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The influence of pH (titration rnethod) and of salt concentration

and drying (drying rnethod) uPon the forrndtion of synthetic AI, Fe,

and Mg interlayers in rnontrnorillonite and verrniculite was investi-

gated. Interlayer forrnation was evaluated by X-ray diffraction

measurernents of basal spacings using a natural chlorite for corn-

parison.

The titration rnethod wis superior to the drying rnethod with

respect to aluminurn, ferric iron, and rnagnesiurn interlayer forrna-

tion.

The various interlayers forrned in rnontrnorillonite by titration

rnethod were rnore stable than those produced in verrnicdlite.

The rnost stable interlayers were rnade with rnagnesiurn and

alurninurn in rnontrnorillonite by the titration rnethod. The synthetic

rnaterial, like the natural chlorite, did not show any expansion and

exhibited practically no collapse after K treatrnent and heating to
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3oooc and 55ooc.

In rnontrnorillonite, alurninurn interlayers were forrned in both

acid and alkaline rnedia, but those produced when the OH/AI solution

ratio was less than 1.00 and the pH less than 5.8 exhibited the greatest

stability. When the OH/Al ratio exceeded 1. 00, the interlayered

rnontrnorillonite exhibited a gradual expansion toward 1Z .E on solva-

tion and partial collapse upon K treatrnent and heating. Magnesiurn

interlayers were forrned only in alkaline rnedia at pH of about I0.0.

Increase in pH produced a slight dissolution of rnagnesiurn interlayers.

Ferric iron interlayers were also forrned in both acid and alkaline

rnedia. They always exhibited expansion upon solvation with ethylene

gIycoI. The rnaterial retained a basal spacing of approxirnately 14 i

at 300oC. They showed also a slight resistance to collapse at 55OoC.

The diffraction patterns of Fe-interlayered rnaterials exhibited broad

basal spacings and plateaus colrlPared to AI and Mg interlayers.

In verrniculite, only rnagnesiurn interlayers showed stability

after K saturation and K saturation plus heating at 3O0oC. However,

this rnaterial showed no resistance to collapse at 55OoC. Alurninurn

and iron interlayers did. not show this degree of perfection, for they

exhibited a partial collapse after K saturation, a slight resistance to

collapse at 300oC, and no resistance at 55OoC.

Alurninurn and ferric iron interlayers were forrned in rnontrnor-

illonite and verrniculite with one drying cycle.
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CONDITIONS OF Al, Fe, AND Mg INTERLAYER FORMATION
IN MONTMORILLONITE AND VERMICULITE

INTRODUCTION

Natural ta .3. tayer silicates with interrnediate properties

between typical chlorites and typical verrniculites or rnontrnorillonites

are corrrrrlon in soil clays. They have been reported by several inves-

tigators during the last i.5 years. The Presence of such intergrade

rninerals in soils is irnportant frorn the soil fertility and plant nutri-

tion point of view. For exarnple, soil physicochernical processes such

as potassiurn, arnrnoniurn and phosphate fixation as well as lirning

requirernents are all closely related with the presence of such inter-

grade rninerals. Moreover, their genesis bears a close relationship

with the genesis and evolution of soil.

Two rnain approaches have been developed by soil scientists for

a better understanding of the properties and rnechanisrn of intergrade

rninerals,

One approach is that of identification and characterization of

the soil intergrade rninerals as they were forrned in situ. The rela-

tionships of pH, orga+ic rnatter, parent rnaterial, and external and

internal drainage to intergrade rnineral forrnation have been reported.

It was concluded that the processes which favor the forrnation of the

intergrade rninerals constitute a general feature of soil forrnation.
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The second approach is that of preparing synthetic counterparts

of intergrade minerals in the laboratory. Montrnorillonite and, in a

few cases, vermiculite standard minerals have been used for this

experirnental work. Magnesiurn was introduced as the interlayer

cation to forrn an intergrade rnaterial as early as 1949 by Caildre and

H6nin. Since then, alurninurn has received rnore attention than other

interlayer cations. Atternpts to forrn ferric iron interlayers in rnont-

morillonite and verrniculite have been unsuccessful. Furtherrnore,

the hypothesis advanced by soil scientists that iron accornpanies

aluminurn in the interlayer portion of soil clays needs supporting

evidenc e.

Arnong other factors, pH is recognized to be irnportant with

respect to intergrade rninerals forrnation. However, with few exceP-

tions, pH conditions have not been sufficiently controlled during

synthetic preparation of various interlayers. A cornparative and

systernatic study between rnontrnorillonite and vermiculite concerning

their ability to fix various cations in the interlayer space has not

received necessary attention in the past.

The second approach, that is, synthesis of intergrade rninerals

the laboratory, was adopted in this study. The preparation of AI,

and Mg interlayers was atternpted using two different rnethods:

a. The first rnethod involved addition of the appropriate

in

Fe

chloride salt to a clay suspension and titration with NaOH to give



a wide range of pH values.

b. The second rnethod involved drying AI, Fe and Mg-saturated

clays with or without added salts.

The rnaterials prepared by these two rnethods were evaluated

by X-ray diffraction. Expansion after solvation with ethylene g1ycol,

collapse after K saturation, and heat resistance to ternperatures

varying frorn 65oC to 550oC have been systernatically recorded. The

degree of interlayer forrnation was evaluated by cornparing these

properties with those of a typical chlorite.

The objectives of the present study can be stated as follows:

t. To investigate the conditions of interlayer forrnation:

a. with respect to kind of cations: A13+, F"3*, and'

*g'* -

b. With respect to kind of clay rnineral: rnontrnorillonite

and verrniculite.

c. With respect to various PH values or OIHf cation solu-

tion ratios.

d. With respect to kind of rnethods: titration and drying

rnethods.

e. With respect to concentration of the following salts:

AlC13, FeClr, MgClr, and CaCIr.

Z. To prepare an iron interlayer in rnontrnorillonite and ver-

rniculite and thus to support with evidence the hypothesis that such

interlayers indeed exist in soil.



3. To suggest possible rnechanisrns of AI, Fe and Mg-inter-

layer forrnation in clay rninerals.



LITERATURE REVIEW

General

The concept is well established that a certain clay rnineral is

generally associated with a certain interlayer cation depending on the

chernical and physical environrnent in which the rnineral has been

forrned. For exarnple, natural verrniculite almost invariably has

rnagnesium as a saturating cation (62). Sorne specirnens also have

calciurn, sodiurn and hydrogen. Bassett (1) described a naturally

occurring Cu-verrniculite. The high Cu content of this verrniculite

was attributed by Bassett to the presence of hydroxy-Cu ions in the

interlayer space. Sodiurn and calciulrl are the rnajor exchangeable

cations of the rnontrnorillonite rnineral series (33). Magnesiurn

hydroxide (brucite) forrns a sheet structure between two rnica units

in true chlorite with substitution of iron and alurninurn for rnagnesiurn

(2). Potassiurn cations fitl the interlayer positions of a rnica (33).

Nornenclature of Intergrade Minerals

Soil clays exhibiting interrnediate properties between chlorite,

on the one hand, and verrniculite or rnontrnorillonite, on the other,

have been described under narnes such as a "dioctahedral analogue
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of verrniculite'r (5, 6), "dioctahedral verrniculiterr (46), rrverrniculite-

type clay rninerals" (20), rrinterstratified chlorite-verrniculite" (15,

Z5), rrintergradient chlorite-expansible layer silicates" (15),'rchlori-

tized rnontrnorillonite" or rrchloritized verrniculite" (49 ), trchlorite -

likerr rnineral (27), "dioctohedral clay vermiculite" (34), rrcontarni-

nated vermiculite" (621, and rrinterlayered 3-tayer c1ay" (63).

Occurrence of Intergrade Minerals

Intergrade rninerals have been found to occur in acid Red-Ye1low

Podzolic soils (461. The weathering sequence of rnica to chlorite

with formation of a I'chlorite-like interrnediaterr has been studied in

the Highfield soil profile frorn Pennsylvania and the Chester soil

profile frorn Virginia. Both are in the Gray-Brown Podzolic great

soil group Q7). Rolfe (47) found a chlorite rnineral in the Iredell and

Durharn soils frorn the Piedrnont of North Carolina which responded

to heat treatrnent in a way different frorn any specilnen previously

described in the literature. Occurrence of rrchlorite-Iike" intergrade

clay rninerals was recently described also in Coastal Plain, Pied-

rnont, and Mountain soils of North Carolina (63). Definite evidence

has been obtained for the forrnation of intergrade rnaterial in the

northernpart ofthe UnitedStates (28, 49, 50, 55, 57, 58, 59). The

occurrence of a rrdioctahedral clay verrniculite" in a Spanish soil

classified as Brown Earth is of special interest (34). The serni-arid
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clirnate, with an average annual rainfall of 430. 7 rnrn, and an average

ternperature of L2.30C is significantly different frorn the climatic

conditions specific to Red-Yellow Podzolic and Gray-Brown Podzolic

soils.

Hathaway (20), Rich and Obenshain (66), Klages and $/hite (28),

Rich (41), Brown and Jackson (4), Rich and Cook (45), and Sawhney

(4!) concluded that intergrade clay rninerals in soils are a weathering

product frorn a rrruscovite-type rnica.

Mica (1, 4, 5), chlorite (27, 48, 59l,, verrniculite (51, 55, 59\'

iLLite (ZZ, 34, 46, 56, 591, kaolinite (5, 6, 20, 34, 48, 50), and

rnontmorillonite (22, 59) are the cornrnon minerals associated with

inte rgrade s .

Theories of Intergrade Mineral Forrnation

The depletion of potassiurn in rnica during weathering and the

fixation of alurninurn and perhaps other cations between the plates

are the processes proposed in the rnost widely accepted theory of

intergrade rnineral forrnation (5, 6, ?0, 28, 4L, 43).. The forrnation

of alurninurn interlayer rninerals was Proposed by Brown (5, 6),

Rich and Obenshain (46), Klages and 1r[Ihite (28), and Rich (42).

Sawhney (49, 5I) advanced the theory of 'rchloritization" in order to

explain the forrnation of such rninerals in soils. In addition to

various inorganic forrns of alurninurn between layers of expandable
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clay rninerals, according to Brown (6), ferrous-organic or perhaps

alurnino-organic ions rnay occupy the interlayer Positions as exchange-

able cations or in a physically absorbed form. This conclusion was

based on the observation that treatrnent with HrO, increased the

response of the dOOt spacing to K treatrnent which collapsed the

lattice structure. Hathaway {20) also supported the idea of organic

rnatter between layers on the basis of differential therrnal analysis

results. Rich and Obenshain (46), Rich and Cook (45), Brown and

Jackson (4), and Tarnura (55) suggested the possibility of iron also

forrning an interlayer complex, but presented no supporting research.

