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INTRODUCTION

Infrared analysis has been used in organic chemistry for many
years. Some investigators have used the infrared spectra for identifica-
tion and classification, while others have used it as a tool for quantita-
tive and qualitative analyses, since it offers some definite advantages
over other methods of analysis. For example, very small amounts of
impurities can be identified in what is supposed to be a chemically pure
compound.

The application of infrared analysis in the inorganic and miner-
alogical fields is a recent undertaking, but it has already been effectively
used to study lattice substitutions in certain minerals, such as the sub-
stitution of aluminum for silicon atoms in the clay minerals of soils.
Similarly, infrared analysis has been used to detect many other relation-
ships between chemical and/or physical-chemical characteristics of
minerals. The infrared spectrum of a mineral powder reflects the char-
acteristic property of the mineral and may be used for interpretation and
identification purposes. The variation and similarities in infrared spectra
have proved to be valuable in the identification of certain clay minerals
such as chlorites. Since there has been little mention in the literature
of the study of the colloidal clay fraction of soils by infrared spectroscopy,

1



it was part of the purpose of the current investigation to obtain the infra-
red spectra of the colloidal fraction of some selected acid and alkaline
soils. Since infrared analysis has proved useful in many fields of
science, this stimulated some hope that it would prove useful in the

characterization and analysis of soils.



BASIS OF INFRARED ABSORPTION

A brief discussion of the basis of infrared absorption seems
desirable to introduce the work of this dissertation and to project a
clearer understanding of the potentiality of the infrared technique in its
application to soil science. Furthermore, a knowledge of the basic
principles is essential before sound interpretations of the data can be
made.

Theory of Absorption of Light

Light will be absorbed by a molecule when its frequency is equal
to a natural vibration frequency of the molecule. The quantum theory
states that when the energy of a photon is exactly equal to the difference
in energy between two vibrational states of the molecule, light will be
absorbed. Because the energy of a photon is proportional to the fre-
quency of light or inversely proportional to wave length, it then becomes
obvious that the absorption spectrum of the molecule depends upon the
natural modes of vibration of the molecules. Since the vibration pattern
of the molecule is determined by the masses of the atoms present in the
molecule and the bonding forces, it follows that various structural groups

and geometrical configurations will have characteristic absorption bands.
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Infrared Region

The infrared region extends from wave lengths of about 0.7 to
500 microns and is comprised of four subdivisions, the photographic
region from 0.75 to 1.3 microns, the overtone region from 1.3 to 2.5
microns, the fundamental vibration region from 2.5 to 25 microns, and
the rotation region from 25 to 500 microns. The vibrations which account
for absorption at the wave lengths of the overtone region are harmonics
of the fundamental molecular vibrations. The fundamental vibration
region is given its name because in the vibration spectrum, absorption
of radiation is associated with the excitation of a fundamental vibrational
state of the molecule. The rotational region is so-called because absorp-
tion comes about through a change in the energy of rotation of the mole-

cule (41).

Units Used

The micron (p) is a convenient unit of measurement in the infra-
red region. It is equal to 10, 000 Angstrom units or 10-4 centimeters.
As stated before, the wave lengths of infrared radiation range from 0.7
micron to approximately 500 microns.

The frequency unit or the wave number, waves per centimeter,
is written as cm-l, and is the other unit used to express the infrared

range of the electromagnetic spectrum. A simple reciprocal relationship

exists between these units, namely wave number (cm-l) = wave length (cm)



4 -
10 . The so-called frequency unit (cm 1 or waves per

wave length (u)

centimeter) is most commonly used now because it is a more convenient,
manageable number than the more fundamental, true frequency (cycles

or waves per second).

Infrared Absorption

Certain portions of electromagnetic spectrum are absorbed
while others are transmitted by different substances (41). The color of
colored substances, for example a red pigment, results from the fact
that it absorbs light of short wave lengths (green and blue) and transmits
light of longer wave lengths (red and some yellow). Any substance behaves
in the same manner with respect to absorption at various infrared wave
length intervals as the colored substance does in the visible range, but
the human eye cannot see this effect in the infrared region. From this
similarity, however, it may be expected that the extent of absorption is
affected by the amount of substance present (its concentration), as well
as the distance (thickness) which the light must pass through the substance.
If the amount of light absorbed is plotted against the wave length, the

infrared absorption spectrum of a sample is obtained.

Vibrational-Rotational Bands

In the fundamental region, the infrared spectra of gases (41) are

associated with both the vibrational and rotational energy changes in the



molecule. In general, the differences between rotational energy states
are much smaller than the differences between vibrational states. There-
fore, if a molecule is excited to a higher vibrational level, the photon
which is necessarily absorbed will vary in frequency (or wave length)
slightly, depending on the rotational levels occupied by molecules in each
of the vibrational states. This gives rise to a series of absorption peaks
all associated with a particular fundamental vibration. These bands are
between 2.5 and 25 microns and are referred to as vibrational-rotational

bands.

Vibrational Region

It is the region which occurs between 2.5 and 25 microns with
which most infrared spectroscopy is concerned. The most common
infrared spectrophotometers employ NaCl optics which cover the region
from 1 to 15 microns. On the other hand, optics of Can, LiF, KBr, and

CsBr can cover regions up to 36 microns when this becomes necessary (65).

Qualitative Determination

Identification of inorganic as well as organic compounds is possible
by the use of the infrared technique through the use of the "matching
fingerprint”” method. For specialized purposes, i.e., for specific classes
of compc;unds, libraries can be compiled or purchased (16, 69). A useful

method of identification is the classification of the samples according to



their functional group or groups, such as a carbonyl group (C =0), a
hydroxyl group (-OH), or a nitro group (Noz), whose absorption occurs
at nearly the same wave length. The absorption bands characteristic of
functional groups are usually found in the 2 to 7 micron region. Barnes
et al. (4), Miller and Wilkins (62), and Bellamy (9) show various examples.
Also‘Colthup (15) and Gore (27, 28, 25, 30, 31, 32) gave a moderately
extensive list of examples.

It is also worth mentioning that information on the spatial config-
uration can be obtained since molecules having similar arrangements of
groups show similarities in pattern. There is a general agreement in the
literature (9) that the best region to obtain such information is from 7 to
15 microns.

In clay minerals, lattice substitution is expected to be evident in
the 9 to 11 micron range. Hydroxyl (-OH) absorption bands are found in

the 2 to 3 micron region.

Quantitative Determination

The components present in a sample may be determined by know-
ing the history of the sample or by comparing its spectrum with the
spectra obtained from various pure samples. However, though identical
samples give identical spectra, it is not necessarily true that two identi~-

cal spectra mean that the two samples are identical molecules. Conse-



quently, infrared spectra cannot always be used with perfect reliability
to identify supposedly identical samples.
The Lambert-Beer Law (38, 65) states that:
- 1. The absorption of a mixture at any given wave length is the
linear sum of the contribution of each component.
2. The individual contributions are proportional to concentration.
Mathematically:

A= ac, + bc2 +dc3, etc., where A is the absorbance (A = log

100 of the sample at the given wave length where T is the trans-

% T

mittancy), a, b, ¢, etc., are the absorbances observed for each of the
components in unit concentration and Cy» €90 Cgo etc., are the sample
concentrations. The main problem now is the selection of a suitable
wave length and the evaluation of the coefficients in the above equation.
For example, if a three-component mixture consisting of I, II, and Il
is analyzed, the first step is to examine the spectrum of each of these
pure compounds. Then one can select a wave length where I absorbs
strongly, but II and III do not, and so on.
The three equations may be written as follows:

Al = a,lc1 + blc2 + d1c3

A2 = a2c1 + b2c2 + dzc3

A3 = asc1 + b3c2 + d3c3



where Al’ A2’ and A3 represent the absorbance of the sample at the
three wave lengths, and 4 o and cg are the concentrations of I, II,
and II in unit concentration at the three wave lengths. Similarly, the
a's, b's, and d's are respectively the absorbance of pure I, II, and III
components at the three wave lengths.

With such a set of simultaneous equations it is now possible to
solve for the concentration of I, II, and III in a sample whose observed

absorbance is A1, AZ’ and A, at three waire lengths. In mixtures con-~

3

taining more components, these equations could be further extended. The
limitation of a maximum number of components depends upon the type of
problem. If more and more components are added to the mixture, it will
become increasingly difficult to find sufficient wave lengths where each
component can be handled conveniently. However, if the spectra are
strikingly different, the maximum number will naturally be higher; where-
as, if they are similar, success will be achieved only with fewer com-
ponents.

The above simultaneous equations are best handled by inverting
the matrix of the a's, b's, and d's. This process is described in most
texts on matrix algebra. The resulting equations will then be of the form:

CI = K11A1 + K12A2 + K13A3

Cqh=K,A

I 21 + KqooAq + K

1+ Kggfy + Ko344

Crn =K 4, + KA, + K

m = K3181 + Kgphg + Kga4g
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where C is the concentration of the respective components I, I, and III.
The K's are constants derived from the a's, b's, and d's in the inversion
process. This procedure will be satisfactory for the calculation of con-
centrations so long as no changes are made in the conditions which will
affect the pure compound calibration. Changes in slit width or cell
thickness are examples of changes which will vitiate the above equations.
In clays where there usually is more than one mineral present,
the quantitative determination is extremely difficult, since for each
mineral the degree of substitution is more or less unlimited and a pure
compound which can represent each state of substitution is not available,
Furthermore, their spectra are very similar and may be difficult to

differentiate.



LITERATURE REVIEW

Infrared Investigations of Soils

Infrared investigations of soils have been discussed by Jackson
(47). He considered infrared investigation a phase of the spectrochemical
methods which could be employed in soils analysis.

Absorption spectrophotometry (or absorption spectroscopy) usually
deals with the electromagnetic radiation absorption of solids in suspen-
sion, as well as light absorption of solutions in the visible, ultraviolet
and infrared wave length: Two measurements are essential in spectro-
photometry--the absorbance or transmittance and the wave length at which
the absorbance or transmittance is determined. This information is then
used to determine the concentration of the material which absorbs radia-
tion.

The components, bonds, molecules, or ions of the specimen are
identified qualitatively by the positions of the spectral absorption peaks.
The quantity of each component is estimated by the relative height of the
characteristic absorption peaks. The Beckman DU absorption spectro-
photometer is used extensively in soils laboratories, and is useful for

near-ultraviolet and visible light absorption determinations.
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Emission spectrophotometry, or emission spectroscopy which is
the other phase of the spectrochemical analysis, refers to measurements
of the quality of spectrum and quantity of radiation, emitted by the sample
constituents. Actually, there is no distinct boundary between emission
spectrophotometry and absorption spectrophotometry, since radiation
absorption effects accompany emission. Further fluorescent emission
may also occur when radiation is absorbed in crystals or solutions; this
forms the basis of fluorescence analysis.

Although the original articles have not been examined, a published
abstract has indicated that in 1957 Durie and Murray (22) studied the
infrared absorption spectra of soils. The spectra of four samples of 28
percent or less of organic carbon were dominated by mineral absorption
mainly due to silicate minerals. When these minerals were eliminated
by acid digestion, the organic fraction of soils was obtained. The spectra
of the organic residue resembled those of brown coals and lignites.

The abstract of a paper by Kasatochkin and Zil"berbrand (48)
reveals that they also applied infrared spectroscopic methods to the study
of the structure of humus substances. Infrared spectra were made on
humic acid of chernozem, fulvic acid of chermozem, humic acid of

strongly podzolized soils, and humic acid of Aspergillus niger. The dif-

ferences in the wave length positions reveal some of the chemical charac-

teristics of these organic substances.
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The work done by Keller and Pickett (49, 51) in 1949 and 1950
and that done with Kerr et al. (62) in 1950 is considered to be the pioneer
work done in the application of infrared to clay mineralogy. An assessment
of their work therefore appears in the discussions of the clay minerals

covered in this review.

Infrared Investigations of Clays and Minerals

The spectra of the clay minerals, kaolinite, montmorillonite, and
illite are discussed separately hereafter for convenience and to facilitate
comparisons. This method of outlining the literature aids in pointing out
the differences in infrared spectra between the different clay minerals
that have been useful in the prosecution as well as interpretation of this

research.

