the zeolites, and because it clarifies ques-
tions concerning plant feeding by pointing out one source of available
manganese. Manganese, like ferrous iron, replaces in the zeolite com-
plex just as does calcium and the other common base-exchange elements.
Unlike some of the other elements, manganese and ferrous iron will be
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precipitated in part as the hydroxides in alkaline solutions and will be
oxidized to higher forms by oxidizing agents such as organic matter.

SUMMARY

1. Experiments with neutral and acid solutions of iron and aluminum
salts on artificial zeolites showed that the replaceable base previously pres-
ent was released.

2. In the above-noted experiments the residue usually contained no
hydrogen zeolite, nor did ferric iron or aluminum enter the zeolite com-
plex in such a manner as to be replaced by other replacing agents subse-
quently used.

3. Chemical analyses of zeolites before and after treatment with
aluminum chloride in alcohol showed that there was no addition of alumi-
num or marked losb of aluminum or silica. Similar trials with ferric
chloride in water and alcohol showed that iron took the place of aluminum
in tht zeolite. This reaction was almost complete in the alcohol experi-
ment, the zeolite residue containing practically no aluminum. The substi-
tution did not take place in equivalent quantities.

4. Soils and artificial zeolites treated with aluminum or ferric-salt
solutions until the solutions remained acid and the previously held zeolitic
bases had all been removed lost all base-exchange capacity.

5. The decrease in base-exchange capacity of zeolites and soils is a
function of the concentration of the ferric iron or aluminum-salt solutions
used.

6. Ferrous iron as ferrous sulphate was found to be readily exchange-
able for calcium in a zeolite and in soils. A small amount of ferrous
hydroxide was precipitated in the zeolite in addition, and a larger quantity
in soils. The ferrous iron replacing the calcium is itself replaceable by
barium salts.

7. Manganese as manganous chloride and sulphate was found to
replace calcium in both zeolites and soils. Some precipitation of man-
ganese hydroxide occurred in both cases. The manganese replacing cal-
cium is itself replaceable by barium salts,

8. The reaction equation for manganese sulphate and the particular
calcium zeolite used was determined. The equation was found to be the
same type as for usual base-exchange reactions.

9. If the property of base-exchange is to be considered a factor in
plant feeding, destruction of base-exchange capacity in soils by aluminum
containing salts, or other means, may result in serious consequences.
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