Another theory, advanced by Honeyborne (221 ar.d Droste (18),

explains the forrnation of intergrade rninerals by gradual alteration

of chtorite to rnontrnorillonite or verrniculite. Honeyborne (Z2l

found in Keuper Marl, in addition to ilIite, clay rninerals which

showed a broad 14.0 f, diffraction line which shifted to I6 o" fg .3.

on glycerol treatrnent. Honeyborne interpreted his X-ray and therrnal

analysis data by assurning the existence of a lattice containing alter-

nate layers of "hydrated chloritic and rnontrnorilloniticrr rninerals.

This rnontrnorillonite-Iike rnineral was derived frorn the "hydrated

type" of chtorite in which the replacernent of the brucitic layers by

water had taken place to such degree that the expansion of the lattice

could not be prevented.

Droste (I8) also explained the conversion of chlorite to
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verrniculite by hydration of the brucite layer. The altering chlorite

is interpreted to have interlayer water with islands of brucite, and

to have interrnediate properties between chlorite and verrniculite.

Reaction between protons of hydroniurn ions and hydroxyls of the

brucite layer with forrnation of HrO is the rnechanisln ProPosed by

Droste as an explanation for the conversion of chlorite to vermiculite.

Sirnilarly, the conversion of chlorite to rnontrnorillonite was

used by Brown and Jackson (4) to explain the presence of rnontrnoril-

lonite in the A^ horizon of a PodzoI frorn 'Wisconsin.
Z

Research in progress at Oregon State University also supports

Honeyborners theory that chlorite alters to either verrniculite or

rnontmorillonite. I

Rernoval of Interlayers

o
Brown (5) succeeded in collapsing back to I0 A a

layer silicate rnineral by boiling in KOH-KC 1 solution

Rich and Obenshain (46) found that I N KC I plus 0. I N

or 1 N NH4F at pH ?.0 produced a collapse to near 10

hedral verrniculite of the Nason silt loarn of Virginia.

stated that prolonged boiling in the NH4F solution had

effect upon the crystalline structure of the clay.

o
natural 14 A

for five hours.

HC 1 treatrnent
o
A of the diocta-

However, they

a destructive

1'Unpublished data, Clifford A. Balster (Soil Conservation
Service) and Paul C. Singleton.
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The severity of fluoride treatrnent used for the interlayer re-

rnoval was criticized by Tamura (57). Tarnura (56, 57, 58) success-

fully removed AI interlayers from several soils which contained 14 .3

intergrade rninerals by treating with I N sodiurn citrate (pH 7.3) for

various periods of tirne.

Dixon and Jackson (14) preheated sarnples at 4O0o for four hours

and boiled thern in 0.5 N NaOH f.or 2.5 rninutes in order to dissolve

interlayers frorn intergrade silicates.

The aluminurn fixation is to solne extent a function of the inten-

sity of weathering and as a consequence it appears that the AI inter-

layers are more difficult to rernove frorn southern soils which are

nrore weathered as cornpared with soils of the northern United States

(13). The ease of collapse of intergrade rninerals upon K saturation

increases frorn the surface down toward the parent material (46, 51,

56). The duration of the treatrnent required to rernove the interlayer

aluminurn frorn intergrade minerals by using sodiurn citrate increased

toward surface horizons.

The Synthesis of Intergrade Minerals

In order to understand better the properties of natural inter-

grade rninerals and the nature and rnechanisrn of interlayer forrnation,

laboratory experirnents with synthetic intergrades have been per-

forrned. An appropriate discussion regarding these experirnents will



I1

be given at the proper places in the next sections.

At this tirne it is appropriate to give only Table I in which the

experirnental work with synthetic intergrades is listed chronologically.

The author is fully aware that the table is not cornplete, since an ex-

haustive search of all existing scientific periodicals was not accorn-

plished. However, the papers listed below are the rnost weII known

and generally accepted.

Table I. Synthesis of interlayers in montmorillonite and vermiculite.

Date of

1950 Longuet-Escard,F. (31) +

1951 Youell, R. F. (65) +

1955 Rich, C. I. and
S. S. Obenshain (46)

1960 Sawhney,B. L. (50) +

1960 Youell, R. F. (66) +

1960 Rich, C. I. (421

1960 Slaushter. M. and
I. H."Mihie (54) +

1960 Coleman, N. T.
et"3I. (11) +

L962 Shen, M. J. and
C.I. Rich (53) +

1963 Carstea. D. and
M. E. F{arward * +

C ations
Clay Minerals Divalents Trivalents

+++
.r*

++

++
1*

++
.r*

+++-

++

+

+

++

Publication Name of Author Montmotillonite Vermiculite Ms Ni Zn Co A1 Fe

L949 Caillire. S. and
s. Herun (71 +

tThe paper is not yet published. A part of this work has been Presented before Division 2

of 1lre Soil Science Society of America, Novenrber t7-2L, 1963, Denver, Colorado.

+ - indicates positive results,

- indicates unsuccessful attemPts,

blank - were not tried,
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EXPERIMENTAL MATERIALS AND METHODS

Sources of Clay Minerals

Standard sarnples of rnontrnorillonite and verrniculite were used

for the experirnental work. A standard chlorite sarnple was used as

a reference for cornparison. The sarnples and their sources are

listed below:

t. Montrnorillonite I I

Santa Rica, New Mexico
l4rardrs Natural Science Establishrnent, Inc.
Rochester, New York

2. African Verrniculite

Frorn Perlite Cornpany, Portland, Oregon

3. Prochlorite 6

Chester, Verrnont
'Wardts Natural Science Establishrnent, Inc.
Rochester, New York

Sarnple Pr etr eatrnent s

Montrnorillonite was ground in a Wiley rnill and all the resulting

rnaterial ranging frorn fine clay to coarse sand was used in the sub-

sequent pretreatrnents.

Chlorite and verrniculite were ground in an Osterizer blender

after an unsuccessful atternpt to grind thern rnanually with a rnortar
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and pestle. Dry ball milling was considered too severe and therefore

was avoided. Portions of. 20 g were suspended in 400 rn1 of two per-

cent NarCO, and ground for about two rninutes. Special care was

taken to prevent heating which could alter the crystalline structure.

Jacksonrs boiling NarCO, treatrnent (?4, p. 73) for dispersion

was used with the rnodification that the NarCO, was not added as a

solid. Verrniculite and chlorite had previously been suspended in

two percent Na-CO. solution during the grinding Process. The sarn-
5

ples were thoroughly stirred for about half a rninute with a mechani-

ca1 stirrer of a malt rnixer type provided with a rubber policernan.

This suspension was boiled for exactly five rninutes on an electric

hot p1ate. After a short period of cooling, the contents were trans-

ferred to 250 rnl polyethylene cups and were ready for the particle

size separation.

Prelirninary X-ray study of many size fractions was used to

select the fractions which best exhibited the properties of the appro-

priate clay rnineral. The silt fraction (50-Z [r) was selected for

verrniculite and the whole clay fraction (<2p.) was selected for rnont-

rnorillonite and chlorite.

The separation of rnaterial with less than 2 p. effective spherical

diarneter was obtained by an adaptation of a centrifuge rnethod des-

cribed by Jackson (24, p. 101-I64). The suspension was rePeatedly

washed with dilute NarCO, (1 g per 9 liters of distilled water).



l4

The desired supernatant was decanted into Erlenrneyer flasks. Resus-

pension was accornplished by using a rnechanical stirrer. An Inter-

national centrifuge, size one, was used since a continuous flow attach-

rnent was not available at that tirne.

Silt size verrniculite was obtained by using the wet sieve rnethod

at the upper size lirnit. SiIt and clay size fractions which passed

through 300 rnesh sieve were subsequently separated by centrifugation.

The flocculation of clay-size rnontrnorillonite, suspended in

dilute NarCO, as a result of particle size separation, was initially

prornotedby adding crystals of. CaClr. The rnontrnorillonite treated

in this way exhibited a pronounced resistance to collaPse uPon K sat-

uration and heat treatrnent. The expansion property also was affected.

Presurnably, precipitation of CaCO, between layers took place accord-

ing to the reaction:

NaaCO, * CaClr= CaCOE * ZNaCl

A few washings with 0. I N HCI restored the norrnal behavior of the

rnontrnorillonite, but flocculating with CaCL, was discontinued and

replaced by centrifugation.

Flocculation and concentration of silt-size verrniculite was

accornplished entirely by centrifugation.

Calciurn Saturation

The sedirnents resulting frorn the concentration treatrnent were
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calciurn saturated by five washings (42) with I N CaClr. The soluble

salts were rernoved by two washings with distilled water followed by

four washings with 95 percent ethanol untj"l no positi.ve test for

chloride was observed. The rnaterial was dried at 650C, ground by

rnortar and pestle, stored in bottles, and used as stock rnaterial for

subsequent experirnents.

Alteration of Mica-Verrniculute Mixture to Verrniculite

The silt fraction used in this study was rnainly a rnixture of

verrniculite and interstratified rnica-verrniculite. The sarnple con-

tained 3.70 percent K. If all Potassiurn i"s attributed to mica, Pre-

surnably biotite, the approxirnate cornposition of the sarnple was 60

percent verrniculite and 40 percent rnica. Basically, Richrs rnethod

has been used for alteration of rnica to verrniculite (42) with the

following rnodifications: The liquid: solid ratio was changed frorn

2OOO to 600; the time of reaction was reduced frorn ten to seven days;

and the NaCl solution was changed dai1y instead of every two days.

Specifically, a 5 g sarnple of Ca-saturated rnica-verrniculite was

treated with 3000 rnI of 5 N NaCl and digested in a water bath at

approxirnately SOoC for seven days, the NaCl solution being changed

every day. subsarnples of rnaterial were checked by X- tay aftet

three, five, and seven days. The peaks previously indicating the

rnixture of rnica-verrniculite decreased in intensi.ty and after seven
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days of treatrnent they disappeared cornpletely (Table II). At the sarrre

tirne, the sharp peak characteristic for verrniculite increased in inten-

sity. The potassiurn interlayer was replaced by sodiurn and the rnica

converted into vermiculite. After seven days digestion, the rnaterial

was subjected to a quick wash with 0. 1 N HCI to rernove the possible

interlayer forrned during the conversion treatrnent.

Tab1e II. Alteration of rnica-verrniculite rnixture to
verrniculite by digestion with 5 N NaCl for
seven days.

Before Treatrnent After Treatrnent

Diff raction
line

o
(A)

Ca sat. 25. 8

14. 8
LZ. g

14. 8

7.4
K sat. 10. 3

7.2-7.4
10. 3

7 .2-7 .4

C. E. C 83.88 L5Z.0Z
lrne/ l ooe)

Total K
grl 3.7 0 0. 31

A detailed rnineralogical study of this verrniculite was not the

object of the present research. Consequently, the true significance
o

of the 7.2-7.4 A peak was not cornpletely resolved. However, based

upon the behavior of this peak to various treatrnents, especially heat

treatrnent, it can be hypothesized that it would be indicative of

kaolinite or even halloysite. One rnay also interpret this spacing as

indicating a chlorite rnineral of a ferruginous type.
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Preparation of Synthetic Interlayers

Cation Saturation

Hornoionic systerns containing A1, Fe, or Mg ions were pre-

pared by five washings lazl of. about ten grarns of Ca-saturated stock

material with the appropriate I N chloride solutions. AI and Fe

systems were always freshly prepared as needed in the various ex-

perirnents. It was thus hoped that the conversion into H-Al and H-f'e

systems could be minirnized, Excess salts were rernoved as pointed

out under the section dealing with calciurn saturation.