Infrared Absorption Spectra of Kaolinite

To obtain basic information regarding the characteristic absorp-
tion of highly purified specimens of clay minerals from different locali-
ties in the United States, Adler (1) prepared samples by grinding them
to less than 300 mesh in an agate mortar. The powder was subsequently
mulled with sufficient nujol to bring the consistency to that of a paste.
The paste was smeared evenly with a spatula in a thin layer over a fock-
salt plate which was inserted into the cell. A check was made on the

transparency of the smear in a nonabsorbing region of the spectrum. He
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was able to adjust the smear thickness further in order to obtain reason-
ably intense transmission. He employed the standard optical system of
the Perkin-Elmer Recording Infrared Spectrophotometer Model 12 B.
Adler (1) found that the spectra of kaolinite from various locations
showed basically similar absorption features. Most of his samples

1

showed a doublet between 1020 cm and 1040 cm-l. The characteristic

absorption shoulder, which corresponds to a fundamental frequency of

1401100 cm™1.

quartz, was reported from 1070 cm ™ Attributing the
shoulder as being due to the presence of quartz cannot be wholly true, for
he observed the same shoulder in the spectra of a sample which he knew
to be completely free of quartz impurities. Furthermore, the usual bands
found at longer wave lengths characteristic of quartz, were not present

in these spectra.

The spectra of kaolinite and gibbsite obtained by Adler (1) indi-
cate a difference in the position of the OH band. The OH bands for
kaolinite occurs at shorter wave lengths than the OH bands for gibbsite.
This seems to agree with the distance between the sheets of kaolinite and
gibbsite. Gibbsite sheets have a distance of 2.78 ;\ or 2.79 R according
to Gruner (35, 37) and Megaw (61). Between kaolinite sheets, one-third
of the adjoining groups have a distance of 2.82 R and the remainihg groups
have a distance of about 2.94 ;\

Bray and Stevens (10) obtained spectra of the same reference clay

samples, using a Beckman infrared spectrophotometer, Model IR2.



Different slit widths were used for progressively different spectral
regions. The clays were prepared for analysis by grinding to a powder
with a mortar and pestle, then machine mulled with mineral oil--Indus-
trial White Qil, Socony-Vacuum No. 409. 'i‘he resulting paste was trans-
ferred to and pres'sed between a pair of rock-salt plates for scanning.
The prepared samples were then weighed, the thickness of the paste
measu;'ed, and the amount of the mineral oil was determined by infrared
absorption at 6.8 microns. The difference between the total weight of
the paste and the amount of mineral oil was taken as the weight of the
clay.

Bray's spectrograms were not corrected for absorption by the
mineral oil, but were left to the reader to correct.

Inspection of his spectrograms shows major absorption bands in
ten samples between 2.68 microns (3731 cm—l) and 2.72 microns (3676
cm-l), 9.12 microns (1096 cm-l) and 9.93 microns (1007 cm-l), 10.02
microns (995 cm™ 1) and 10.95 microns (913 cm-l), 12.60 microns
(794 cm_l) and 12.68 microns (789 cm'l), 13.20 microns (758 cm-l); and
13.45 microns (744 cm'l), and 14.37 microns (696 chl) and 14.65 microns
(683 cm_l). Five samples showed additional bands between 6.10 microns
(1639 cm™ 1) and 6.25 microns (1600 cm-l), and between 8.93 microns
(1120 cm—l) and 8.95 microns (1117 cm'l). Two samples showed band
centers between 7.48 microns (1336 cm-l) and 7.52 microns (1342 cm_l),

while two other samples showed band centers between 11.00 microns
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(909 cm”~ 1) and 11.34 microns (883 cm'l) and only one showed a band at
5.79 microns (1727 cm'l) and at 3.04 microns (3289 cm-l). Bray and
Stevens (10) did not advance a reason for the variation in the number and
intensity of the bands. It can be stated safely that the concentration of the
clay sample as well as the thickness of the paste and the error in sub-
tracting the bands of the mineral oil are possibilities to be considered.

Hunt (44) studied the same series of the reference clay mineral
samples. The set included several kaolinite minerals obtained from the
same locations in the United States. He treated the samples in a different
way, however. He obtained a pure 0.2-gram sample of mineral powder
smaller than 5 microns, determined by applying Stoke's Law, by siphon-
ing a supernatant aliquot. He then centrifuged, dried, and ground the
clay to a powder which was saved in a desiccator. The spectra were
recorded on a Baird Model B double-beam infrared recording spectro-
photometer by deposition of a thin film of clay on a standard sodium
chloride window, with the help of a few drops of volatile isopropyl alcohol.
The window with the powder film was weighed before and after removing
the film with alcohol. The difference in weight, divided by the area was
recorded in milligrams of clay samples per square centimeter.

The spectra of the kaolinite samples were very similar. All nine
samples which Hunt (44) reported had absorption bands at 2.73 microns
(3663 cm™ 1) which indicated the presence of lattice OH. Absence of a

pand at 3.0 microns (3333 cm ™) signified that little bonded water was
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present. In only two samples out of nine were there weak bands either

at 6.0 microns (1665 cm"l) or at 6.1 microns (1640 cm-l) and at 7.55
microns (1325 cm'l); In all the samples strong absorption was reported
for the bands located at 8.93 microns (1120 cm'l), 9.65 microns (1036
em™1), 9.90 microns (1010 cm™1), 10.68 microns (936 ¢z ™) and 10.95
microns (913 cm~ 1). The following three medium bands were also
present iﬁ all nine samples, at 12.50 microns (800 cm-l), 12.65 microns
(790 cm'l), and 14.5 microns (690 cm-l). Finally, a weak band common
to all the nine samples was found at 13.3 microns (750 cm-l). Hunt (44)
designated the weak bands as having more than 75 percent transmission,
the medium bands as having transmission values ranging between 75 per-
cent and 25 percent, and the strong bands as having less than 25 percent
transmission.

Hunt's preparation of the samples was long and involved some
uncertainties in applying Stoke's Law. However, the spectra obtained for
the nine different samples showed little variation, probably because of
the carefully standardized technique.

Keller and Pickett (50, 51) also obtained infrared absorption
spectra of the kaolinite mineral samples using a technique similar to the
one adopted by Hunt. The particle size of the samples was less than 2
microns. This usually results in obtaining a better resolved spectrum
since the scattering and the reflection of the radiation from the t

particles apparently is reduced. The spectra of the kaolinite samples
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obtained by the Standard Beckman IR Model 2 Spectrometer, showed

strong absorption in the following regions. From 2.75 microns (3640 cm'l)
to 2.96 microns (3380 cm-l) there were moderately strong absorbing

band centers with two showing weak absorption at 2.95 and 2.96 microns.

In a few number of spectra there was weak absorption reported at 6.18
microns (1620 cm-l), while at 8.97 microns (1114 cm_l) the absorption
was moderate. A mixture of strong, moderate, and weak absorption band
centers was found between 9.00 microns (1110 cm-l) and 9.91 microns
(1010 cm—l) and between 10.67 microns (937 cm'l) and 10.92 microns

(915 cm.' 1). Moderate absorption was reported between 12.56 microns

(797 cm-l) and 12.62 microns (792 cm_l); between 14.4 microns (595 cm'l)
and 14.5 microns (640 cm~ 1)., At 13.3 microns (752 cm-l) to 13.36 microns
(748 cm-l) the band centers were all weak.

These results shovs;ed bands which were not observed in Hunt's
spectra with particle sizes of less than 5 microns. These results appear
to be in accord with the principle cited by Pfund (66), that a reduction in
particle size reduces scattering.

Comparison of the different spectra of kaolinite obtained by the
previous four investigators is appropriate at this point. The spectra
obtained by Adler as well as by Hunt show better resolution at wave
lengths above the 9 micron range, while those obtained by Bray and

Stevens (10) and Keller and Pickett (50, 51) in the 2 to 3 micron region
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have better resolution. Near 6.1 microns (1640 cm-l), weak absorption
can be observed unless water vapor bands interfere with it as in the
Adler spectra. When the curves of Hunt and Adler show varying dis-

1 0 1000 em™d) which

tinct doublets between 9 and 10 microns (1050 cm~
is the region of major absorption, the intensities of bands of these
doublets are either higher (if the band has a higher frequency) or equal
to other doublets in the same region. In some spectra the 12.5 micron
band (800 cm-l) is somewhat more intense than the 13.2 micron band
(760 cmgl) ; whereas, in some other spectra both bands are of equal
intensity. The appearance of the doublet at the 9.5 to 10 micron range
may be a coincidence with the decrease of intensity of the 13.2 micron
band (760 cm-l) as suggested by Kerr and Adler (54). However, it may
be significant since the disappearance of this doublet coincided with a
marked increase in intensity of the same band in the halloysite spectra
obtained by Adler (1) which has the same structural formula and belongs
to the same kaolinite family of minerals.

Bray and Keller's spectra show a single broad band instead of the
two bands at 12.5 microns (800 cmdl) and 12.6 microns (790 cm-l) as
reported by Hunt{( and Adler separately. Bray alone reported a band to be
at 7.52 microns (1327 cm~ 1) in 5 percent of his samples, which may cor-

respond to the weak absorbing band which has more than 75 percent

transmission reported by Hunt at 7.55 microns (1325 cm'l).
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Lyon and Tuddenham (60) in their estimation of the kaolin group
minerals, semi-quantitatively by infrared absorption analysis, were able
to differentiate between the minerals more clearly by this means than by
x-ray diffraction. A mixture of the kaolinite, halloysite, and dickite
minerals was determined by the ratio between the depths of their hydroxyl
absorptions. They agreed with previous investigators (1, 10, 44, 50, 51)
that the peaks at 2.7 microns (3703 cm'l) and 2.75 microns (3636 cm'l)
are common to all three minerals. The absorption ratios at 2.7 to 2.75
microns were found to be 1.3 to 1.5 characteristic of kaolinite; 0.8 to 0.9
typical of halloysite, and 0.8 to 0.6 typical of dickite. Interestingly when
they plotted the value of the depth of the band due to the physically
absorbed water at 2.9 microns (3448 cm”~ 1) as the abscissa, and the above
ratios as the ordinates, the three minerals fell into separate areas.

The spectra between 8.9 and 10.1 microns (1123 ¢m™! and 991 cm'l)
characteristic of the crystal structures of 8i-O and Al-Si-O show a
diagnostic pair of doublets in all samples (1, 10, 44, 50, 51). The doub-

1 and 909 cm-l) is typical of the

let at 10.7 and 11.0 microns (935 cm
Al-0-0OH bonding of kaolinite as well as dickite, while for halloysite only
a single peak at 11.0 microns (909 cm-l) is reported. This also agrees
with Adler (1). The presence or absence of the peak at 10.7 microns
(935 cm'l) is helpful in differentiating the three minerals.

The absorption at 2.7 microns (3703 cm'l) which is common to

the kaolin group, is caused by OH stretching. It is also common to
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similar simple structures such as brucite where the oxygen and hydrogen
atoms are in two symmetrical layers in the brucite crystal. This band
shifts to 2.75 microns (3636 cm-l) for all three-layer minerals, mont-
morillonite, micas, and pyrophyllite, which differ from kaolinite in that
their upper layer of oxygen hydroxyls is only one-third hydroxyl and

two-thirds oxygen.

Infrared Absorption Spectra of Montmorillonite

Adler (1) obtained the absorption spectra of montmorillonite
samples from Polkville, Mississippi and Chambers, Arizona. He obtained
the spectra on powder films settled from suspensions. As a consequence,
the film thicknesses were difficult to control and measurements were
made on films of differing thicknesses. The spectra he obtained from
suspensions showed some resemblance to those of kaolinite minerals,
particularly kaolinite and halloysite. Spectra of comparable intensity

1 2nd 850 cm ™! for

were gotten at about 1120 cm_l, 1040 cm_l, 920 cm ™
montmorillonite clay minerals. Adler (1) suggested that the band at

1040 cm ™! is associated with the vibrations of the silica layer. Also,

the absorption shoulder associated with this band is present. Further-
more, the position of this 8i-O band in the montmorillonite spectrum
corresponds favorably with that of the band previously found in the kaolin
spectra at 1040 em™ L,

The "gibbsite' layer vibrations are considered the cause of the

band at 920 cm ™} reasoning from the fact that it is present in the spectra



22

of aluminum-montmorillonite, the kaolinitic minerals, and at somewhat
higher frequency in pyrophyllite, but is absent in talc, hectorite, and
nontronite. It is worth stating that the nontronite spectra obtained by
Adler under the same circumstances, showed absorption of a similar
nature but at longer wave lengths (820 cmql), which is attributed to the
O-Fe-OH layer.

The writer would like to call attention in this connection to '"The
Isomorphous Substitution Effect.”” The shift accompanying the replace-

+3 3

ment of Al™® by Fe'® in the "gibbsite' layer is in accord with the general

supposition that the substitution of large for small cations may decrease

8 cations and their neighbors

interatomic bond strength between the Fe'
and regult in a decrease in the vibration frequency. This is also in
accordance with the principle that the frequency at which an atomic group
vibrates is dependent on, first, the masses of the participating atoms
and, secondly, on the restoring force between the atoms.

This relationship of mass and force-constant to frequency of

vibration was represented by Barnes et al. in 1944 (4) by the equation:

1 ‘l k
V= 27 ¢ u

V = frequency of vibration in em™ !

where;

velocity of light

(¢
I

reduced mass of the vibrating atoms

c
i

force-constant

W
0
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The effects of substitution on the atomic vibrations of the ''gibbsite"
layer may be pronounced since lattice substitution commonly occurs
within this layer. Adler (1) noticed also that for montinorillonites the
absorption band associated with the silica layer was also displaced to
somewhat longer wave lengths as compared to kaolinite, Weak absorp-
tion appeared at about 800 cm™! when the Si-O band was intense. The
band was indicated in the Polkville montmorillonite. Adler concluded
that the brucite layer apparently did not absorb radiation in the region
examined. The band found in most montmorillonitic minerals at 1120 cm-1
is assigned to the '""gibbsite" O-Al-OH layer. It is found in montmorillon-
ite, pyrophyllite andkaolinite, and absent in talc, hectorite, and non-
tronite. Adler reported the presence of the OHband at 3500 cm.1 in all
samples examined.

Buswell et al. (12) in their infrared studies of the absorption

1 and 2857 cm™})

bands of hydrogels between 2.5 and 3.5 microns (4000 cm~
detected two forms of water in the hydrated clay montmorillonite. Their
curves indicated the lattice OH at 2.75 microns (3636 cm'l) and adsorbed
water at 3 microns (333 cm-l). Dehydration showed a more pronounced
effect upon the 3 micron band (3333 cmhl).

In 1911 Coblenze (14), during his investigation of the role of
water in minerals, reported the absorption bands of water occurred at

1.5 microns (6666.7 cm-l), 2 microns (5000 cm'l), 3 microns (3333 cm-l),

4.75 microns (2105 cm™Y), and 6 microns (1666.7 cmul). Those at 3
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microns (3333 cm-l) and 6 microns (1666.7 cm-l) were the strongest
and most likely to appear. In the spectra of montmorillonite group
minerals, bands due to adsorbed water were observed by Adler (1) at
6.06 microns (1650 cm'l) and 2.86 microns to 2.78 microns (3500 —
to 3600 cm-l). The adsorbed-water band at 3500 cm” ! to 3600 cm™ ! can-
not be resolved from that characteristic of the lattice OH with the

sodium chloride prism.

Bray and Stevens (10) obtained the spectra of different montmor-
illonite samples from different locations in the United States and abroad.
The samples were from Santa Rita, New Mexico, Polkville, Lorena,
Burnes, and Amory, Mississippi; Chambers, Arizona; Otay, California,
Upton and Clay Spur, Wyoming; Belle Fourche, South Dakota; and Nut-
field and Combe Hay, England. The method of sampie preparation
already has been mentioned under the discussion of kaolinite. The posi-
tion of the band centers was located in about the same position for all the
samples appearing between 2.73 microns (3663 cm-l) and 2.98 microns
(3356 cm-l); 6.08 microns (1645 cm-l) and 6.16 microns (1623 cm-l);
9.35 microns (1070 cmnl) and 9.65 microns (1036 cm-l); 10.84 microns
(923 cm-l) and 10.94 microns (914 cm"l); 11.30 microns (886 cm“l), and
11.96 microns (836 cm-l). Band centers from 12.22 microns (818 cm-l)
to 12.55 microns (797 cm-l) were reported in a few samples. 8till fewer

samples showed absorption at 14.40 microns (694 cm-l). The variation
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in band intensities was not explained. These variations reported possibly
could have been caused by variation in sample size and thickness.

Hunt (44) obtained the spectra of some montmorillonite samples
taken from the same locations as reported by Bray and Stevens (10). He
prepared them as in the procedure he adopted for the kaolinite set
already mentioned. The reason that several of their spectra had low
transmission in the 2 to 5 micren range was due to the fact that it was
difficult to separate the samples into very fine particle sizes. However,
he reported a strong OH absorption band in the 2.8to 3.1 micron range

140 3226 cm'l) which indicates that both bonded and unbonded

OH are present. The bands at 6.1 and 7.55 microns (1639 em™ ! and

(3571 cm~

1325 cm-l) which were also due to -OH, varied considerably in intensity
among the different samples of montmorilionite. He identified the peaks
at 12.5 microns (800 cm—l) and 12.6 microns (794 cm-l) as quartz.

The general band centers were reported from 2.8 to 3.2 microns
(3570 em ™! to 3125 cm'l) in all of the samples. The 6.15 micron band
(1625 cm_l) was in two-thirds of the samples with a varying transmission
between 25 and 75 percent, while the band at 7.55 microns (1325 cm-l)
which was also in two-thirds of the samples showed transmission to be
more than 75 percent. At 8.95 microns (1117 cm_l) and 10.95 microns
(913 cm—l) the bands were in all of the spectra with a transmission
between 25 and 75 percent. A strong absorbing band was reported in all

of the spectra at 9.6 microns (1040 cm-l). The 11.4 micron band center



26

(875 cm-l) was observed in about half of the samples, with relative
intensity of absorption between 25 and 75 percent.

Another wave length of absorption at 11.85 microns (840 cm-1 to
839 cm'l) was found in all of the spectra obtained with a relative absorp-
tion intensity the same as the one reported at 11.4 microns. The furthest
band centers with more than 75 percent transmission were reported at
12,75 microns (784 cm'l) in all of the samples.

Kelier and Pickett (50, 51) obtained the spectra of several clay
samples using a slightly different technique. The set included montmoril-
lonite samples from Polkville and Lorena, Mississippi; Chambers,
Arizona; Upton and Clay Spur, Wyoming; Belle Fourche, South Dakota,
Santa Rita, New Mexico; and Nutfield and Surrey, England. Their method
was as reported for their study of the kaolinite group previously discussed.
The positions of band centers they reported were the following. A band
at about 2.67 microns (3615 cm'l) and another at about 2.94 microns
(3400 cm-l) were both of moderate absorption. Another single band was
reported in all of the samples at 6,15 microns (1630 cm-l) with the same
moderate intensity. In a few spectra there was reported a weak absorp-
tion band at about 8.5 microns (1180 cm-l). The 9.0 micron (1110 cm_l)
and 9.6 micron bands (1040 cm-l) were reported in all the samples, but
the absorption for the first band varied between strong and weak which
probably resulted from differences in concentrations. The other band

followed at about 9.6 microns (1040 cm-l) which showed as a strong
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absorption band. At 10.90 microns (918 cm—l) there was a medium band
and sometimes a weak absorption band appeared at 10.1 microns (990
cm-l) which was reported by Adler as due to the gibbsite layer. The
11.4 micron band (880 cm-l) which appeared only in the montmorillonite
spectra and never agpeared in the kaolinite group was generaily a weak
absorbing band and sometimes it was foliowed by another band at 11.8
microns (840 cm-l) which may be due to the substitution of the gibbsite
layer. The customary band due to quartz was reported at almost 12.5
microns (800 cm-l) with either weak or moderate absorption.

The basic information of the characteristic bands obtained from
the montmorillonite clay mineral spectra by the different investigators
(1, 10, 44, 50) may be summarized as follows:

The curves of Bray and Stevens (10), and Keller and Pickett (50,
51) show strong absorption in the OH vibration region. Bands are reported

1463570 cm-l) and 2.95 microns

at 2.75 to 2.80 microns (3640 cm~
(3390 cm_l). Hunt reported two bands appearing in this region for only
two of his samples. There is a general agreement on the band which is
probably due to adsorbed water at approximately 6.1 microns (1640 cm-l).
Adler (1) and Hunt (10) obtained good resolution at longer wave
lengths. Spectra obtained by Keller and Pickett (50, 51) also had good

resolution at long wave lengths. In contrast to this, one-third of the

curves of Bray and Stevens (10) show extreme broadening of the absorp-~
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tion bands in the 8 to 11 micron range. The remaining two-thirds of the
spectra show adequate resolution.

In all the curves obtained by different workers there are bands
at approximately 12.5 microns (800 cmnl) and sometimes at 12.6 microns
(790 cm-l) or up to 12.8 microns (780 cm-l). Since these bands occur
in the region of quartz absorption, they can be so attributed. Hunt and
Keller and Pickett observed a band at 11.3 or 11.4 microns (885 em™t to
880 cm'l). These can be taken as evidence of the substitution in the

lattice or of exchangeable calcium.

Infrared Absorption Spectra of Illite

Bray and Stevens (10) obtained the spectra of two samples of
illite from Fithian and Morris, Illinois. Their method of preparing the
samples was as reported for kaolinite and montmorillonite. They
observed a band center position from 2.74 microns (3645 cm-l) to 2.78
microns (3597 cm-l). One of the samples showed an additional band in
the same region at 2.98 microns (3356 cm-l) and another one at 6.1
microns (1639 cm'l) which are due to bonded and unbonded water as
reported by Hunt (44) and explained by Buswell et ai. (12). The band at
9.75 microns (1026 cm'l) or 9.65 microns (1036 cm-l) is characteristic
of the silica layer as in the two or three layer crystal minerals. Also,
the band reported at 11.00 microns (909 cm—l) in one spectrum and

reported at 10.94 microns (914 cm'l) in the other is in complete accord
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with the spectra of the montmorillonite and kaolinite groups. The band
which is agreed upon to be due to quartz is reported at 12.55 microns
(797 cm_l) and in only one of the spectra at 14.46 microns (692 cm—l).

Hunt (44) obtained the spectra of the same illite samples. They
were prepared according to the method reported earlier for his kaolinite
samples. The spectra he obtained are generally similar to the spectra
of montmorillonite except for some minor peaks. The illite spectra
show a weak band at 7.0 microns which has a 75 percent transmission.
This band does not appear in the montmorillonite spectra. The strongest
illite band forms a peak at 9.7 microns (1030 cm~ 1) which is formed in
montmorillonite at 9.6 microns (1040 cm-l) and coincided with the illite
spectra reported by Bray and Stevens (10). The band reported at 10.95
microns (913 cm-l) in montmorillonite was also present in illite. No
bands were observed in the 11 micron range. Absorption bands due to
quartz were always present,

Keller and Pickett (50, 51) obtained the spectra of a sample of
illite from Morris, Illinois. The method they used was the same as that
already reported for montmorillonite. The spectra show bands at 2.8
microns (3580 cm-l) and 2.98 microns (3350 cm-l) which are due to
bonded and adsorbed water. The band at 6.1 microns (1630 cm-]‘) was
also observed and is also probably due to adsorbed water. The two bands

at 7.0 microns (1430 cm"l) and 8.95 microns (1117 cm-l) which are
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always absent in the spectra of montmorillonite confirm the illite spectra
of Hunt (44) referred to above. The strong band expected at 9.7 microns
(1030 cm-l) was present. The band observed at 11.02 microns (908 cm-l)
was also present in Hunt's spectra but at a slightly higher frequency. The
quartz bands were present at 12.55 microns (796 cm-l’) and at 12.80
microns (781 cm-l).

In comparing the illite spectra as obtained by these three investi-
gators, one is convinced of major absorbing bands at 9.7 microns (1030
cm_l) and 11.00 microns (910 cm-l) in addition to those in the 2 to 3

140 3333 cm-l). The bands at 12.6 microns

micron region (5000 cm "
(800 cm_l) and 12.8 microns (780 cm'l) are probably due to quartz. The
weak band which may appear at 7.55 microns (1325 cm-l) cannot be con-
sidered as characteristic of illite, but rather probably reflects contam-

inants.