Preparation of A1, Fe, and Mg-Interlavers by Titration Method

The titration rnethod used for the preparation of various inter-

layers was sirnilar to that of Slaughter and Milne (54); however, two

modifications were introduced:

l. In addition to a constant arnount of A1, Fe, or Mg chloride,

a variable arnount of NaOH was added to a clay suspension to give a

wide range of hydroxyl-interlayer cation ratios and also a wide pH

range. This ration (on the rnilliequivalent basis) will be designated

as O}Jf cation solution ratio throughout this study.

Z. Reaction tirne after the addition of reagents was arbitrarily

chosen equal to ten days.
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Portions of 0.5 g of clay rnontrnorillonite and silt verrniculite,

saturated as shown in each experirnent, were suspended in 250 rn1 of

distilled water and mixed in an operating Osterizer blender. Then

8 rne of freshly prepared AI, Fe or Mg chloride solutions were added,

followed irnrnediately by the addition of graded arnounts of 0. 1 N NaOH

to {orrn tlne OHf cation solution ratios as reported in the Results sec-

tion. Continuous and vigorous stirring was rnaintained during the

addition of reagents.

The 8 rne of chloride salts added is the theoretical arnount

needed to forrn a cornplete interlayer (54). Preliminary exPeriments

have indicated no difference when I0 rne of chloride per 0.5 g of clay

were added as compared with 8 rne per 0. 5 g of. clay. The initial

saturating cation was not irnportant in the resulting properties of

synthetic intergrade. For exarnple, a Ca-saturated clay and an Al-

saturated clay gave sirnilar results. These findings agree also with

those of Slaughter and Milne (54). Based on these results, only Ca-

saturated silt verrniculite has been used.

The sarnples were shaken twice daily for ten days, after which

the sarnples were prepared for X-ray diffraction analysis. The pH

values were recorded after one rninute and again after ten days by

using a Beckrnan rnodel G pH rneter. The values were taken when

no change in the position of the needle was observed.
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Preparation of Al, Fe, and Mg-Interlayers by Drying Method

Experirnents to deterrnine the extent of interlayer formation with

drying included variables as follows:

I. Kind of cation

Z. Kind of rnineral

3. Kind of salt

4. SaIt concentration

Specifically, O.25 g portions of rnontrnorillonite or vermiculite

were dried at 8OoC for at least four hours with or without varying

concentrations of A1, Mg, Fe or Ca chloride, expressed as rnilli-

equivalents of salt per grarrr of rnontrnorillonite or verrniculite. The

clay was initially saturated with one of these cations as shown in the

tables in the Results section. These tables also show the concentra-

tions of added salt.

Cation Exchange CaPacity

A procedure for exchangeable calciurn extraction as described

by Rich (44) was followed with slight rnodification. The difficulty in

deterrnining calciurn in the presence of excess rrragnesiurn salts led

to the substitution of sodiurn for rnagnesiurn as the replacing cation.

About 0. I g of calciurn-saturated clay, free of soluble salts,

was equilibrated with 20 rnl of 1N NaCl. The sarnples were shaken
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for periods of at least 16 hours. The suspension was then centrifuged

and the clear supernatant was separated by filtration into 100 rnl

volurnetric flasks. A second extraction of calciurn was perforrned in

the sarne rnanner but for only 20 rninutes. The solution was brought

to volurne and was ready for analysis. An adequate volurne was

pipetted and titrated with cyclohexanediarnine tetracetic acid (Cy DTA)

in the presence of NaOH and using calcein as an indicator (8). The

results were based on the weights of the sarnples dried at 65oC.

X- ray Diffration Techniques

X-ray Equiprnent

X-ray diffraction patterns were obtained by rneans of a Norelco

X-ray diffractorneter equipped with a Geiger-Mueller tube and a

Brown recorder. Nickel-filtered CuKo radiation generated at 50

kilovolts and 28 rnilliarnperes was used. A systern of divergent and

scatter slits with l/40 ^rrgular 
aperture and a 0.006 inch receiving

slit were found to be rnost adequate for optirnurn peak height and

resolution. The scanning speed was one degres 20 per rninute and

the patterns were run frorn 14 degrees 20 to two degrees 20 unless

otherwise specified. The rate rneter and tirne constant settings were

varied to rneet the need for resolution and detail of each particular

pattern.
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Calciurn Saturation and Solvation

After the sarnples prepared by the titration rnethod were aged

for ten days in 500 rnl Erlenmeyer flasks, two subsarnples of about

0. I g each were transferred to 50 rnl centrifuge tubes. Sarnples sub-

jected to a drying treatment were also divided into two subsarnples

and washed two tirnes with distilled water in order to rernove part of

the excess sa1ts.

One of each two subsarnples was saturated with calciurn by four

washings with I N CaC 1, followed by at least three washings with

water. A srnalI amount of the Ca-saturated clay was then rernoved

frorn the centrifuge tube with a serni-rnicrospatula and srneared on

petrographic rnicroslides (50) It was observed during experirnental

work that the results of X-ray diffraction are at least in part depen-

dent upon the preparation of the slides. Therefore this step was

regarded as critical. The slides were air dried at roorn ternpera-

ture followed by drying at 55oC for two hours. They were placed in

a desiccator containing drierite until analyzed by X-ray. Manual

scanning of the X-ray diffraction patterns was used in selection of

the better of duplicate slides. Following X-ray analysis of the Ca-

saturated clay, the slides were solvated with ethylene glycol by using

the procedure outlined by Kunze (2!). The X-ray specilnens were

placed for two hours at 650C in rnetal cans with ethylene glycol.
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After vaporization and glycotation they were allowed to rernain in the

saturated atrnosphere for at least 12 hours before diffraction.

Potassiurn Saturation and Heat Treatrnent

The second of each two subsarnples was potassiurn saturated by

washing four tirnes with I N KC t, followed by three washings with

water. The K-saturated slide was then prepared in a sirnilar way

to the Ca-saturated sIide. After the irradiation of the selected K

saturated s1ide, it was successively heated in an oven to I00oC,

zoooc, 3oooc, 4oooc, and 55OoC for two hours with additional X-ray

diffraction analyses recorded after each heating period.

Prooerties of Experirnental Materials

X-ray and cation exchange capacities were perforrned on the

selected size fraction of the experirnental rnaterial and the results
o

are recorded in Table III. Additional spacings near 7 A were ob-

served for verrniculite and chlorite.
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Table III. Properties
used in this

of montrnorillonite, verrniculite and chlorite
study.

o
Basal Spacings (A) C. E. C.

Materials Ca Ca
solv.

K
3oooc

KK
55ooc ('rr"/1!9g)

Montrnorillonite
(< 2p.)

Ve rrniculite'i'
(50 to Zp)

Chlorite
(< zp.)

t5. z

14. 8

14. ?

17. 3

L5. Z

t4. z

11.9

10.3

14. z

10.3

10.3

L4.2

9.9

10. 2

14. Z

108.14

tsz.0z

9.95

{'After conversion treatment.
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RESULTS

Aluminurn Interlayers in Montrnorillonite and Verrniculite

General

CaillEre and H6nin (11) were arnong the first

forrn a synthetic chlorite frorn rnontrnorillonite by

nurrr or ferric cations. They were not successful.

Longuet-Escard (3I) reported the forrnation

droxide cornplexes with rnontrnorillonite. He used

to one percent clay and about 0. I N concentrations

nitrate. The pH conditions were not specified.

who atternpted to

using either alurni-

of alurninum hy-

a systern with 0. 5

of alurninurn

Slaughter and Milne (55) also prepared alurninurn hydroxide-

rnontmorillonite cornplexes. They added alurninurn nitrate and

sodiurn hydroxide solutions to a 0. 2 percent suspension of rnontrnoril-

lonite and rnixed thern in a Iv'lfaring Blender. The gibbsite-like inter-

layer structure developed upon aging or dehydration. They con-

sidered that the process involved the adsorption of hydroxide over

the entire surface of rnontrnorillonite, rather than its direct forrna-

tion in the interlayer space. Though the alurninurn hydroxide corn-

plex was fairly stable against col1apse, the expansion of the lattice
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upon either water or ethylene g1ycol treatrnent could not be prevented.
oo

An 18 A spacing for one glycol layer and also aZL.7 A spacing for a

two-Iayer cornplex were obtained upon ethylene glycol solvation.

Again, the pH conditions were not specified..

Later, Sawhney (50) synthetically produced aluminurn inter-

layers in rnontrnorillonite and vermiculite. Alurninurn chloride

(0. I N) was brought to pH 5. 0 by slowly adding 1. 0 N sodiurn hydrox-

ide. Montrnorillonite and verrniculite were washed with this solution

and finally they were allowed to react for 15 days. He also prepared

alurninurn interlayers by washing pure clay with 1.0 N alurninurn

chloride and then raising the pH of the suspension to 5.0. The initial

cation exchange capacity of montmorillonite was reduced by 23 to 30

percent and that of verrniculite by 45 to 53 percent. The extraction

with citrate for rernoval of the interlayers produced an increase in

the exchange capacity. However, the alurninurn interlayers, which

were thought to be formed prirnarily of polyrners of AI(OHl) typ",

were only partially stable at I00oC and unstable at 30OoC.

Shen and Rich (53) conducted long tirne experirnents in their

atternpts to study alurninum fixation in rnontrnorillonite. They added

increasing arnounts of NaOH to a suspension of clay in alurninurn

chloride solution and aged the rnixtures for a period of three weeks

and six rnonths. Their experirnents were carried out in an acid

rnedium with 5.70 being the rnaxirrrurn pH after three weeks of
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reaction. This pH decreased to 3. 35 after six rnonths. The inter-

layer material was stable against collaps e at 5O0oC, but expansion

could not be prevented. The cation exchange capacity decreased frorn

98 to 20.5 rne per 100 g of clay. They concluded that the presence of

the positively-charged hydroxyl-A1 groups, of the AI(OH); type, was

responsible for changes in the lattice structure and for the decrease

in the cation exchange capacity.

In sorne of the studies rnentioned above the pH was not controlled

(31, 5al; sorne experirnents were carried out at a constant pH of 5

(50), while others were conducted only in acid mediurn (53)' So far,

no synthetic interlayer with aluminurn has been produced in which

expansion upon solvation with water or ethylene glycol was entirely

elirninated.

Rich (42) conducted several experirnents with alurninurn in the

interlayer space of verrniculite. The greatest change in the proper-

ties of verrniculite was obtained when hydroxyl-AI solution, a rnix-

ture of L/3 M AICI, and L/Z M NaOH, was used. Treatrnent for

eight days with the above solution reduced the cation exchange caPa-

city of verrniculite frorn L34 to I rne per 100 g.

The irnrnediate goal of the present study was to refine the

technique and control the pH conditions in the hope that noncollapse

and nonexpansion of the rnaterial could be achieved.
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Titration Experirnents with Montrnorillonite

Success in the forrnation of a stable AI interlayer in rnontrnoril-

lonite varied with the OH/AL solution ratio and the resulting pH as

shown in Table IV. With a ratio of 0.88 (pH a.6 after ten days), sol-

vation with ethylene glycol produced no expansion and K saturation

prod.uced no collapse, even after heating to 55OoC. Thus, the rna-

terial produced showed the essential X-ray diffraction characteristic

of chlorite. On the other hand, without any addition of base, that is,

with an OH/AL solution ratio of 0.00, there was no evidence for the

formation of an interlayer. The X-ray diffraction peaks were char-

acteristic of montrnorillonite. With increasing ratios above 0. 88,

the diffraction peaks showed a gradual decrease in perfection of the

interlayer. These sarnples showed an increase of expansion and a

d.ecrease of collapse after potassiur,n and heat treatrnent. For ex-

arnple, at a ratio of t. 13, the rnaterial exhibited full expansion and

showed no resistance to collapse at 55OoC.

Titration Experirnents with Verrniculite

The forrnation of a stable Al interlayer in verrniculite varied

with the Olts^/AI solution ratio and the resulting pH. The dOOI spac-

ings after potassium and heating treatrnents are given in Table V.

Solvation with ethylene glyco1 produced no expansion o{ verrniculite
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Table IV. Basal spacings of rnontrnorillonite with synthetic AI
interlayers - titration rnethod.

olH/ AL
s olution
ratio

pH
I minute 10 days

Basal spacirres (.3,)

X- ray pretreatrnents
Ca Ca

solv.
K KK

3oooc 55ooc

Untreated

0. 00

0.88Y,.

0.94

1.00'i<

r.0g

I. 13

L7 .3

L7 .3

L5. Z

L5.2
17. 0

L6.3

L7 .3
14.8

t7 .3

15.0

13.5b

3.5

4.7

7.5

7.5

8.7

9.8

3.5

4.6

6.2

6.8

7.0

10. 5

L5.2

15. I
L5.2

L5. Z

15. r

t5. z

L5, Z

11.9 10.3 9.9
11.8 10.4 10.1

L5. Z 14.7 14. 0

15. 0 L4.5 13. 6

15. 0b 13.6b

13.? LL.Z

LZ. 6 LZ. 3 10. 4

b stands for broad.
'l These samples were initially Al-saturated.

l4rhere two peaks were'observed, the rrrore prorninent one is
given first and underlined.

Table V. Basal spacings of verrniculite with synthetic Al inter-
layers - titration rnethod.

Basal spacines (.8)
olF./ Ar
solution
ratio

pH
@ X-ray pretreatments

K K
3 000c

K
55 ooc

Untreated

0.25

0. 81

0.97

L. 23

1.78

4.5

5.3

7.1

9.0

r 1. I

4.2

5. 0

5.6

9.0
10.8

10. 3

13.8

t3.4
t3. 4

LZ.6

t2.3

10.3

11.0

11. 0

11. 1

11. I

10. z

10. 6

I0.4b

10. 5

r0.5

b stands for broad.
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either with or without treatrnent.

The rnaterials produced in acid conditions showed a slightly

greater resistance to collapse after potassium treatrnent than those

produced in alkaline conditions. With a ratio of. 0.?5, corresponding

to a pH of.4,2 after ten days, the biggest resistance to collapse was

noted. However, all samples respond.ed. to 300oC and 55OoC heat

treatments. Thus, a chlorite-like structure was achieved, but the

A1-interlayers were less stable than in rnontrnorillonite.

Drying Experirnents with Montrnorillonite

Table VI shows the results of atternpts to form AI interlayers

in rnontrnorillonite by drying rnethods. 'Without drying, the X-ray

pattern of normal montmorillonite was obtained. Drying without

added salts produced a very slight resistance to collapse with potas-

siurn saturation. With calciurn chloride there was greater resistance

to collapse with potassiurn saturation plus heating at 300oC. Finally

with AlCl' there was greater resistance to collapse. The resis-

tance to collapse increased progressively with concentration of

AICl, up to the addition of 8 rnef I g. At this point the sarnple re-

sisted collapse with heating at 3OOoC and 400oC but not at 55OoC.

There was no reduction in expansion. Apparently, addition of. CaCL,

favors forrnation of an AI interlayer by release of AI frorn exchange

sites. Addition of AICI, provides rnore Al to go into the interlayer
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Table VI. Basal spacings
AI-interlayers

of montrnorillonite with synthetic
- drying rnethod.

Initial
Added salt,

kind Ca
Saturation Drying (fn"/ el solv.

o
Basal spacings (A)

X-ray pretreatrnents
CaKKK

3000c 5500c
)L

UA
?+AI-'

il

il

il

il

ll

n

il

il

il

lt

It

Undried

Undried
Dried

ll

il

It

il

il

lt

il

il

il

il

none

none
none

CaCL2 tnz
n4
r8
'r 16

AlCi3 I
ilz
n4
'r8
il 16

15. I L7.3

15. 1 17.3
L5.? t7.3
15. 1 t7 .3
15. 0 L7.4
L5.Z L7.3
15. 1 L7.3
15. 0 L7.4
15.z t7.3
15. 1 L7 .4
15. 0 L7.3
L5.Z 17.3
15. 1 17.3

1r.9 10.3

tz. 0 I0. 3

12.8 10.3
L?.6 II.8
rz.6 11.8
LZ. 6 rZ.4
12.3 11. 0
12. 4 11. 4b
t2,.6 11.8b
13. Z L2. 3b
L3.6 13.4b
14. 0 13.8b
t3.4 tz.6

9.9

10. 3
10. 3
r0. 3

LA.4
I0.0
r0.0
10. t
r0.3
10. 3
I0. 3v. b.
10. 2v. b.
10.4v. b.

b - stands for broad.
v. b. - stands for very broad.

Table VII. Basal spacings
A1-interlayer s

of verrniculite with synthetic
- drying rnethod.

Initial
Saturation

Added salt,
kind

Drying (rn"/ gl

BasaI spacirrg" (3)
X- ray pretreatrnents

KKK
3oooc 55ooc

)J-

Ua

A13+
il

Z+U 
il

il

il

il

Undried

Undried
Dried

Dried
il

il

ll

tl

none

none
none

AlC I3
ll

il

It

lt

I0.3
LZ. 6

tz.6
r1.9
LZ. 3
13. 0
14. 0
L4.2

10. 3

11.0
11. 1

10.5
10.9
Ll. z
tt. z
L4. Z
ttl

L0.2

10.8
10.7

10.3
10.5
10,8
10.8
10. 8

0.5
1.0
2.0
4.0
8.0
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structure. Too rnuch AICl, (t0 rnef tg) is believed to lower the pH

to values unfavorable for A1-interlayer forrnation. Measurernents of

pH indicated values less than 3.9.

Drying Experiments with Verrniculite

The success of atternpts to forrn AI interlayers in verrniculite

by drying is shown in Table VII. Undried Ca-saturated verrnj.culite

shows the characteristic X-ray pattern of verrniculite. Without dry-

inS, or with drying without salts, A1-saturated verrniculite exhibited

a resistance to collapse with potassiurn saturation and potassiurn sat-

uration plus heating at 30OoC. Drying of Ca-saturated verrniculite in

the presence of increasing concentrations of AlCt, (un to 8 rne/1g)

produced progressive resistance to the collapse with K saturation

plus heating at 3OOoC.

Ferric Iron Interlayer in Montrnorillonite and Verrniculite

General

CaillEre and H6nin (7) apparently were not successful in the

forrnation of a ferric iron interlayer with rnontrnorillonite. Slaughter

and Milne (541 reported chlorite-Iike structures frorn rnontrnorillon-

ite with rnagnesium, alurninurn, and nickel hydroxide, but a structure

with ferric hydroxide could not be identified.
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Rich and Obenshain (46) studied a rnajor clay rnineral component

of a Red-Yellow-Podzolic soil whos e 14.Z .i U""rI spacing did not col-
o

lapse to 10.0 A on K saturation. Atreatrnent with NH4F or HCl was

necessary before the lattice collapsed to 10.0.E. In addition to AI in

the interlayer positions, they considered also the possibility of iron

forming an interlayer cornplex. However, they were not successful

in forming such an interlayer by subjecting a Fe-saturated verrnicu-

lite to a drying and wetting cycle in both acid and neutral conditions.

The irnportance of iron between silicate layers, in addition to

that of alurninum and rnagnesiurn in a dioctrahedral vermiculite has

been reported (4, 45).

Titration Experirnents with Montmorillonite

The results of atternpts to forrn Fe interlayers in rnontrnoril-

lonite are recorded in Table VIII. There is a slight evidence of

interlayer forrnation in the sarnple without OH addition. This is

shown by the resistance to collapse with K saturation plus heating

at 300oC.

This finding is not suprising since it has been shown that hy-

droxy-Fe ions started to forrn at pH as low as tr.0 (37). The Fe-inter-

layered rnaterials were forrned in both acid and alkaline rnedia.

Note that, in no case, is the interlayer forrnation effective to prevent

expansion with ethylene glyco1 solvation. The basal spacing after K
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Table VIII. Basal spacings of montmorillonite with synthetic Fe-interlayers - titration method.

OH/Fe
Solution pH

ratio 1 minute 10 davs

Ca Ca
solv.

o
Basal spacings (A)

X-ray pretreatment
KK

3oooc

K
55ooc

Untreated

0.00

0.75

0.88

1.00

1. 13

1.25

2,?S

15.2 t7.3

14,7 17.3

t4,7 17,3

15.0 17.3

14,7 17.3

t5.2 t7.4

15.0 17.3

15. O 17.3

11. 9

12,3

t4.7
13. 0

14.7 -11.8
(13.0)

t4,7 -12.6
(t4.2)

14.7 -tL.6
(13.0)

t4.5-t2, t
(1 3. 4)

13. 0

2.3 2.3

3.2 3.1

4.24.5

6.8

8.8

7,2

9.9

to.2

1 1. 9-9. 8

(10.6)*

14,7-11.6 14.0
(1 3. 0) 10. 3

14.7-t1.9 L4,O
(1 3.8) 10. s

13.8-11.6 t2.3
(13.0) 10. s

13.8-11.0 12.6-10.0
(1 3.0)

13.4
12,4

(11. s)

12.3
10.2

10.3

11.0

12.8
11. O

9,0

10.6

11.8

10. 1

*The figires in parentheses designate the middle of the broad peaks which often resemble
plateaiu; wherd two peaks were"observed the more prominent'one is underlined.