Infrared Absorption Spectra of Other Clay Minerals

Kerr et al. (52) reported infrared absorption data for other clay
minerals. The technique they used was similar to the technique they used
in obtaining the spectra for kaolinite which was reported earlier. The
main absorption characteristic features of each mineral which have been
agreed upon are reported as follows:

Halloysite: The spectra of three samples, two from Bedford,

Indiana, and the third from Eureka, Utah, were obtained. There was a
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general agreement among the investigators (1, 10, 44, 50, 51) on two

bands, one at 760 em ™! and one at 800 em ™}

and that the band at 13.2
microns (760 cm-l) absorbs more strongly than the one at 12.5 microns
(800 cm-l). It should be noted that the reverse picture was true for
kaolinite. The band at 10.7 microns (935 cm-l) which is always present

in the kaolinite spectra did not appear in all the halloysite spectra. The
1

H

spectra obtained by Hunt (44) showed other distinct bands at 1695 cm™
1665 cm-l, 1430 cm-l, and 1325 cm™ L. The band at 1640 cm ™} which
was found in all of the spectra was probably due to adsorbed water.
Dickite: The clay samples were collected from Ouray, Colorado;
San Juanito, Chihuahua, Mexico; and Anglessey, Wales by Kerr and Kulp
(55) and Holmes (43). The spectra obtained by the investigators (1, 10,
44) showed certain basic features. A strong resolution in the lower
frequency regions was shown by Hunt (44) and Adler (1). Hunt also
reported a doublet to be found from the 1053 em™ Y t0 990 em ™! frequency

1

range with a variable intensity. A band was shown at 750 cm ~ by all of

the investigators, while the band at 690 cm_1 was reported only by Hunt
(44), and Bray and Stevens (10). Hunt also reported bands at 1325 em™1

and 1230 cm—1 in some of his samples. In the region of 2 to 3 microns

1 1

the most distinct bands were reported between 3680 cm ~ and 3570 cm™ .

Nontronite: Samples of nontronite were collected by Kerr and

Kulp (55) from Carfield and Manito, Washington, for infrared studies.

1

Strong absorption bands were shown in the 1037 cm  to 1020 cm-1 range.
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At 820 cm-1 the absorption was also prominent. Weak bands were
reported at longer wave lengths. A band at 780 cm“1 was reported in the

majority of the spectra. Adler (1) did not report the absorption located

1

between 1110 cm ™! and 1090 cm™ ! as a characteristic absorption band,

although it is present in all of the samples. Hunt showed absorption at

1 1

and 1430 cm . 1

1325 cm~ Absorption also was present in the 5000 cm
to 3330 cm ™1 range and at 1640 ém-l.

Hectorite: This sample was from Hector, California. Bray and
Stevens (10) obtained complete absorption in the 7 to 11 micron range

1 to 906 cm-l) and calcite impurities were indicated by absorp-

(1429 cm”~
tion at 1430 cm_l, 880 cm_l, and 710 cm ™} according to Adler (1). There
was also a band reported at 1005 cm"1 which Adler (1) reported to be at
1015 cm-l. It should be pointed out that these bands were present in
montmorillonite samples also. The band at 780 cm"1 was considered as
due to quartz. Absorption is also present in the 2 to 3 micron range

1

(5000 cm ~ to 3333 cm-l) as well as the 1640 cm ™ L.

Attapulgite: Infrared characteristics of attapulgite are repre-

sented by samples collected by Kerr and Kulp (55) from Attapulgus,
Georgia. The main absorption features are briefly reported, but they do
not offer important characteristics distinguishing them from certain other
clay minerals. The spectrum obtained by Keller and Pickett (50) show
strong absorption between 1110 cm_1 and 952 cm-l. Bray and Stevens

(10) reported a band occurring between 9.6 and 9.7 microns (1040 cm_1
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and 1030 cmbl), while Hunt (44) and Adler (1) reported the same band

1

between 9.7 and 9.8 microns (1030 cm ™~ and 1020 cm-l). There was a

general agreement among Bray and Stevens (10), Hunt (44), and Adler (1)
that a band was located at 1190 cm-l, although Keller and Pickett (52)
did not report it.

Pyrophyllite: A sample of prophyllite was obtained by Kerr and

Kulp (55) from Robbins, North Carolina, for study. Strong absorption

1 1

, and 1010 cm .

1, 1165 cm -1,

, and 781 em™l. Weak absorp-

tion was shown to occur at 1885 cm—l, 1815 cm-I, and 760 cm L.

bands were found at 1124 cm”}, 1073 cm”}, 1053 cm”
Medium absorption was present at 3663 cm'l, 1205 cm
948 cm L, 913 cm™?, 835 cm ™, 800 cm ™!
Hunt
(44) suggested that the sharp bands, especially those located between 870
em™! and 770 cm-l, should enable the investigator to distinguish this
mineral.

From Hunt's curves it is found that the bands in the region from
870 cm ™! to 770 em ™! are sharper than the similar bands found in other

minerals. The only band which is not a quartz band is the 835 cm-l.

However, the quartz bands are not as sharp as those in pyrophyllite.

Infrared Absorption Spectra of Mixed-Layer Minerals

The mixed-layer minerals are composed of more than one clay
mineral. They are intermixed in such a way that it is very difficult to

distinguish the particles of its component clay and minerals from one
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another. The mixture may have been formed by the interstratification
of the various clay minerals so that in the mixture there are layers
composed of a single or only a few alumino-silicate sheets (33).

Two different types of structures are common to the mixed-layer
minerals. The stacking along the c-axis is a regular repetition of the
different layers. In this case, a unit cell can be defined as being the
equivalent to the sum of the component layers and exercises a regular
reflection. Chlorite is a good example of this type. It is composed of a
regular alternation of mica and brucite layers according to Grim (33),
pp. 69-72. The other kind of mixed structure is due to a random inter-
stratification of layers which makes the study of clay minerals extremely
complex. Mixed layer of illite and montmorillonite is a common example
of the second type. Occurrences of illite mixed with kaolinite are also
possible (33).

Mixed-layer minerals are of very widespread occurrence which
makes clay mineral identification very difficult. Based on differential
thermal analyses data obtained by Kerr et al. (53), the clay from Cameron,
Arizona, appears to be composed of mixed layers of montmorillonite
and illite. Clays from Tazewell, Virginia, show illite to be dominant,
but they do contain minor amounts of montmorillonite and these are
regarded as mixed-layer clays.

Keller and Pickett (50) showed a band at about 11.9 microns

(840 cm-l) for the Cameron, Arizona, sample wkich corresponds in this
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respect to the spectrum of montmorillonite. On the other hand, the
spectrum of a colloidal sample from Tazewell, Virginia, resembled
more closely that of illite. Quartz,as usual, could be identified by
absorption of the 12.5 micron band (800 cm-l) and 12.8 micron band
(780 cm_l). Quartz also could have contributed to the absorption at
about 9.1 microns (1100 cm_l) in both of the spectra of the two samples.
Bray and Stevens (10) showed broad absorption in the region from 7 to
11 microns (1429 em”™! to 909 cm-l) for the Tazewell sample. Again,
quartz indicated its presence by the absorption at 12.52 microns (799
cm-I) and 12.88 microns (776 cm-l). Kerr and Adler (54) explained the
absorption at 11.4 microns (875 cm-l) and 14.02 microns (713 cm-l) as
due to calcite contaminants. Absorption is present in the 2 to 3 micron

103333 cm-l) as well as at 6.1 microns (1640 cm-l).

range (5000 cm~
| A third example is the clay from Catawaba, Virginia. It has been
suggested by Kerr and Kulp (55) to be either an interlayer material or an
intimately mixed kaolinite. The spectrum of this clay obtained by Hunt
(44), Keller and Pickett (50), and Bray and Stevens (10) indicated major
absorbing bands to be at 9.7 microns (1030 cm-l) and 11 microns (910
cm-l). Other relatively weak bands were reported, sometimes at longer
wave lengths. Quartz was identified by the absorption at about 12.5
microns (800 cm-l), 12.8 microns (780 cmul), and 14.4 microns (695

cm-l). Quartz also could be responsible partially for the absorption at

6.0 microns (1110 cm-l').
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Infrared Absorption Spectra of Quartz

Mention has been made of the interference of the quartz spectrum
with the spectra of various clay minerals. In the following few para-
graphs, the writer hopes to clarify this point.

Eleven bands have been observed for quartz. Four of them,on the
basis of their intensity and position in the spectrum, are assumed to be
characteristic of quartz. They are at 9.0 microns (1111 cm_ 1), 12.5
microns (800 cm-l), 20 microns (500 cm-l), and 26 microns (385 cm-l).
The rest of the bands are confined to the 1 to 4 micron region according
to Drummond (19, 20, 21), Ellis and Lyons (23), Ellis (24), and Keller
and Pickett (49). The absorption maxima occur at 8.6 microns (1170 cmgl,
9.2 microns (1080 cm-l), 12.8 miérons (778 cm-l), and 14.4 microns
(695 cm-l). The 12.5 micron band (800 cm-l) corresponds to the absorp-~
tion doublet observed at 12.6 microns (796 cm_l) and 12.8 microns (778
cm-l) for fragmental quartz (49).

Structural differences between different forms of quartz and opal

(a silica-like quartz which has the structure of SiO nH20) cause dissimi-

2
larities in the absorption curves below 11.1 microns (900 cm—l). On the
other hand, the existence of an absorpticn band common to the spectra
of all silicate minerals indicates the presence of a similar mode of
vibration for a common atomic group. This mode is very probably

associated with the silica tetrahedra which are common structural units

in all the clay minerals. Infrared spectra of quartz, opal, and fused
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silica show an absorption '"shoulder'' between 8.7 microns (1150 cm-l)
and 8.0 microns (1240 cm-l) according to Adler (1). This might be
diagnostic of the presence of silica tetrahedra within the lattice, since
it is also observed in the spectra of the clay minerals which have so far

been examined.

Infrared Absorption Due to Hydrogen Bonding

Infrared spectrographic studies afford a relatively simple and
convenient method of following the phenomenon of hydrogen bonding in
organic and inorganic molecules. When this type of bonding occurs the
OH bond-length is increased and the absorption band shifts to a longer
wave length.

The hydroxyl group is very highly polar, and therefore readily
associates with any other molecules having some degree of polar attrac-
tion. Therefore, it is only in the vapor state and in dilufe solutions in
nonpolar solvents that the absorption frequency of the free OH vibration
can be observed. However, there are certain compounds in which
hydrogen bonding is reduced, if not prevented, due to steric (spatial)
hindrance. This made it possible for Badger and Bauer (3) to show that
the magnitude of the shift of the OH fundamental, due to hydrogen bond-
ing, could be used as a measure of the strength of the hydrogen bond
formed, being about 35 cm-l/ K cal.

Even in very dilute solutions, according to Stuart (76), there

could be some change in the OH frequency due to solvent associations.



38

Changes of state such as the passage from liquids to solid crystals also
gives rise to large frequency shifts, according to Keltz and Price (56)
and Richards and Thompson (67). Similarly, Luttke and Mecke (57)
have pointed out that temperature changes will markedly influence the
position of OH absorption bands. In addition, the nature of the rest of
the molecule, other than the OH group, R-OH, exerts a marked influence
upon the intensity of the absorption band. All these effects make it very
difficult to indicate a specific frequency range for this type of bonding.
Nevertheless, Bellamy (9) suggested that it is possible to differ-
entiate between different types of hydrogen bonding. Intermolecular

146 3450 cm ! show

hydrogen bonds indicated by absorption at 3550 cm~
a very sharp peak in the single bridge of dimeric compounds, but one
shifted from 3400 cm”1 to 3200 cm-1 with a very broad peak in polymeric
association. In chelated compounds strong intramolecular hydrogen

1

bonds absorb in the range from 3200 cm ~ to 2500 em™L. The bands of

this third type are very broad and show only weak absorption.