Table IX. Basa1 spacings of vermiculite with synthetic Fe-interlayem - titration method.

OH/Fe
Solution pH

o
Basal spacings (A)

X-ray pretreatments
KKK

ratio 1 minrtre 1O davs 3OOoC

Untreated
0,88
1. 03

1. 06

1.18
1.43

3.8
5.0
7,s
9.5

11. O

3.8
5.0
7.5
8.7

10.6

10.3
11. 9

11. 9

tz.3
t2.4
13. O

10. 3
11. O

11. O

Ll,2
LL.2

10.2
10. o

10.3
10. 3
10.1

tt.z 10.0
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oo
saturation generally varied frorn L4.7 A to 13.0 A as the pH was

raised frorn 3. I to 11.8. The diffraction patterns of Fe-interlayered

rnaterials exhibited broad basal spacings and plateaus. These broad

peaks and plateaus sti1l existed after heating to 300oC. Although heat

to 55OoC resulted in sorne co1lapse, the presence of interlayer rrra-

terial is still evident. Aspects such as broadness, increase in back-

ground and tendency to forrn plateaus are illustrated in Figure 1.

Titration Experiments with Verrniculite

Table IX shows that resistance to collapse after K saturation

increases progressively with an increase of the pH values. However,

the materials showed no difference in collapse after heating at 30OoC.

A11 sarnples, regardless of the pH in which they have been formed,

exhibited a basal spacing of about I1.0.3.. Heating at 550oC closed

the structure to about 10. I ;.. Only a slight asyrnrnetry of the peaks

are indicative of the forrner existence of interlayers.

Drying Experiments with Montrnorillonite

Iron saturation, with or without drying, resulted in norrnal

rnontmorillonite X-ray patterns (Table X). With the addition of

CaCl- there is a resistance to collapse with K saturation plus heat-
Z

ing at 30OoC. The addition of FeC1, is less effective in deterrnining

a resistance to collapse than addition of CaCLr. This is thought to
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Figure I.

K saturation

K saturation + 3O0oC

K saturation + 550oC

X-ray diffraction patterns of clay rnontrnor
illonite with syntheti.c Fe-interlayer
(OH/Fe = I. 13, pH 8.8).

2e10
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be a pH effect. The addition of CaC1, produced a slight increase in

pH of the systern, thus favoring the forrnation of hydroxy-Fe groups

in addition to F.3* ions. It is to be noted that one rne of CaCl, per

grarrr of clay was as effective as 16 rne of CaClr.

Table X. BasaI spacings
Fe-interlayers

of rnontrnorillonit e with synthetic
drying rnethod.

Basal 
"pacirrgs 

(.8)
Added sa1t, X-ray pretreatrnents

Initial kind Ca Ca K K K
Saturation Drying (rne/ el so1v. 3OOoC 55OoC

2+
Ua

3+
-b'e

il

ll

It

ll

il

il

tl

ll

Undried

Undried
Dried

l,

lt

il

ll

It

tt

il

none

none
none

CaCl, I
t. a2

1l A+
r 15

FeCl, I
trJz
,r4

10.3 9.9

10.3 9.9
10. 3 I0. I
tz. 3 10. 0
t2. 3 10. 5
LZ.3 g.g
12.3 9.9
I0. 0 10.0
10. 0 10. 0
I0.4 10. 0

15. 1 17.3 11.9

15. 0 17.3 LZ.3
15.1 17.0 LZ.3
15.0 17.0 rZ.8
t5.2 t7.?. 12.6
15. 1 L7 .3 rZ. 6

15.0 17. 0 LZ.6
L5.Z 17 .0 12.4
15. 1 17.3 rZ.4
I5.0 17.0 L2.3

Drying Experirnents with Verrniculite

Even without drying, Fe-saturated verrniculite showed resis-

tance to collapse after K saturation and after K saturation plus heat-

ing at 3OOoC.(Table XI). Drying Fe-saturated verrniculite without

added salts produced the sarne effect. Drying Ca-saturated verrni-

culite in the presence of FeCI, produced a resistance to collapse

with K saturation. This resistance increased with increasing arnounts

of added FeClr. The Fe interlayers were not sufficiently stable to
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prevent collapse at 300oC and at 55OoC.

Tab1e XI. Basal spacings of verrniculite with synthetic
Fe-interlayers - drying method.

Initial
Saturation

Added sa1t,
kind K

Dryins (rn"/ s,l

Basal spacings (8)
X- ray pretreatrnents

KK
3oooc 55ooc

Z+
Ua

r'"3i
lt

?+
UA

lt

il

il

ll

Undried

Undried
Dried

II

It

tt

tr

il

none

none
none

FeCl,
IT

tt

rl

ll

I0. 3

LZ. 5

LZ.8

10. 5

11.5
11. 9
rz. 8

13. 0

10.3

LL. ?
11. 0

10. 5

10.6
10.9
1I.0
10.8

t0. z

10.6
10.6

10. 3
t0. z
r0.5
10. 3
10.3

0.5
1

z
4
8

Magnesiurn Interlayer in Montrnorillonite and Verrniculite

General

From Table I, given earlier in this PaPer, it can be seen that

the precipitation of magnesiurn hydroxide between layers of rnontrnor-

illonite was successfully accornplished by CaitlEre and H6nin (7),

Youell (55, 66), and Slaughter and Milne (54). No such atternpts

have been rnade to conduct sirnilar experirnents using verrniculites.

CaillEre and H6nin (7) precipitated Mg(OH), between layers of

rnontrnorillonite by adding arnrnoniurn hydroxide to MgC 1, -rnontrnor-

illonite suspension. r.airly concentrated suspensions containing six

percent clay were titrated with one N to four N concentrations of
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rnagnesiurn chloride. Dropwise addition of pure arnmoniurn hydroxide

solution was accornpanied by vigorous shaking. After a three day

reaction period, X-ray and therrnal analyses showed that the rnont-

rnorillonite was converted into a chlorite-like or pseudochlorite

structure. Despite rnany similarities of this converted rnontmoril-

lonite with chlorite, sonie differences stil1 existed. The new mont-
o

rnorillonite cornplex exhibi.ted dOO, spacings of 17.6 A with the
o

initial hurnidity of forrnation, 15.2 f,. when dried in air, and 14. I A

when dried at 105oC. After heating at 105oC, the structure did not

o
expand when rewet and had well defined doo, Iines. The 14 A clay

mineral behaved unlike chlorite on acid attack and heat treatment.

Treatrnent with an excess of cold five percent hydrochloric acid for

one hour was sufficient to collapse the crystalline structure with a

total disappearance of the (d 001) series. The rnineral was not stable

after heating at 35OoC. They concluded that Mg(OHr) had sirnply been

precipitated between the layers of the rnontrnorillonite structure.

Youe11 (65, 66) developed an electrolytic procedure in order to

accornplish the precipitation of Mg(OHr) between layers of rnontnror-

illonite. This rnethod was adopted in order to overcome difficulties

encountered in atternpts to repeat CaillEre and H6ninr s work. Mag-

nesiurn hydroxide reacts with arnrnoniurn chloride, as shown in the

following reaction:

2NH3 + MgCrZ+ Z:H|O 
== 

Mg(OHr) + ZNH4Cl
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The presence of arnrnoniurn chloride as a product explains the irncorn-

pleteness of the brucite layer in CaillBre and H6nints experiments.

Youellrs rnethod uses MgCl, but supplies hydroxyls electrolytically

and thus elirninates the interference. As a result, Youell was able

to introduce up to five layers of brucite between rnontrnorillonite

sheets. Treatment with very dilute aqueous arnrnoniurn chloride dis-

solved the excess magnesiurn hydroxide and the end produce was

sirnilar with the pseudochlorite prepared by Cailtbre and H6nin.

Slaughter and Milne $a) prepared a rnagnesiurn hydroxide-

rnontrnorillonite by Caillire and H6nints method and. by a rnethod

using a 'Waring Blender. The latter method is essentially that des-

cribed as the titration rnethod of this investigation.

The variables influencing Mg-interlayer forrnation in rnont-

rnorillonite and verrniculite have not been investigated.

Titration Experirnents with Montrnorillonite

Success in the forrnation of Mg interlayers in rnontrnorillonite

is seen to vary with pH (Table XII). W'ithout any hydroxide, the X-ray

patterns show the norrnal rnontrnorillonite characteristics. With

sufficient hydroxide to give pH of about ten, there is a reduction in

the degree of expansion and a rnarked resistance to co1lapse. It is

noted that the difference in the basal spacing between glycol solva-

tion and heating at 550oC is 3. 5 .8. This would indicate that only



40

one layer of ethylene glycol has been absorbed in the interlayer space.

At pH 10.4 there is neither expansion, nor coIlapse, indicating the

forrnation of a stable Mg interlayer. Thus the rnaterial produced

showed the essential X-ray characteristic of chlorite. At sti1l higher

pH, evidently there is a slight dissolution of the brucite-like inter-

layer judging by the greater expansion and greater collapse. A de-

crease in crystallinity was also noted as one rnay judge frorn the

broadening of some of the peaks.

Table XII. Basal spacings of rnontrnorillonite with synthetic
Mg-inte rlayer s - titration rnethod.

oH/Mg
Solution

ratio

pH
I r-t""t" IO d"y"

o
Basal spacings (A)

X- ray pretreatrnents
CaKKK

solv. 3oooc 55ooc
Ca

Untreated

0. 00

0. 63

L. 25

z. L3

6.2 6.0

10. r 9.8

Ir.1 10.4

tz.0 1I. 7

2 L7.3 11.9

z L7.Z tZ.l
2, L5.4 15. I

z L5.5 t5.2

9 L6.3 15. 0

10.3 9.9

11.3b 10.0

t4.2 tz.9a

L4.5 14. 5b

13. 6b LZ.6v.b"

15.

I5.

I5.

15.

14.

b - stands for broad.
v. b. - stands for very broad.

Titration Experirnents with Verrniculite

No definite interlayer forrnation was noted at pH 8.9 (Table

XIII). However, a slight resistance to collapse is indicated by the

broadness of the peaks. With sufficient hydroxide to give a pH of
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about 9.7, there is a rnarked resistance to collapse with K saturation

and with heating at 300oC. The peaks at 14.2 and I1.5 ,E (after heat:

ing at 3oooc) indicate the forrnation of two phases. '\[alker (62) con-

sidered an 11.5 .& basal spacing of an Mg-verrniculite as being a

structure which contained a single sheet of water rnolecules between

the silicate layers. The resistance to collapse with K saturation and

heating to 300oC is even rnore pronounced at pH 10.7.