Investigation of the Hydroxyl Region in Soil Clay Minerals

Bellamy (9), Herzberg (41, Rundle and Parasol (71), and Pauling
(64) all have shown that in the case of strong hydrogen bonded groups
the oxygen-hydrogen stretching frequencies, and in turn their absorption
band positions on the spectrogram, vary with the degree of hydrogen

bonding. However, although this might be true for organic hydroxyls,
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its application to lattice hydroxyls as in soil colloids was considered
doubtful (70). But in soils the "lattice water'' of the clay is tied up within
the metal-oxide-hydroxide layers as OH groups. The examination of the
infrared spectra of clays may, therefore, indicate the degree to which
this water is bound. This led Adler (1) to examine the spectra of the
minerals, gibbsite, and brucite, whose structure plays an important role
in the structure of the different clay minerals. Adler (1) concluded that
two general types of bonding may exist--hydroxyl and hydrogen bonding.
The OH groups may exist independently from one another as OH-OH
where there is an H atom for every O atom. Secondly, the OH groups can
also be strongly attracted to each other as a result of the polarizing effect
induced by the cations which bind them together. In the second case,
there will be one H atom for every two O atoms, O-H-O. Adler (1)
reported that the OH-OH distance between adjacent layers for brucite is
equal to 3.22 :& which is inconsistant with hydroxyl bond formation.

Adler (1) also reported a distance-of 2.79 10\ [Megaw (61) in 1934] between
the gibbsite layer which he considered consistant with the hydroxyl bond
formation. According to Adler, this is because of the difference in pack-
ing of the OH groups in brucite and gibbsite, which may suggest the
absence of the directed forces between the OH groups in brucite and the
presence of these directed forces between the OH groups in gibbsite
induced by the cation present. He also mentioned that the absorption band

characteristic of the stretching of the O-H bond occurs at 3500 em™ ! to
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3700 cm Y. In kaolinite the distance between the sheets is 2.82 A (OH-0).
In gibbsite the distance is 2.79 A between the sheets (OH-OH), both hav-
ing hydroxyl bonding. The OH band in kaolinite is reported by Adler to
appear at a shorter wave length as compared to gibbsite. Adler suggests
that the tendency toward hydrogen bond formation between the kaolinite
sheets is not as strong as the tendency to form hydroxyl bonds between
the gibbsite sheets,

Later, Adler (1) explained the shift of the OH group from shorter
to longer wave lengths in montmorillonite as possibly due to extraneous
water. Adler (1) designated the band at 3500 em™ ! to 3600 cm™ Y as
adsorbed water which could not be resolved from that characteristic of
the lattice OH, because the spectrophotometer used contained a sodium
chloride prism.

Hunt (44) designated the band center or peak, which appears at
3663 cm—l, as the bonded water and the band at 3500 cm ™1 signifies the
unbonded water in the montmorillonite spectra.

Auskern and Grimshaw (2), Wadsworth et al, (79), and Scholze
and Dietzel (73) proposed the assignment of different absorption frequen-
cies in the OH region to structurally different hydroxyls. Their belief
is that the peak at 2.71 microns (3690 cm-l) can be correlated with the
outer OH group lying at the surface of the octahedral layers, and the

peak at 2.76 microns (3634 cm°1) with the inner OH group lying between



41

the aluminum and silica layers. However, Roy and Roy (70) concluded
from a hydrogen-deuterium exchange study in layer silicates in several
minerals, that the major absorption frequencies cannot be correlated
with inner and outer hydroxyls. Roy and Roy made a comparison of the
OH and OD absorption frequencies in a series of partly exchanged
samples of several silicate minerals. The same authors reported that
"with progressively greater exchange the ratios of the absorption maxima
do not change. The increasing absorption maxima in the OD region bear
the same relative ratio to one another as do the OH maxima in the original
~ OH material." On the other hand, Buswell and Dudenbostel (13) and others
assigned the 2.7 micron absorption band (3705 cm-l) to hydroxyl and 2.9
micron absorption band (3450 cm'l) to interlayer water. On the basis

of both exchange and dehydration experiments on montmorillonites by
Roy and Roy (70) the suggestions of Buswell and Dudenbostel (13) regard-
ing the assignment of the 2.7 micron (3705 cm-l) absorption band to
hydroxyl and 2.9 micron (3450 cm-l) absorption band to interlayer water
cannot be wholly true. The infrared spectral patterns of Roy and Roy (70)
do show two main absorption maxima at 2.72 microns (3680 cm-l) and

2.9 microns (3450 cm"l). The latter maximum decreases somewhat on
dehydration, but even upon the loss of all interlayer water, checked by

a simultaneous weight loss of 14 percent, the absorption is nearly as
large as that in the 2.72 micron region (3680 cm_l). In partially (OD)-

exchanged montmorillonites, the 2.9 micron (3450 cm'l) absorption band
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also remains as strong, relative to 2.72 microns (3680 cm—l) as in the
original. This may be expected according to Faucher and Thomas (26);
who indicated that the interlayer water will exchange with D20. Farmer
(25) suggested that some of Roy's results may have been altered because
of water being readsorbed by the samples after their preparation, thus
causing no change to be observed in the hydrogen-deuterium ratio.

The data of DeMumbrum and Jackson (18), supported the conclu-
sions of Roy and Roy (70). DeMumbrum and Jackson studied the infrared
absorption evidence on the exchange reaction mechanism of copper and
zinc with layer silicate clays and peat. The copper and zinc treatments
reduced the 2.95 micron (3390 cm-l) peak of kaolinite, montmorillonite,
and vermiculite. Coblenze (14) also reported the absorption band of
water occurring at 1.5 (6170 cm™Y), 2 (5000 cm™Y), 3 (3333 cm™Y), 4.75
(2100 cm"l), and 6 (1666.7 cmul) microns. Those occurring at 3 and 6
microns (3333 em” Y and 1666.7 cm-l) are the strongest and most likely
to appear.

Summary of the Infrared Absorption Spectra of the Clay Minerals
Reviewed

A summary of the infrared spectra of the clay minerals is graph-
ically presented in Figure 1. The clay minerals so far reviewed, par-
ticularly the layer silicate minerals, have one or two strong absorption

1

bands between 9.4 and 10.4 microns (1064 cm ™~ and 961 cmul). There-

fore it is reasonable to assign this strong absorption to the vibration
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characteristic of the silicon-oxygen layer since all the minerals have
their grouping of atoms in common. The clay minerals --kaolinite, mont-
morillonite, and illite--are very difficult to identify, since all their
distrinctive spectral features overlap in the silica-oxygen vibrational
region. The only possible means to identify them qualitatively is by the
shape and intensity of the infrared absorption. However, Hunt and
Turner (46) claim that they were able to identify them by the matching
fingerprint method using a template spectral model.

Kaolinite minerals show the best defined spectral features of all
the clay minerals. The kaolinite group is most likely to have two strong

146 1000 cm-l).

absorption bands in the region of 9 to 10 microns (1110 cm
The number of the peaks which have less absorption intensity is gener-
ally the highest in the kaolinite mineral, followed by dickite, and then
halloysite. Generally, the number of peaks in the two-layer lattice is
higher in the 8 to 12 micron (833 em™ 1 to 1240 cm-I) region than in the
three-layer lattice. Illite forms a step-like pattern in the infrared
spectra in the 11 micron region from 935 cm"1 to 910 cm-l. Montmoril-

1 to 916 —

lonite has the broadest absorption band in the 1064 cm
region. The features of the infrared absorption spectra in the region
which follows that, between 11 and 12 microns (909 cm"1 to 833 cm-l)
are either not well defined or the absorption decreases in the region.

Substitution has a pronounced effect on the position of the strong

band center attributed to the silicon-oxygen layer. This effect is clearly
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noticeable in comparing the spectra of montmorillonite and nortronite
minerals with the spectra of the hectorite mineral. All belong to the
same montmorillonite family. The infrared spectra of the hectorite
mineral indicates that the position of the strong band center appears at
the longest wave length, and also possesses the smallest number of
peaks. Hectorite is an aluminum-free magnesium silicate mineral.
Quartz has its strongest absorbing band center between 9 and 10

1

microns (1110 cm ™~ and 1000 cm-l, and usually at 9.2 microns (1087

cm_l). However, a characteristic double band appears at 12.5 to 12.8
microns (800 cm°1 to 780 cm_l). Sometimes another band also appears
at 14.4 microns (695 cm-l).

The absorption band atA wave lengths of T microns (1429 cm-l)
and 11.4 microns (877 cm-l) may be due to carbonate minerals (dolomite
or calcite). When a third band with a sharp peak appears at 13.7 microns
(730 cm-l) , Hunt and Turner (46) consider the carbonate mineral to be
dolomite, while if this third band with the sharp peak appears at 14
microns (714 cm-]‘) the carbonate mineral is probably calcite.

In the case of the mixed-layer aggregate the identification is
certainly more difficult. The picture is aggravated when it comes to the
quantitative determination where sharp peaks are required as well as a
well-defined absorption band.

The difficulties created by the presence of impurities as dolomite
or calcite and quartz are hard to avoid. Phosphates and sulphates might

also be present.
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Planning This Investigation

The above conclusions guided the writer in planning the research
in the following manner.

The infrared absorption spectra for different soils collected from
different locations from the United States were obtained. Their spectra
were compared and the characteristic band centers present were
obtained. An attempt to correlate the spectra with differential thermal
analysis as well as other chemical and physical soil properties was
intended. Emphasis was planned for the hydroxyl region as a means for
characterizing and identifying clay minerals present in the soils. In
order to ensure a satisfactory result, certain preliminary investigations
were conducted.

The methods employed in obtaining the infrared spectra were
compared, particularly for the solid colloids of the soil to be investigated.
An attempt toAadopt and develop a consistent technique throughout the

entire investigation was made.



EXPERIMENTAL MATERIALS AND METHODS

Clay Samples Analyzed

During the 1940's an intensive study on the colloidal clay fraction
of soils from the southwestern part of the United States was begun by
Dr. T. F. Buehrer and coworkers of the Department of Agricultural
Chemistry and Soils at the University of Arizona.

When these studies were completed the remaining portions of the
colloidal fractions from these soils were stored for future investigations.
-~ Because of the extensive data already accumulated for these samples,
and because of the great convenience afforded, these samples were used
in this study also. These colloids had been used previously by three
graduate students who were working in the Department of Agricultural
Chemistry and Soils toward their Master of Science degrees. They were
Robinson (68), Wickstrom (80), and Deming (17). Two publications (11,
74) resulted from the above investigations. The reader is referred to
these reports for full details of sample collection and preparation and
results of these earlier investigations. The samples investigated are

hereafter classified in three groupings in which the locations and a brief

47
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description for each sample are given. The thermal and chemical pro-
perties are given in Tables 5, 6, and 7 for those samples for which
these data are available.

The first group is comprised of the samples which can be exactly
located geographically and for which the thermal as well as certain

chemical analyses are available.

Colloid from Soil Near Cameron:

Laboratory sample No. 35.

Sampling location: The sample was taken near Cameron, Arizona,
by J. E. Fletcher.1

Description: This bentonite clay is derived from Moenkopi shale.

Clay beds are exposed in eroded hills.

Colloid from the Casa Grande Series:

Laboratory sample No. 28, unpurified colloid.
Laboratory sample No. 50, purified colloid.
Sampling location: Gypsum reclamation plot east of the town of

Casa Grande. The sample was furnished by W. T. McGeorge.2

1 Former Professor of Agricultural Chemistry and Soils, Depart-
ment of Agricultural Chemistry and Soils, University of Arizona, Tucson,
Arizona.

2 Former Agricultural Chemist of the Department of Agricultural
Chemistry and Soils of the College of Agriculture, University of Arizona,
Tucson, Arizona.
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Description: The soil is from granitic parent material. It is
classed as belonging to the saline-alkali group. The soil is
mature with a typical columnar B horizon which contains some
lime concretions. In the virgin state it is slowly permeable to

water. It responds to applied gypsum.

Colloid from the Garcia Series:

Laboratory sample No. 34.

Sampling location: Approximately one-half mile south of the
location of the Joseph clay described below. It was obtained by

G. A. Wickstrom (80).

Description: It is a virgin, shallow, alluvial fan soil. The surface
is leached free of lime, but the subsoil is highly calcareous. It

is well drained.

Colloid from the Gothard Series:

Laboratory sample Nos. 49 and 52.

Sampling location: The sample was taken near the east quarter
corner of Section 19, T. 13 8., R. 25 E. It was sampled by H. V.
Smith.3

Description: The B2 horizon which consisted of gray-~tipped pil-

lard columns of solonetz structure, constitutes this sample.

3 Professor of Agricultural Chemistry and Soils, Department of
Agricultural Chemistry and Soils, University of Arizona, Tucson, Ari-
zona.
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Colloid from the Joseph Series:

Laboratory sample No. 48 (0-2 inches).

Laboratory sample No. 32 (2-6 inches).

Sampling location: Millet farm, 50 feet from the Little Colorado
River, in Hunt Valley, 15 miles north of the town of St. Johns.
The sample was collected by G. A. Wickstrom (80).

Description: The Joseph series soil is a heavy clay with large,
hard clods on the surface; it cracks badly on drying. The soil is
deep since there is no sign of textural change to a depth of eight
feet. It is calcareous throughout that depth. This soil has a poor

internal drainage; it is waterlogged and is highly saline.

Colloid from the McNeal Series:

Laboratory sample Nos. 29, 39, and 53.

Sampling location: Samples were taken two miles north of McNeal,
Arizona, and 0.07 mile east and 0.7 mile north of the south quarter
corner, Section 2, T. 21 S., R. 26 E. The samples were collected
by H. V. Smith.

Description: Valley soil of mixed origin. The profile is developed
to a reasonable extent. The soil is compact and breaks into hard
clods on drying. Its permeability is low and it has poor internal

drainage.
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Colloid from the Mingus Series:

Laboratory sample Nos. 45, 33 (0-8 inches), 40 (30-48 inches),

41 (0-6 inches), and 42 (48-66 inches).

Sampling location: These samples were taken from two locations,
200 yards apart, from the Harbeson farm near Camp Verde. They
were samples by H. V. Smith.

Description: This series occurs mostly on alluvial fans. It is
formed largely from outwash of mixed origin, but shales and
limestone predominate. The soils are hard when dry and plastic
when moist. The pH values range from 8 to 8.5 and the perme-

ability is slow to moderate. This series has poor drainage.

Colloid from the Pima Series:

Laboratory sample Nos. 25, 43, and 47.

Sampling location: The samples were taken three miles northwest
of Tucson from a farm on U. S. Highway 89.

Description: This is a recent alluvial soil. It is gray-brown in
color and has a fine texture. The parent material is of mixed
origin. The subsoil is generally compact and tough. These soils
sometimes have poor permeability to water and unless managed
properly they may become saline. The soil is easily puddied

during tillage if worked while wet.
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Colloid from the Safford Series:

Laboratory sample No. 46.

Sampling location: The sample was taken from the farm of
William Grum, six miles south of Safford, Arizona, which is
located in the northwest corner of the northwest quarter of Sec-
tion 6, T. 8 S., R. 26 E.

Description: This is a recent alluvial soil of mixed origin. 1t is
found in the valley of the upper Gila River. It is saline and very

impervious to water.

Colloid from the Tubac Series:

Laboratory sample No. 55.

Sampling location: The sample was taken near the intefsection
of Broadway and Wilmot Roads, six miles east of Tucson.
Description: Highly developed profile of mixed origin on lower
alluvial fans at elevations of 3, 000 to 3, 500 feet. The subsoil is

less compact and very much more calcareous than the surface.

Colloid from Soil Near Yuma:

Laboratory sample No. 38.

Sampling location: The sample was taken from the Henderson
Ranch, Yuma, Arizona, located in Section 25, T. 10 S., R. 25 W.
1t was collected by E. S. Turville

Description: This soil has a very poor structure and is highly
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dispersed due to the presence of exchangeable sodium. It has
poor internal drainage. It consisted originally of sandy loam
river bottom soil of the Colorado River which was subsequently

silted to variable depths by irrigation.

The second group contains samples which are similar to those
listed in the first set, but for which a differential thermal analysis is

not available.

Colloid from the McClellan Series:

A. Laboratory sample Nos. 2 (0-12 inches), 11 (12-24 inches), and
10 (24-36 inches).

B. Laboratory sample Nos. 7 (0-6 inches), 9 (6-12 inches), and 3
(12-36 inches).
Sampling location: Bartlett Herd Ranch, Section 30, T. 1 N.,
R. 4 E. Both samples are from the same field.
Description: The McClellan soils are characteristically silted.
The soils from group A were taken from a slick spot, having a
surface hard-pan. The soils in group B represent normal pro-

ductive soils of good permeability.

Colloid from the Mohave Series I:

A. Laboratory sample Nos. 5 (12-24 inches) and 4 (24-36 inches).
B. Laboratory sample Nos. 1 (0-12 inches), 8 (12-24 inches), and 6

(24-36 inches).



Sampling location: Stanley Knox Ranch, Section 28, T.18S.,

R. 5 E., one mile north of Chandler. Both samples are from the
same field.

Description: Mohave clay loam, silted pahse. Group A samples
were from a slick spot soil, which was very impermeable to
water, causing stands of alfalfa to be poor. Group B samples
were from productive soil of excellent permeability. The stand

of alfalfa on this soil was excellent.

Colloid from the Mohave Series II;

Laboratory sample No. 30.

Sampling location: unknown.

Description: B horizon hard spot.

Laboratory sample No. 36.

Sampling location: The sample was taken three miles north of
Tucson near U. S. Highway 80.

Description: This soil has a mature, well-developed profile of
granitic origin and is found on older alluvial fans and upland
terraces. The surface soil is not calcareous, but the subsoil is
cemented with lime. The structure is somewhat columnar, but

the soil is not saline.
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The third group is comprised of samples which cannot be included
in the first or second group for one reason or another. This group also

contains standard clay mineral samples.

Bentonite, unpurified and Bentonite, purified:

Laboratory sample No. 31, unpurified.

Laboratory sample No. 56, purified (standard sample).

Sampling location: The sampling site was near the center of the
southwest quarter of Section 15, T. 16 N., R. 2 W., and 0.8 mile
northwest of Chino Valley Post Office, Yavapai County. Both
samples were collected from the surface (0-3 inches).
Description: The texture is sandy clay loam (0-3 inches). The

pH value is 7.2,

Halloysite:
Laboratory sample No. 51 (standard sample).

Sampling location: Near Bedford, Indiana. The sample was
supplied by Ward's Natural Science Establishment, Inc., Roches-

ter, New York.

Kaolinite, unpurified and Kaolinite, purified:

Laboratory sample No. 26, unpurified.
Laboratory sample No. 27, purified (standard sample).

Sampling location: Spruce Pine, Mitchell County, North Carolina.
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Bentonite:
Laboratory sample No. 317.
Sampling location: South Dakota.
Laboratory sample No. 24.

Sampling location: unknown.

Colloid from the Cecil Series:

Laboratory sample No. 19.

Sampling location: Stateville, North Carolina.

Description: B horizon (6-32 inches).

Colloid from Cecil Series B Horizon:

Laboratory sample No. 20.

Sampling location: Oconce County, Georgia.

Description: B horizon.

Colloid from the Chester Soil:

Laboratory sample No. 14.

Sampling location: Cecil County, Maryland.
Description: A horizon.

Laboratory sample No. 22.

Sampling location: Cecil County, Maryland.

Description: B horizon.
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Colloid from the Circle4 Series:

Laboratory sample No. 54.

Sampling location: Sulfer Springs Valley, Arizona.

Colloid from Davidson Series I:

Laboratory sample No. 16.
Sampling location: Greensboro, North Carolina.

Description: A horizon.

Colloid from Davidson Series II:

Laboratory sample No. 21.
Sampling location: Greensboro, North Carolina.

Description: B horizon (particle size less than 0.3 microns).

Colloid from the Kirvin Series:

Laboratory sample No. 23.
Sampling location: Tyler, Texas.

Descriptidn: A horizon,

Colloid from the Leonardtown Series I:

Laboratory sample No. 13.
Sampling location: Prince County, Georgia.

Description: B horizon,

4 The name of this soil was changed to Continental by the Federal
Soil Survey Correlator.
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Colloid from the Leonardtown Series II:

Laboratory sample No. 15.
Sampling location: Charles County, Maryland.

Description; B horizon.

Colloid from the Miami Series:

Laboratory sample No. 12.

Sampling location: Blackfort, Indiana.
Description: B horizon.

Laboratory sample No. 17.

Sampling location: Branch County, Michigan.

Description: C horizon.

Colloid from Placentia:

Laboratory sample No. 44.

Sampling location: unknown.

Colloid from the Shelby Series:

Laboratory sample No. 18.
Sampling location: Bethany, Missouri.

Description: A horizon (0-7 inches).

Separation and Purification of the Samples

The separation and purification of the colloids used in this study

was done by Buehrer (11), Robinson (68), Wickstrom (80), and Deming (17)
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who adopted the following procedure. Fifty grams of soil were put into
a Hamilton Beach stirrer cup with 500 ml. of water and 5 ml. of normal
sodium hydroxide and stirred vigorously for 10 minutes. The suspension
was then screened through a 200-mesh sieve and transferred into a
Bouyoucos cylinder where water was added to bring the total volume up
to the mark, and the contents were mixed well. The cylinder was then
set aside for sedimentation. The suspension was divided among two to
three cylinders, where a large amount of clay was expected, as in the
case of the standard mineral samples. After a 24-hour settling period,
the suspended material was siphoned off to a depth of 30 cm. (almost 5
cm. above the sediment layer). This collected suspension was then
coagulated by adding approximately 50 ml. of 2 N calcium acetate, After
the suspension had settled, the clear supernatant liquid was siphoned off
and the remaining material was transferred to a large beaker. A suffic-
ient amount of sodium hypobromite solution was added to make the con-
centration of the suspension approximately 0.3 N. The suspension was
then buffered to a pH value of between 9 and 10 with a small amount of
sodium bicarbonate. The suspension was then heated with stirring until
the complete oxidation of organic matter was achieved. A 0.5 N hydro-
chloric acid solution was added to the suspension to dissolve all carbon-
ates, but without allowing the acidity of the suspension to exceed a value

of pH 2. The suspension was centrifuged and the clear solution poured
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off. The clay was then stirred with 2 N calcium acetate solution such
that the whole volume did not exceed one-sixth of the total volume of the
centrifuge tube, and heated by putting the centrifuge tube in a beaker

of boiling water for a few minutes. The suspension was centrifuged and
the saturating solution was then poured off. This treatment was repeated
four times. The excess calcium acetate was removed by washing and
centrifuging twice with distilled water and then with 60 percent methyl
alcohol. The removal was considered complete when there was no test
for calcium in the supernatant liquid after centrifuging, which required
three washings with alcohol. After air-drying, the samples were ground,
to pass a 100-mesh sieve. The samples thus prepared were stored for

future use.

Preparation of Samples for Infrared Analysis

There are different ways of preparing solids for infrared analysis.
For example, they can be dissolved in a solvent such as carbon tetra-
chloride or carbon disulfide (38). They can be handled by preparing the
sample as a continuous film, a paste, or a thin plate. Materials which
have rubber~like structures can be prepared by using a solvent which will
cause softening of the material. A thin film can then be put on the salt-
plate window of the infrared spectrophotometer by evaporating the solvent,
leaving the sample behind. Hunt et al. (45) in 1950 described the use of

deposited films of finely divided minerals on rock-salt windows from
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which excellent spectra were obtained, providing the particle sizes
were about 4 microns or larger. This method, however, is tedious and
time-consuming. The mull technique is also quite commonly used
especially for qualitative determinations. The sample is mulled or
mixed with mineral oil and the resultant mixture is spread on a salt
window. The mineral oil-mull technique suffers from the presence of
interfering absorption bands due to the mineral oil itself and lack of the
desired degree of control necessary for quantitative purposes. Miller
and Wilking (62) in 1952, however, compiled an excellent catalog of
inorganic spectra which were obtained using the mineral oil-mull tech-
nique.