Table XIII. Basal spacings of verrniculite with synthetic
Mg-interlayers - titration rnethod.

oH/Mg
Solution
ratio

I rninute I0 days

Basa1 spacir.gs (,E)

X-ray pretreatrnents
KKK

3oooc 55ooc

pH

Untreated

0. 05

0.23

1. 18

9. I
10.0

I1.1 r0.7

10. 3

10. 6

14.2

L4.7

8.9

9.7

10.3 L0.Z

I0.4 10. 3

L4.? 10.4
1I.5b

14.2 10.5b

b - stands for broad.

Drvine Experirnents with Montrnorillonite and Verrniculite

There was no evidence for the forrnation of Mg interlayers in

rnontrnorillonite with the drying rnethod. The addition of hyd'roxide

seeln6 to be necessary, presurnably because of the pH effect. The

results were negative even after three days of drying. Mg inter-

layers in verrniculite were not intensively studied but sirnilar results

with those found in rnontrnorillonite are to be expected.
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DISCUSSION

Influence of pH on A1, Fe and Mg Interlayer Forrnation

Change in pH with Tirne

Evidence for Al, Fe and Mg interlayer forrnation in shown in

Tables IV, V, VIII, IX, XII, and XIII. These tables show that pH

is an essential deterrnining factor for the interlayer formation. The

pH values, recorded one rninute and ten days after the preparation of

interlayers, are repeated for convenience in Tables XIV and XV. The

degree of interlayer forrnation is also included.

In most cases, pH values decreased with tirne. Sorne instances

were noted where no change in pH was observed. Only in one instance

was an increase in pH recorded. The decrease in pH was recorded

in acid, neutral and alkaline conditions. Alurninurn systerns with

rnontrnorillonite and verrniculite showed the biggest reduction of pH

values, especially in the neutral range, with a rnaxirnurn decrease of

I.7 pH units. Systerns containing iron, especially those with verrni-

culite, showed srnaller decrease in the pH. The decrease in the iron

systerns occurred especially in the alkaline range. Final1y, Eragne-

siurn systerns occupied an interrnediate position with respect to pH
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Table XIV. pH of suspensions of montmorillonite with synthetic interlayers and

degree of interlayer formation. *

41 Interlayers Fe Interlayers Mg Interlayers

pH After Degree of Inter- pH After Degree of Inter- pH After Degree of Inter-

T- layer Formation -f- layer Formation -f- layer Formation
minute 10 davs After 1O Davs minute 1O davs After 1O Davs minute 1O davs After 10 Davs

3.5 3.5 0 2,3 2,3 t 6.2 6.0 0

4.7 4,6 s 3.2 3.1 3 10.1 9.8 4

7.s 6.2 4 4.5 4.2 4 LL.t LO.4 5

7.s 6.8 3 7,2 6.8 4 Lz.O lL.7 3

8,7 7.O 2 9.O 8.8 3

9.8 10..6 1 10.6 10.1 3

*Arbitrary scale with 0 being none and 5 being most marked,

Table XV. pH of suspensions of vermiculite with synthetic interlayers and

degree of interlayer formation. *

A1 Interlayers Fe Interlayers Mg Interlayers

pH After Degree of Inter- pH After Degree of Inter- pH After Degree of Inter-
layer Formation -]- Iayer Formation --l- layer Formation

minute 10 days After 10 Davs minute 1O days After 10 Dav.s minute 1O davs After 10 Davs

4.s 4,2 3 3.8 3.8 L 9.1 8.9 0

5.3 5.0 3 s. O 5.0 1 10. O 9.7 3

7.t s.6 3 7.s 7.5 2 rt.t lo.7 4

9.0 9. O 2 9.5 8.7 2

11. 1 10.8 Z Lt.O 10.6 3

*Arbitrary scale with O being none and 5 being most marked.
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decrease. The pH was rnost constant in the acid range, where no

change of pH with tirne was noted in several cases. The increase in

pH from 9.8 to 10.5 can be a result of AI(OH), dissolution and for-

rnation of alurninates of the A1(OH); type.

The forrnation of the rnost stable interlayers which gave a

chlorite-like structure is in close relationship with the decrease in

pH The greater the pH decrease the rnore stable was the chlorite-

like rnaterial. This is rrrore evident for rnagnesiurn and iron inter-

layers than for alurninurn interlayers. For exarnple, the rnost stable

and ful1y developed rnagnesiurn interlayers occurred at pH I0.4 and

10. 7 (after ten days) in rnontrnorillonite and verrniculite, respective-

ly. Sirnilarly, the best iron interlayers in verrniculite were forrned

at pH 10.5.

Ionic Species as Determined by pH

The titration curves of AlCl, and FeCl, in the presence of

Ca-rnontrnorillonite suspensions with 0. I N NaOH are given in

Figure 2. OHf cation solution ratios were plotted against pH values

recorded after ten days. They resernble closely the titration curves

of a A1 and Fe-saturated Wyorning bentonite with MgO given by

Turner and Bryden (61). The iron systerns show lower pH values

than alurninurn systerns as a result of hydrolysis. Both have a region

of buffering at low pH. This can be regarded as the region of the
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Figure 2. Titration curves of A1C1 3 and FeCl 3 in the presence of C a-montmorillonite
suspensions with NaOH.
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hydrochloric acid neutralization which was produced by hydrolysis of

iron and alurninurn sa1ts. With further additions of base, there is a

sharp increase in pH, followed by a second buffering region in the

alkaline range. This indicates a slight increase in pH when excess of

base is added to the systern.

The arnphoteric nature of aluminurn in solution

Most investigators have assurned that the initial step

of alurninurn in aqueous solutions is:

= 
Ar(oHxHzols

++H

1S

of

well known.

the hydrolysis

z+3+
Ar (Hzo)6

The reaction does not

be written:

stop here and the following reactions can also

Ar(oH) (Hzolzsr

A1(OH)z(H.O)rn

- Ar(onlz (Hzorf + H+

A1(oH)3 tnro)! + H,

-
Hydrolysis of iron salts is sirnilar to that of aluminurn saIts. F"3*

has also a high affinity for hydroxyl groups. However, iron salts

hydrolyze rrlore rapidly in solution than alurninurn sa1ts. The end

product with iron salts is the precipitation of Fe(OH)3 (35). McGeorge

(35) found it irnpossible to keep iron in solution even at a very low

concentration. Larnb and Jacques (30) found that ferric chloride

undergoes a slow hydrolysis in addition to the instantaneous hydroly-

sis which is characteristic of salts of a strong acid and a weak base.
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The slow hydrolysis rnay require frorn a rnonth to a few rnonths inter-

val for its cornpletion. Hedstr6rn (2I) gives the following stages for

hydrolysis of ferric iron in aqueous solution:

2-L
Fe-' + Hzo

F"3t +

zF 
"3+

zF{zo

re(oH)2+ +

re(on)j +

AL
rer(oH)r'

+
H

I
z:H'

++2H

The iron hydroxide was not detected under his working conditions.

However, such a cornplex, a red-brown, gelatinous precipitate, was

observed in the present experirnents. The reaction which results in

forrnation of this precipitate can be written as follows:

F"3r + 3lzo + r.e(oH)r + 3H+

Doyne and Morison (17) added CaCO, to a solution of FeCI, and in-

duced a change in color of the solution frorn yellow to orange-brown.

When sufficient calciurn carbonate was added, all the iron was pre-

cipitated as ferric hydroxide according to the following reaction:

3CaCOu * ZFeC13 + 3H2O 3, 3cactr+ 2Fe(O*): + 3COz

Freshly prepared AICI, and. FeCI, solutions contain rnainly A13+

"rrd 
F"3t ions associated with a group of hydroxy-alurninurn and

hydroxy-iron polyrner ions. However, with an increase in pH, there

is a change in the ionic species in solution. The ionic ratios at

various pH values were calculated by DeMurnbrurn and Jackson (12)

+ zlJ.z) 
=
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and they are given in Table XVI.

Table XVI. Variation of alurninurn and iron ionic species
with pH (after DeMurnbrurn and Jackson).

pH

2L 3+Al'' Fe

AIoHZ+ FeoH2+

z

3

4

5

IO3

rcz

10

t

1

-,|
10

rc-z
1o- 

3

21
At low pH AI3* ior." are predorninant. AI3* b""o*es equal to A1oH2*

only at pH 5. In contrast to alurninurn, F"3t equals FeOHZ* at pH as

low as 2 with a predorninance of the latter with increase in pH.

Mulay and Selwood (37) showed that as the pH of a 0.004 M 
:

Fe(C1O4)3 solution was increased frorn 0.0 to 2.5, the ionic corn-

position changed frorn one containing otly F.3+ to one where the pre-

d.orninant species rn'as the rur(oH)l+. At pH 2.5 they found F"3*,
2L+

Fe(OH)Z+ and Fe(OHtj in addition to the presence of Fer(On:r.

The basic ions of alurninurn and iron can forrn various polyrners

through hydroxyl bonds. Brosset et al. (3) suggested that in the acid

range, a 5-A1-ion ring-like cornplex is the rnain reaction product of

the hydrolysis of At3+. They proposed the forrnula: AIrtOHf l|.

Later, Hsu and Rich (23) proposed a sirnilar polyrner but with the

forrnula!
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A16(oH) n@zql;

The formation of hydroxy-iron poLyrners has

Hedstr'drn (2I) proposed a binuclear cornplex of the

also been studied.

type:

4+l-H
l1

IoiJ
The cornrnon feature of the proposed structures for the hydroxy-

alurninum and hydroxy-iron polymers is that all possess a high posi-

tive ch arge, These polyrners are attracted and presumably fixed by

ionic bonds between layers of expandable clay rninerals. The clay

surface rnay act as a ternplate. The decrease in pH values described

at the beginning of this section is indicative of the interlayer forrna-

tion through fixation of hydroxy-alurninurn and hydroxy-iron poly-

rners. Sirnilar decreases in pH were described in the literature

(23, 40, 4?, 53). These polyrners could fit between the layers in the

exchange sites of expandable clays and thus produce a drastic altera-

tion of expansion, collapse and therrnal stability. They could produce

also a reduction in cation exchange capacity (23, 42, 53).

The decrease in pH with time in the rnagnesiurn systems would

be an indication of hydroxyl fixation by rnagnesiurn also. The
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titration curve (not shown) of MgClr-rnontrnorillonite suspension with

NaOH has the sarrre shape as that reported by Turner and Brydon (6I).

MenzeI and Jackson (35) suggested the forrnation of hydroxylated

copper ion sorbed on rnontrnorillonite. The decrease in pH which

was accornpanied by an increase in copper sorbed were explained on

the basis of the hydrolysis of cupric ion according to the reaction:

?.+ _ + __+Cu-'tH.O : CuOH'+H
Z

Chaussidon (10) advanced the hypothesis that divalent cations could

have a behavior sirnilar to rnonovalent ions at pH of about 10. 0. He

attributed this behavior to the ability of the alkaline earth cations to

form basic ions of the (MOH)* typ". Frorn the present experirnents

one rrlay infer that such an interrnediate step can be irnportant in the

?+
formation of magnesium interlayers. The reaction of Mg-' during

titration with NaOH can be written as follows:

tutgz* + NaoH

)+
Mg-' + ZNaoH *--

++MgOH t Na

+
Mg(OH), + ZNa

Evidently, furthe r experirnents are needed to test the above hyPo-

thesis. The forrnation of such basic ions would provide for an inter-

layer with positive charge, in balance with the negative charge of

the rnica layers. The resulting ionic bonds are stronger than the

hydrogen bonds of an uncharged interlayer.
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Theories of Inteilayer Forrnation

Two rnain theories have been proposed to explain the changes

in the properties of expandable clay rninerals after synthetic intro-

duction of various interlayers. They involve only A1 and Mg inter-

layers since Fe interlayers were not identified in the past.

The Concept of Hydroxy-Al Polyrner Ions

This theory is supported with evidence by Hsu and Rich (23).

It was mentioned earlier that Hsu and Rich ProPosed a model of a

polymer having an average OHf AI ratio of two. The highly charged

polyrners wer.e proposed to account for Al that was strongly held and

nonexchangeable when treated with KC1. They explained the decrease

in the cation exchange capaci.ty by neutralization of exchange sites

rather than by blocking the entrance of cations to the exchange sites

by A1(OH)". This theory explains the forrnation of alurninurn inter-
'5

layers in acid conditions. This theory, however, cannot explain the

formation of interlayers in neutral and alkaline conditions, because

the charged polyrners exist only in acid condition.

The Concept of Gibbsite- and Brucite-1ike Interlayers

Slaughter and Milne $al considered that rnagnesiurn or alurni-

nurn hydroxide was Precipi,tated outside of the clay and subsequently
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adsorbed through hydrogen bonding. Vigorous stirring was thus abso-

Iutely required. In contrast to the above idea, Caillbre and H6nin

(7) and Youell (65, 66) supported the idea of direct precipitation and

adsorption of gibbsite-like and brucite-like interlayers between

layers of the expandable c1ays. Caillire and H5nin found that the

penetration of the excess salts between layers of the clay was very

rapid if not instantaneous. The X-ray of the chlorite-like material

exhibited the sarne properties after five rninutes and after three days.

Ragland and Colernan (40) showed that the hydrolysis of A1

salts increased in the Presence of soil or clay. This phenorlenon

was accompanied by a loss of AI frorn solution. They observed also

that 3H+ were formed for each A13+ during the hydrolysis of the

alurninurn salts. This is the equivalence which ordinarily takes

place during At(OH)3 precipitation (25):

At3+ + 3tzo 
-

A1(OH)3 + 3H+

Ragland and Colernan (40) stated that the sorption of alurninurn frorn

solution was in rrAI(OH)3 unj.ts. " The forrnation of these units took

place at a solubility product less than that of gibbsite.

Later, Jackson (25) explained that the equivalence between

released. Ht ard precipitated A1*** ""r, also occur during precipita-

tion of polyrneric units very close to neutral reaction. He advanced

the hypothesis that the expandable layer silicates in soils tend to
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prevent the forrnation of free A1(OH)3. The solubility produce of free

A1(OH)3 is prevented frorn being reached in the soil solution by the

precipitation of alumina in the interlayer space. This process is

ca1led by Jacks on (25) the "antigibbsite eff ect. 'l

Evidence for the Theories of Interlayer Forrnation

The results obtained in this study bring supporting evidence for

both concepts: hydroxy-AX and hydroxy-Fe ions and AI(OH)r,

Fe(OH), and Mg(OH), structures. A few exarnples frorn the inter-

layers in rnontrnorillonite prepared by the titration methods are

rather appropriate at this tirne. The pH values listed below are those

recorded after ten days.

The best alurninum interlayers were obtained at pH 4.6. It is

to be noted that no precipitate of any kind was noted in the systern at

this pH. Presurnably, the interlayer was composed of hydroxyl-A1

polyrners. A precipitate did occur at pH 6,2 and it increased in

arnount at pH 7. 0. Presurnably, at these pH values, gibbsite-like

interlayers were forrned by precipitati.on of AI(OH)r. These inter-

layers were less stable than that found with hydroxyl-AI polyrners.

The hydrogen bond between hydroxide and clay was apparently not

strong enough as to prevent the penetration of ethylene glycol. At

pH 10.6 the systern becarne turbid while the precipitate was dis-

solving. Presurnably, the forrnation of alurninate ions of AI(OH);
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type was taking place with a dissolution of the gibbsite-1ike inter-

layers. X-ray diffraction data showed that any formation of such

alurninates took place at a relatively 1ow rate, since, after ten days

of reaction, enough islands of hydroxide were present as to prevent

a norrnal collapse of the lattice after heating at 30OoC.

According to the scherne outLined above for A1 interlayers,

hydroxy-Fe polyrners occurred at pH as low as 2.3, producing an

incipient alteration in the properti.es of rnontrnorillonite. The

presence of polyrners produced at pH 3.2 ptevented a norrnal col-

lapse after K-saturation and after K-saturation plus heat. The

forrnation of Fe i.nterlayers at lower pH than A1 interlayers is con-

sistent with the et3+/eloHzt u..rd ru3+/r"oHzt ratios (Table xVI).

The polyrnerization of the rnono- and diabasic ions of ferric iron is

thought to be sirnilar to the forrnation of alurninurn polyrners. A

reddish-brown preci.pitate was observed in the iron systerns at pH

4.5. The preci.pitate increased with the increase in pH values.

There was no sign of dissolution of such precipitate even at pH as

high as 11.8. The chtrorite-like rnineral produced at this pH, pre-

surnably with hydroxide between layers, retained resistance to col-

lapse after K treatrnent and K plus heating at30OoC. The low solu-

bility of iron hydroxide in highly alka1i.ne conditions is one rnain

characteristic which differentiates it frorn alurninurn hydroxide.

SoiI investi.gators have dj.rected their attention to the coating
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effect of the various iron oxides and hydroxides. This coating sup-

posedly takes place rnostly on the external surface of the prirnary

particles. The high adsorption capacity (32, 39, 64) is thought to

result frorn rnonovalent or divalent cornplex ions in association with

iron hydroxides or other anions. A few soil investigators have rnen-

tioned the possibility of i.ron fixation between layers of the expandable

clay rninerals (4, 45lr. There have been sorne unsuccessful atternpts

to introduce, synthetically, iron between layers of rnontrnorillonite

and verrniculite.

The present work shows that the forrnation of iron interlayers

in rnontrnorillonite and vermi.culite is possible. It follows frorn this

that such interlayers could exist in soi1 clays. It is possible that

the role of aluminurn i.n forrning interlayers in clay rninerals has

been over-ernphasized. On the contrary, the role of iron probably

has been underrated. Norrish and Taylor (38) estirnated that about

15 percent of iron i.n a natural soil goethite was substituted by

alurninurn. It is also known that th. F"3* cornpetes with A13* irr rh"

reaction of phosphate fixation. The ci.ted exarnples lead one to con-

clude that the coexistence of alurninurn and iron interlayers in ex-

pandable clays is possj.ble. The iron interlayers would be fixed at

lower pH than alurninurn interlayers.

It was also observed that Mg-interlayers presented various

degrees of cornpleteness and this also was closely related to pH.
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The Mg interlayer was produced only in alkali"ne conditions at pH of

about ten or higher.

The theory of possible (MoH)+ forrnation in Mg systerns was

discussed earlier in this section. Turner (61) reported that rnagne-

siurn forrns relatively insoluble double hydroxides with either alurni-

nurn or ferric iron at lower pH than the pH necessary to forrn sirnple

rnagnesiurn hydroxi.de. The interact'i.ons of various ions is a rather

corrrrnon f eature in soils. Consequently, a coprecipitation of double

hydroxides at lower pH i.s likely to occur.

The initial cation exchange capaci.ti'es of both rnontrnorillonite

and verrniculite have been drastically decreased after synthetic AI,

Fe, and Mg interlayers forrnation. This decrease was greater in

the acid conditions than in alkaline conditions for A1 and Fe inter-

layers. A detailed ana1ysJ.s of changes suffered by cation exchange

capacity will constitute the object of another study'

Forrnation of Interla ers in Montrnorilloni.te versus Verrniculite

The A1, Fe and Mg interlayers in rnontrnorillonite exhibited a

higher degree of perfection and showed a higher heat stability than

those in verrniculite. There rnay be several reasons which can ex-

plain these diff erences:

The location of isornorphous substitution in the clay crystal

rnay play an irnportant role in the forrnatj.on and stability of
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interlayers. The distance frorn the center of a saturating cation to

the site of lattice charge is alrnost twice as large with octahedral

substitution as with tetrahedral substitution. According to Coulornbts

1aw, the interlayer cations will be held alrnost four tirnes IIIore

strongly by tetrahedral charge than by octahedral charge. Montrnor-

illonite used in this study has rnainly octahedral isornorphous substi-
.'

tution. o Verrniculites generally have a high tetrahedral substitution.

The hydrolysis of A1, Fe, and Mg ions in place (on the exchange

sites) could have been differentially influenced by the location of

isornorphous substitution. Verrniculite rnay be expected to show a

greater effectiveness in suPPressing the hydrolysis of cations than

rnontrnorillonite. Sirnilarly, a gteater repulsion of OH- ions and a

2f
greater retention of AI-' iorrs may be expected in verrniculite.

The interlayer space is probably rnuch smaller in vermiculite

than in rnontrnorillonite at the tirne of interlayer forrnation. This is

suggested by differences in expansion with ethylene g1ycol (Table III)'

In general, verrniculites have been observed to have rnore lirnited

expansion than rnontrnorillonite s.

Other differences between the rnontrnorillonite and verrniculite

which could account for the differences in interlayer forrnation in-

clude particle size, cation exchange, capacity, and purity of rnaterial'

ZUnpublished results, Antoine Sayegh, Departrnent of Soils,
Oregon State UniversitY.
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Titration versus Drying Methods

The titration rnethod was nrore effective in interlayer forrnation

than the drying rnethod, with or without added salts, for all interlayer

cations and for both rnontrnorillonite and verrniculite. Reasons

which rnay account for the above difference are listed below.

A continuous and thorough stirring was provided during the

addition of NaOH in the case of the titration rnethod. This produced

an intirnate and rapid rnixture of the reagents with a large exposed

surface. The drying rnethod did not involve rnixing.

The sarnples prepared by titration method were shaken twice

daily for ten days. The sarnples which were prepared by drying were

usually allowed to react for four to eight hours.

In the titration rnethod the arnount of rnaterial required for

interlayer formation was supplied. The addition of various concen-

trations of NaOH rnade possible a wide range of pH values. On the

contrary, in the drying rnethod, the addition of rnaterial necessary

for building the interlayer structure was varied and inadequate in

rnost cases. NaOH was not added, so that the hydroxyls originated

frorn hydrolysis only.