A recently developed technique which involves the use of KBr as
a suspending medium promises to be the most satisfactory for obtaining
the infrared spectra of solid materials. It was described independently
by Stimson and O'Donnell (75) in 1952, Scheidt and Reinwein (72) in 1952,
Perkin-Elmer Corporation (65) in 1952, and later by Beckman Instru-
ments Incorporated (7). The idea is based upon making a fine mixture
of known amounts of samples, usually 1 to 4 mg., and a known amount,
about 0.4 gm., of thoroughly dried potassium bromide (KBr). This powder
is intimately mixed in a ball mill or with a vibrator and then transferred
to a die and pressed in a hydraulic molding press at a pressure of 10 tons
for approximately one to two minutes. The resulting disks are visually

clear and of a known sample concentration. Therefore, they make
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excellent permanent standards for quantitative analysis, especially for
materials for which no suitable solvent can be found. The usual difficul-
ties and interferences resulting from solvents or Nujol mulls are avoided
and the spectra obtained show considerably better resolution. Work at
the Kennecott Research Center (78) has shown the potassium bromide
technique to be the most satisfactory method of handling mineral samples
for infrared analyses. The potassium bromide technique was therefore
adopted for this study. The procedure used was as follows:

A known weight of a calcium-saturated colleoid, having a particle
size less than 2 microns diameter, was added to about 400 mg. of spectro-
scopic grade potassium bromide. Appendix I gives the exact amount for
all the samples. The dry powder was mixed and ground for 30 seconds
in a Wig-L-Bugs, and electric stainless steel mortar and pestle. The
parts of the pellet pressing die6, which is shown in Figure 2, were thor-
oughly cleaned with soapy water, rinsed with distilled water and dried

with a stream of air. Then a clean metal ring7 was inserted in the hole

5 Made by Crescent Dental Mfg., Co., 1838-45 South Polaski Rd.,
Chicago 23, Illinois.

6 Made by Beckman Instruments, Inc., Fullerton, California,
Beckman Part No. 5020, one-half inch potassium die.

T Made by Beckman Instruments, Inc., Fullerton, California,
Beckman Part No. 16598 (16597 Metal Rings).
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5920 Press-out
ring

5517 Ram-rt

5513 Body

5574 Bushing

Metal ring

5755 Hose
/ coupling

5515 '0'Ring

5511 Base

5512 Anvil

FIGURE 2. A DIAGRAM OF THE 5020 KBR DIE ASSEMBLY TAKEN FROM BECKMAN
TNSTRUMENTS INC. (8).
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in the die body after the '"0'" ring was placed on the base. Then the body
was placed over the anvil and pushed down until it sealed on the ''0" ring.
The potassium bromide sample mixture was poured into the die with the
aid of a powder funnel. The ram was inserted in the body and rotated
back and forth a few times in order to level the surface of the mixture.

The assembly was next placed carefully in a hydraulic pres-;.'s;8
centered and the hose coupling of the base was connected to a vacuum
pump, which was turned on immediately and kept running at least 15
minutes. A seal was created within the first few seconds and the ram
top was added. At the end of the 15 minutes the hydraulic pressure was
raised, first just enough to move the needle on the pressure gauge, then
gradually up to 4, 000 pounds on the die for a one-minute period.

The hydraulic pressure was raisad slowly to 20, 000 pounds total
force on the ram of the die and maintained for one and one-half minutes.
The pressure was then reduced gradually to 4, 000 pounds at which time
the vacuum was released. Then the hydraulic pressure was completely
removed. It was found by experience that this technique usually produced
a clear and uniform pellet.

The die was removed from the press, and the base was removed

by slight twisting. The body of the die was placed over the press-out ring

Carver Laboratory press capable of creating a force of more
than 20, 000 pounds on the ram.
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on the hydraulic press. Pressure was again applied slowly and gently in
order to push the pellet out. The pellet was removed and handled with
clean tweezers to prevent body moisture from clouding the pellet and
contaminating it. The pellet was either placed in a suitable sample holder
and introduced in the IR beam for analysis, or wrapped in untouched
glazed paper, put in a vial bottle with a cap, and kept in a desiccator for
later re-examination.

The anvil, ram, bushing, and die body were immediately cleaned
with distilled water and dried to remove the corrosive potassium bromide.
The Wig-L-Bug was also cleaned and dried.

The' relative humidity of the laboratory where the pellets were
made and the spectra taken was recorded during the entire procedure and
was about 30 percent for almost all of the work. The time required to
obtain the spectra for each individual sample averaged about 100 minutes.

It was found that approximately 1 mg. of the unknown colloidal clay
sample when mixed with about 400 mg. of pure KBr ensured a more per-
fectly resolved spectrum than when 2 to 3 mg. were used. When grinding
was done by hand, employing a pestle and mortar, at least 20 minutes
were required to obtain satisfactory results. Mechanical grinding was
preferable since better results were obtained in 20 to 40 seconds than were
obtained in 20 to 30 minutes by hand. A good vacuum in the sample cham-
ber before pressure was applied was required for good results. It was

found that the initial pressure should not exceed 4, 000 pounds per square
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inch on the die and should be raised gradually in a 2-minute period to

the full pressure of 20, 000 pounds per square inch on the die. The pres-
sure was then reduced gradually to 4, 000 pounds at which time the vacuum
was released; afterwards, the hydraulic pressure was completely
removed. This precaution was found to be necessary in order to prevent

cracks in the pellet.

Evaluation of the Technique

Refractive Index

In general, for powder samples such as the clay minerals, the
infrared absorption curves indicate varying degrees of sample transpar-
ency in addition to truly characteristic absorption bands within the 1 to 8
micron range. This can be attributed mainly to various particle size
distributions which result from the method and duration of grinding and
differences in the index or refraction among the mineral samples (assum-
ing constant sample concentration).

The study of the effect of refraction on the infrared spectra of the
various clays is difficult and beyond the scope of this investigation. Let
it suffice to mention that it has been reported by Pfund (66) that decreas-
ing the difference between the refractive index of the particle and sur-
rounding medium has the effect of shifting a selective portion of the trans-
mission curve toward shorter wave lengths. This is also generally the

effect produced by decreasing the particle size of the sample.
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Sample Grinding

Studies by Tuddenham and Lyons in 1859 (77) supported resuilts
obtained by Farmer in 1958 (25) and showed that the crystal structure of
the mineral could be broken down to the point of altering the infrared
curve drastically by prolonged grinding. Somewhat later, Tuddenham
and Lyon (78) reported that this structural breakdown of the clays could
be avoided by hand grinding under ethyl alcohol. This was demonstrated
for kaolinite by both infrared spectra and x-ray diffraction. Rather than
proceeding on this limited understanding, however, it seemed desirable
to obtain direct evidence on this point for the grinding procedure used in
this study. Four pellets were made from Cecil colloid. The time of
grinding was 10, 20, 30, and 40 seconds for charts numbered 60, 59, 20,
and 61, respectively. Infrared absorption intensities were calculated or
measured at 3700 cm-l, 3650 cm-l, 3550 cm'l, and 3480 cm ™! fre-
quencies, using the base-line technique. This required the drawing of a
straight line tangent to the background transmission line which covered
the wave length region from 2 to 3 microns (5000 cm—1 to 3333 cm-l) as
shown in Figure 3. This method was described by Wright (82) and Willard
et al. (81) and was considered satisfactory. It was recommended by
Heigl et al. (39) for its rapidity and simplicity. Table 1 gives the cor-

rected infrared absorption intensity values at the wave lengths 3700 cm-l,

1 1

3650 cm , 3550 cm'l, and 3480 cm™ ~. The absorption intensity values

were corrected for unequal concentration and pellet thickness. An example
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Chart N2

61

59 \J

60 u

4000 u 3500 3000

) =1
Wave number in cm

FIGURF 3. FEFFECT OF GRINDING ON THE INFRARED ABSORPTION
INTENSITIES OF CECIL COLLOID IN THE 2.5 TO 3.3
MICRON REGION,.
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Table 1. Comparison of Infrared Absorption Intensity Obtained by

Different Grinding Methods of Cecil Colloid.

Chart :'Ic;irn;:dc-)f: Wave Number -- crxf'1
No. '+ ing "IW00 7 3650 3560 ' 3480
(Sec.) Absorption Intensity *
60 10 0.924 0.629 0.563 0.719
59 20 0.931 0.709 0.779 0.805
20 30 0.723 0.614 0.539 0.684
61 40 0.725 0.602 0.551 0.705

*
See Figure 3.
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of how this correction was obtained is given on page 142. Inspection of
the absorption intensity values as given in Table 1 dues not show a sig-
nificant difference for the four different grinding times. The shapes of
the curves also indicate a similar degree of resolution for the four
charts. Therefore, 30 seconds was chosen as a satisfactory time for
grinding a mixture and 10 seconds for pure potassium bromide.

It should be noted that similar results were obtained when the
maximum transmission point recorded on the spectrograph was consid-
ered as the zero point absorption instead of the background line of the
base-line technique. Peak depths measured in cm. units at the examined

wave numbers also gave similar results.

Concentration

In 1943 Barnett (5), while studying some applications of wave
length turbidimetry in infrared, found that by increasing the particle
concentration in a suspension, spectra transmission curves were shifted
to longer wave lengths and that this shift was more rapid with increased
concentration for substances with higher indices of refraction.

Beer's Law states that absorption is proportional to the concentra-
tion of a component and additive if more than one component is in the
mixture. Thus,

A = KC
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where:
A is the absorbance of the mixture (i.e., optical density)
C is the concentration of the mixture
K is the constant equal 2 x L
a is the absorbance coefficient of the mixture at a given
wave length
L is the cell length which in this case is the pellet thickness.
Although Beer's Law has been verified many times for true solutions, it
was nevertheless important to determine the effect of concentration of
soil colloids on their absorbance at four frequencies. The absorbance
coefficient may be regarded as the same for different concentrations of
the same colloid. The slit width, which is the other variable that offsets
the effect of concentration, was controlled automatically for all the
samples. Table 2 shows the concentration of the colloids studied. The
pellet thickness for all the samples of each colloid did not vary more than
two percent. Inspection of the spectra shows that the position of the band
centers of the samples generally shifts to longer wave lengths as sample
concentration increases. This is in support of Barnett's finding (5) in
1943.
The observed absorption intensity values were measured from the
chart considering the maximum transmission point recorded on the

spectrograph as indicating zero absorption and zero transmission on the



Table 2. Effect of Concentration on Band Center Position and Absorption Intensity.

e g——

———

" Con- ' Pellet ' Calcu-

————

Band Centers (B.C.) and Absorption Ratios (a/b)

1
' 'centra- ' thick- ' lated
" Chart 'tion of 'ness ' absorp- ' ' ' '
Colloid ' No. 'ratio 'ratio of’ tion B.C. 'a/b "B.C. 'a/b ' B.C. 'a/b ' B.C. 'a/b
' ! a/b ' a/b ' ratio*** ' ' ' ' ' ' '
em™] em” ! em™t em™t
Miami 58{3.; 1.25 0.98 1.23 3654 1.17 3450 1.25 1633 1.25
17(b 3665 3465 1630
Davidson 21(a) 1.23 1.02 1.25 3710 1.15 3645 1.10 3460 0.83 1633 0.91
61(b) 3715 3650 3485 1635
Halloysite 63(a) 1.26 0.98 1.25 3703 1.16 3650 1.11 3485 1.33 1645 2,44
51(b) 3710 3660 3490 1650
Pima 25(a) 1.41 1.00 1.41 3645 0.80 3460 0.88 1632 1.10
47(b) 2.06* 1.00*  2,06% 3670 1.47* 3465 1.50* 1638 2.57*
43(c) 1.46** 1.00** 1.46** 3660 1.84** 3470 1.71%* 1650 2.30%*
McNeal 29(a) 1.33 0.98 1.30 3685 1.20 3500 1.40 1652 1.31
53(b) 1.62¢ 0.98* 1.60% 3670 1.46* 3480 1.34* 1637 1.21*
39(c) 1.21%%  1.00%* 1.21** 3665 1.15%* 3470 0.96** 1653 0.92%*
* = ratio of a/c.

nk
xR

= ratio of b/c

= calculated from the concentration ratio of a/b and pellet thickness ratio of a/b, by the equation
(A = aCL) given in the text.

cL



73

chart ordinate scale indicating the zero transmittance point. This method
will be indicated as the least absorbance method, Table 2.

The calculated absorption intensity values were obtained from the

equation:
A = aCL

where:

is absorbance

is the concentration

2O >

is the pellet thickness

-4

is the absorbance coefficient characteristic of the material
investigated at a given wave length.
In general, the absorption intensity ratio agrees in magnitude with the
ratio of quantity present, as given in Appendix I, column 7. A comparison
between the absorption intensity ratio measured from the base-line method
and the least absorbance method is shown in Table 2a. The least absorb-
ance method provides better information. This might be due to the
presence of certain constituents in the colloidal sample, such as quartz
or carbonates, which scatter light but do not have (OH) groups in this
hydroxyl region. Therefore, the least absorbance method will be adopted
in the study hereafter.