In the drying rnethod, the sarnples were dried only once. The

possible influence of several wetting-drying cycles is suggested by

the work of Colernan et al. (I1).
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Theoretical and Practical Considerations

The synthetic A1, Fe, and Mg interlayers have been success-

fully introduced in rnontrnorillonite and verrniculite. The intergrade

colnponents are found to occur cornrnonly in soils. Free iron re-

rnoval has been thought to be desirable in the preparation of clay

sarnples for diffraction study. Different pretreatrnents are or have

been used by various investigators in order to reach the above pur-

pose. The ability of reagents such as citrate to complex Fe and Al

rnight result in a rernoval of interlayered materials and rnisinforrna-

tion about kinds of soil clay rninerals. The sarnple pretreatrnents

certainly need to be critically reexarnined. This rrcleaning-proce-

dure" which is rnainly directed to the rernoval of 'rfree iron oxides"

wilt affect the interpretation of X-ray diffraction patterns. Harward

et aI. (19) showed that this effect on interpretation varied frorn soil

to soil.

Basic chemical processes in soil are interrelated with the

occurrence of different interlayers in clay rninerals. Sorne of the

problerns directly involved are listed below:

l. Potassiurn fixation by clay rninerals decreases as nonex-

changeable alurninurn, iron and rnagnesiulrr are present in the inter-

layer space of rnontrnorillonite and verrniculite (9, 52).

z. Arnrnoniurn fixation would be also reduced for the sa1Tle
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reasons as described above. This was verified by researches con-

ducted by Rich (a3).

3. Tarnura (56) stated that alurninurn in interlayer position

would favor a relatively high degree of phosphorous fixation. How*

ever, he assurned that alurninurn is capable of taking part in exchange

reactions, In the opinion of the present writer, this assurnption needs

to be supported by further research. It is hard to visualize tt,at sirni-

lar reactive properties would characterize both fixed and unfixed

alurninurn and iron oxides and hydroxides with respect to phosphorous

fixation.

Rich and Obenshain (45) showed that the low fertility of Nason

silt loarn soil frorn Virginia is a result of the presence of hydroxy-AI

and perhaps iron in the interlayer sPace of verrniculite which they

described as dioctahedral verrniculite. They also reported that the

soil has a high requirernent for lirne in order to produce a significant

change in the pH.

The extent in both intensity and depth of intergrade forrnation

needs to be considered prior to any atternpt to plan the application

of arnendernents and fertilizers,

It is alrnost certain that a proper study and a better understand-

ing of the forrnation of intergrade rninerals in soil will be of value in

explaining rnany puzzling problerns encountered in soils. It is further

suggested that this rnay be one rneans by which the soil chernical pro-

cesses can be controlled by rnan in his struggle against hunger.
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SUMMARY AND CONCLUSIONS

The influence of pH, salt concentration, and drying upon inter-

layer forrnation in rnontrnorillonite and verrniculite has been investi-

gated. Clay size rnontrnorilloni.te, silt size verrniculite and clay size

chlorite were obtained by boi.ling NarCO, di.spersion and centrifuga-

tion. The raw vermicuLite was a mixture of verrni.culite and an inter-

stratified rnica-verrniculite and required additj.onal treatrnent in order

to convert biotite into verrniculi.te. The conversion was accornplished

by digestion of the silt fraction in 5 N NaCI for seven days.

Alurninurn, ferric iron, and rnagnesiurn interlayers were syn-

thetically forrned in rnontrnorilloni.te and verrniculi.te by titration and

drying methods.

The degree of interlayer forrnati.on was evaluated by rneasure-

rnents of expansion after ethylene g1yco1 treatment, collapse after K

saturation, and heat resistance frorn 65oC to 55OoC, which were re-

corded with a North Arneri.can Philips Norelco di.ffractorneter. The

results of the rnost successful titrati.on treatrnents are surnrnarized

in Table XVII. Table XVIII shows the rnain results of the drying

experirnent s.

Chlorite was used as a standard of cornparison to judge the
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Table XVII. Summary of X-ray diffraction spacings (A) titration experiments

which gave the best interlayers

OH/cation

o
Basal spacings (A)

X-ray pretreatments

Synthetic Solution pH After Ca Ca K K
Inrarlavpr refio 1 O davs solv. 3OOOC

K
55ooc

none

.A1 0.88
Fe 0.75-2. ?5

Mg t.?S

t5,2 t7.3
15.2 t5.2

14.7-15,2 17.3
t5.2 15.5

Silt Vermiculite

t4.8 15.0
14.9 15.0
15.0 15.0
14.9 15.0

11.9
t5.2

r4.7 -t2.O
Ls.2

10. 3

13.4
13. 0

14.7

t4, z

10.5
14.7

14.0-11.6
14. 5

LO.2
11.0
LL.2
14.2

t4.2

9.9
L4.O

1 2.6-10. 0
14.5b

10. 0

10.0
10.0
10.5b

Clay Chlorite

t4.2 14.2 L4.2

CIay Montmorillonite

;,
3.1-11.8
Lo.4

none

A1

Fe

Mg

0.81
t.43
1. 18

;;
10.6
to.7

b - stands for broad.

o
Table XMII. Summary of X-ray diffraction spacings (A) - drying experiments

which gave the best interlaYers

o
Basal spacing (A)

X-ray pretreatmentsAdded salt
Concentration

.A1 A1C13 8 Dried
A1 CaCl, 4 Dried
Fe FeCl3 I -4 Dried

Fe CaCl2 1 -16 Dried

CaK
Interlaver (me/il Drving solv. 300oC 550oC

CIay Montmorillonite

Silt Vermiculite

Undried
Dried

8 Dried

Undried
Dried

8 Dried

1 3. 8b 10. 2v. b.

12.4 9.9
to.z 10.0
12.3 10. O

11. O 10. 8

11.1 to.7
t4.2 10.8
tL.2
tt.z 10.6
11.0 10.6
10.8 10. 3

17.3 14.0
t7.3 t2.6
L7.3 12.4
17.3 12.5

A1

A1

A1*

Fe

Fe

Fe*

none

none

AlC13

none

none

FeCl,

t2.6
12.6
14.2

12.6
12.8
13. O

b - stands for broad.

v. b. - stands for very broad.
*The samples were initially Ca-saturated.



53

degree of perfection of synthetically forrned chlorite-like rninerals.

Chlorite shows neither expansion with ethylene glycol nor collapse

after K saturation of after K saturation plus heat treatrnent at 55OoC'

Both rnontrnorillonite and verrniculite exhibited expansion after ethy-

lene glycol treatrnent. Norrnal rnontrnorillonite showed an increase

o
in basal spacing to 17.3 A indicating the adsorption of two layers of

ethylene gIycol. Norrnal verrniculite adsorbed only one layer of
o

ethylene glyco1 and showed a basal spacing of about 15. 0 A. Potas-

siurn treatrnent closes the lattice of rnontrnorillonite to tt.9 .3. and

that of verrniculite to 10. 3 i. Heat treatrnent at 300oC and 550oC

brought about sirnilar changes in both rnontrnorillonite and verrnicu-

lite.

The titration rnethod is superior to the drying rnethod with

respect to alurninurn, ferric iron, and rnagnesiurn-interlayer forrna-

tion.

The various interlayers forrned in rnontrnorillonite by titration

rnethods are fiIore stable than those produced in verrniculite.

Montrnorillonite, with rnagnesiurn or alurninurn interlayers,

closely resernbled the natural chlorite. It did not show any exPansion

and exhibited practically no collapse after K treatrnent and heating to

30OoC and 55ooC. In spite of the sirnilarities of rnagnesiurn and

alurninurn interlayers in rnontrnorillonite, their conditions of forrna-

tion, and presurnably their rnechanisrn of forrnation, are rather
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different.

Alurninurn interlayers were forrned in both acid and alkaline

rnedia, but those produced when the OH/AI solution ratio was less

than one and the pH less than 6.8 exhibited the greatest stability.

The rnaterial produced in montrnorillonite at pH 4.6 {aftet ten days)

rnost closely resembled chlorite. '\[hen the OH/AI ratio exceeded

I.00, the interlayered montrnorillonite exhibited a gradual expansion

o
toward I?.0 A on solvation and partial collapse upon K treatrnent and

heating.

Magnesiurn interlayers were forrned only in alkaline conditions

at pH of about 10.0. Increase in pH produced a slight dissolution of

rnagnesiurn interlayers. Recent investigations advanced the hypothe-

sis that divalent cations such as calciurn and rnagnesiurn have the

ability to forrn basic ions of the (M oH)+ type at pH of about 10.0.

It is thus inferred, in the view of these results, that basic ions of

rnagnesiurn played an irnportant role in the forrnation of the rnost

stable interlayers.

Ferric iron interlayers were also forrned in both acid and

alkaline rnedia. They always exhibited expansion upon solvation

with ethylene glycoI. The rnaterial retained a basal sPacing of

o
approxirnately 14.0 A at 300"C. They exhibited also a slight resis-

tance to collapse at 55OoC. The diffraction patterns of Fe-inter-

layered rnaterials showed broad basal spacings and plateaus. Iron



interlayers forrned at lower pH than A1 interlayers. This

sult of the occurrence of a rnore f avorabl . t"3+ ft"oHz*

et3+/etOHZt ratio at the sarne pH values. Contrary to alurninum

interlayers which showed partial dissolution with increase in pH, Fe

interlayers exhibited stability at pH as high as 11.8.

In verrniculite, only rnagnesiurn interlayers showed stability

after K saturation and K saturation plus heating at 300oC. However,

this rnaterial showed no resi.stance to collapse at 55OoC.

Alurninurn and iron interlayers did not show this degree of per-

fection. They showed a partial collapse after K saturation, a slight

resistance to collapse at 3oooc, and no resistance at 55goC.

A drying cycle can result in sofire alurninurn and iron interlayer

forrnation. A chlorite-1ike structure was obtained when rnontrnoril-

lonite or verrniculite were dried \rith I rne of AlCl3 per g. The

resulting rnaterial showed no collapse after K saturation and only

partial collapse at 300oC. Drying of Al saturated rnontrnorillonite

in the presence of 4 rne of CaCl, Per g produced a reduction in

collapse after K saturation and partial collapse after heating at

30ooc.

Fe-saturated rnontrnorillonite dried in the presence of various

concentrations of FeCl3 did not show a stable interlayer. However,

Ca-saturated verrniculite dried with 8 rne of FeCl3 P.t g showed

less than norrnal collapse after K saturation but did not show

65

was a re-

ratio than
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resistance to collapse at 30OoC. Finally, drying a Fe-saturated

rnontrnorillonite in the presence of various concentrations of. CaCl,

resulted in a rnaterj.al which showed a partial resistance to collapse

at 300oC.
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