The time the pellets were exposed to the atmosphere during the
process of obtaining the spectra did not vary to a noticeable extent and
therefore may not be used to explain the reason why the observed absorp-

tion values are higher in some samples than their corresponding calculated



Table 2a. Comparison of Absorption Intensity Ratios of the Band Centers Reported in Table 2,
Measured by Base Line Method (BLM) and Least Absorbance Method (LAM).

! Ca.lcuﬁed ! i

2 Wave numbers cm
' absorption ' be ¢

Colloid ' ratio ! ' ] 7
'(from Table 2)' 3710 . 3655 ., 3450 : 1640

BLM LAM BLM LAM BLM LAM BLM LAM

Miami 1.23 -—- --- 0.93 1.17 0.70 1.25 0.95 1.25
Davidson 1.25 0.96 1.15 0.90 1.10 0.80 0.83 0.72 0.91
Halloysite 1,25 1.09 1.16 1.04 1.11 1.21 1.33 1.50 2.44
Pima 1.41 --- - 0.65 0.80 0.63 0.88 0.65 1.10
2,06 0.65 1.47 0.62 1.50 0.70 2.51
1.46 1.80 1.84 0.99 1.71 1.06 2.30
NcNeal 1.30 - --- 1.03 1.20 1.17 1.40 1.27 1.31
1.60 1.00 1.46 0.90 1.34 1.15 1.21
1.21 0.96 1,15 0.77 0.96 0.90 0.92

bL
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ratios. The effect of relative humidity on the absorption spectrum,
especially in the sensitive OH region (2 to 3 microns or 5000 cm"1 to
3333 cm-l), might be used to explain some of the differences between
the observed and calculated infrared absorption intensities. However,
the fact that the observed infrared absorption intensity ratios varied,
being sometimes higher or lower than the calculated corresponding
ratios, does not necessarily indicate a deviation from Beer's Law, but
rather is due to the variable effect of grinding on the constituents of the

s0il colloids in the pellet. The difference in transparancy among the

minerals present in the clay powder may also have some effect.

Humidity

Mention has been made in the literature as to the effect of relative
humidity, in excess of 30 percent, on the infrared spectra. The relative
humidity effect was greatest when the solid KBr pellets were used. There-
fore, it was necessary to record the atmospheric relative humidity in the
laboratory during the steps of the experimental part of this investigation.
Table 3 is an example of the recorded values of the relative humidity.

The relative humidity was below 30 percent except in a very few cases, in
which case the time the pellets were exposed to the laboratory atmos-
phere was reduced to a minimum, always less than two minutes. As a
further precaution, a plate full of silica gel was put next to the pellet

sample holder in the compartment of the infrared instrument in order to



Table 3. Effect of Relative Humidity on the Shape of the Spectrum.

' Chart Time of ' Pellet ! Infrared Spectra
Colloid ' ' grinding and ' Date . ' Date ! !
 No. mixing blend 'pressed '’ R.H.** , Appearance obtained ' R.H** , Remarks
(Sec.) % %
McClellan T* 30 2/4/60 24 some streaks 2/13/60 34 No difference in
7 30 2/4/60 24 excellent 2/13/60 34 shape of spectra.
Mohave 8% 30 2/5/60 28  good 2/14/60 36 No difference in
8 30 2/5/60 24  excellent 2/14/60 36 shape of spectra.
McClellan 9 30 2/4/60 24 excellent 2/13/60 24 No difference in
57 30 3/3/60 25 excellent 3/4/60 24 shape of spectra.
McClellan 10* 30 2/4/60 24 side streaks 2/13/60 34 No difference in
10 30 2/5/60 22  excellent 2/13/60 34 shape of spectra.
Davidson 21 30 2/3/60 20 excellent 2/13/60 32 No difference in
64 30 2/3/60 20 excellent 2/13/60 32 shape of spectra.
Halloysite 51 30 3/1/60 27 excellent 3/4/60 24 No difference in
63 30 3/4/60 24 excellent 3/4/60 24 shape of spectra.

This chart is not shown in Appendix II.
R. H. refers to relative humidity.

xxk

9L
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reduce the relative humidity around the sample during the period the
spectrum was obtained. Inspection of the charts obtained under these
controlled conditions showed no difference in the shape of the spectra
and, therefore, it became evident that duplicating the samples was no
longer necessary or of vital importance. Changes in the pellet's appear-
ance were recorded and proven to have no effect on the resulting spec-

trum.,

Pellet Age

Another point was investigated, that of the effect of the age of
the pellets on the infrared absorption spectra. It is generally recom-
mended that the spectrograms be obtained as soon as possible aftef
making the pellet in order to minimize chemical and physical changes in
the pellet. Absorption of water vapor was also considered a major prob-
lem regarding the interference with some characteristic bands, expecially

Y nd 3333 cm™?t

when the study concerns the OH region between 5000 cm~
frequencies. Furthermore, in this investigation, the author was con-
fronted with a third major problem, namely, the desire to use a refer-
ence pellet against all the samples under investigation in order to obtain
the maximum possible degree of experimental homogeneity. The use of
the potassium bromide solid technique for this work helped solve the
problem of minimizing possible chemical and/or physical reaction with

the substrate. It was found by experimental trials that satisfactory
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results obtained when the newly-made pellet was handied with tweezers,
wrapped in glazed paper, put in a samall bottle with a cap, and then kept
in a desiccator. Spectra obtained with pellets that showed no diagnostic
differences were obtained over a period of one month.

Two charts of the McClelland colloid were made; number 9 was
obtained from a pellet nine days old and number 59 was obtained from a
one-day-old pellet. One spectrum of the halloysite sample was obtained
three days after the pellet was made, as shown in chart 51, and the other
spectrum, chart number 63, was obtained immediately after the pellet
was made. The reference KBr pellet, which was used, varied in age
from 11 to 32 days. Fortunately, the spectrograms showed a similar
degree of resolution. Therefore, the conditions under which this work
was conducted were satisfactorily controlled. Duplicating the pellets

provided no additional information.

Temperature

Temperature during the experimental work, including storage of
pellets, was always between 25° and 28° C. No study of temperature

effect on infrared spectra was made.

Operation of the Infrared Spectrophotometer

The Beckman IR4 instrument used throughout this research was

a double beam, recording, infrared spectrophotometer. Both qualitative
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analyses and quantitative analyses may be accomplished with this
instrument.

The wave length range of the IR4 is continuous from 1 to 16
microns with sodium chloride prisms such as those used in this research.
The scanning system, which is operated by push-bottons at controlled
wave lengths, automatically indexes the scan to start at 15 microns,
interrupts scanning at 1 micron, and returns to starting wave length with
the chart in registry ready for the next run. The data are recorded con-
tinuously in terms of both percent transmittance and absorbance of
energy at all wave lengths from 1 to 16 microns.

The instrument was operated exactly as prescribed in the opera-
tion instructions (7). Scanning speed was 400 to 100 em™} per minute.
The slit width control switch was set on selective, so that it could be set
automatically at the various wave lengths. The ordinate scale was adjusted
by the scale selector switch at the '"0-100T" setting in order to permit
direct reading of transmittance from 0 to 100 percent on the recorder
chart. The period control switch was set at 2. This indicated that two
seconds were required for the instrument to respond to 98 percent of an
instantaneous change in transmittance. The fine gain switch was set at
2.2 and the course gain switch was adjusted to 100 percent. This indicated
22 percent of the maximum amplifier gain. The operating selector switch

was adjusted to ""DB, " double beam.



RESULTS AND DISCUSSION

General Comments on the Infrared Spectra Obtained

The infrared spectra for 3 pure minerals, 2 unpurified minerals,
and 44 soil colloid samples were obtained. These are presented in charts
1 to 64, and the positions of all recognizable band centers are presented
in Table 4. Only the most representative charts are reported in Table 4.
Where more than one spectrum was obtained for a colloid, these were
used for the comparative studies concerned with preparation of the samples
for analysis. Charts 65 and 66 represent pure KBr pellets.

The spectra exhibit several features which are different from
similar spectra obtained by other investigators (1, 10, 44, 45, 49, 50, 51).
These differences can be partly attributed to the improved method of
preparing the samples used in this study which has led to improved reso-
lution of the spectra.

The better resolution is evident in all the spectra and resuits in
sharper and additional bands. For instance, the OH region (3710 em ! to
3450 cm-l) is resolved into several fairly sharp peaks, whereas previous

investigators (1, 10, 44, 45, 49, 50, 51) noted at most two spreading

80



Table 4. Position of all Recognizable Infrared Absorption Band Centers of the Colloidal Clay Fractions from

Various Soils Throughout the United States.

! 4

Colloid  Chart’ _ Wave Length Range
"No.' 2p ' 3p ' 4p ' Sp ' 6p ' Tp " B " 9u "10p " 1lp " 12 ' 13p ' 14p
First Set
Cameron 35 3650 2958% 2320 1630™ 11155 1040° 9955 880™ 803™ 760™ 662™
3450™ 9902 g40™ 781™
920
Casa Grande 50 3650™ 1635 1120% 1052° 920™ g49™ 802: 750™  680™
3490 785
Garcia 34 36702 2950 16391‘: 11332 1040° 980: g39™ 802$ 760™ 701™
3470 1440 1120 920 783
Gothard 49 3680™ 1638™ 1090° 987 880™ go4™ 700™
34950 14520 1065: 920™ 837™ 787™
1038
1001
Joseph 48 36607 1638% 1118° 10782 993; 842V 803:; 60% 705"
3460 1038° 9407 785
920
Joseph 32 36752 1640™ 11302 1109: 990fn 845 3102 7™
3500 1120° 1045° 930 7817
McNeal 53 36702 1638™ 1118% 1040° 996; 836 go7T™ 756™
3480 920 785

18



Table 4. Continued.

t ]

Wave Length Range

Colloid  Chart'
"No." 24 ' 3p ' 4p ' 5y ' 6p ' Tu ' 8 ' Op ' 10p ' 1lp 12p " 13 ' 14u
Mingus E. 33 3500™ 1650 1042° 94o$ g40™ 729%
0-6" or 45 920
m <] m m m m
Mingus E. 40 3492 93507 1639 1032 913 gggm 805 675
30-48"
Mingus W. 41 3650" 2330 2330"" 1639% 1035  920™ &5V 668™
0-6" 34500 840™
Mingus W. 42 36602 16450 11063 990™ g35™ go7™ 670™
48-66" 3470 1046 920™ 7g5™
Pima 417 367o$ 1638™ 1115° 10355  980° 842™ 807™ 760™ 670™
3460 920 7850
Satford 46 361o$ 2360V " 1640™ 1060: 1ooofn sssﬁ go5™ 703™
3450 1040 920™ 842
Tubac 55 3670:: 1636 1115° 1050° 990; aaol‘g 805: 7052
3500 1460x 919™ g40™ 785
1420
Yuma 38 3675 1645™ 1150§ 1050° 992: 8450 8093 718™
3500 11307 975 785
1122 924

¢8



Table 4. Continued.

Colloid ,Chart, Wave Length Range
1 No. ' 2 f 4 Y ' v G [ - Y 1,
m Iy M S5u 6u T 8u e 100 " 11y ' 12p " 13p ' 1l4p
Second Set
McClellan 2 3690 w 5 S v m m m
AT 3405™ 1440¥ 008 sa® . ogsm
1040
McClellan 11  3650™ 1632% 1100° 980° 880 799™ 691™
12-24" 3450™ 1422% 10702 920™ g35¥ 778™
1038
McClellan 10 3645 1634 1107° 9863 835> 698™
24-36" 3480™ 10702 978; goo™
1038° 913 780™
McClellan 7 3650 16352 11345 1050° 970° 880™ 830™ 700™
0-6" 3460™ 1440™ 1120° 960: 8002
940° 780
918
m m s ) s m m m m
- R amheet nf o e e
g20™ n80™
McClellan 3 3650$ 23007V 1630 1412% 1135: 1050° 970° 871™ goo™ 700™
12-36" 3470 1118 960: ngo™
915

€8



Table 4. Continued.

bhart: Wave Length Range
Colloid No, ——
AR T} -m B 6. "8y "9 "10p " 11p 12 " 13y " 14p
Mohave 5 36902 1640™ 1119°% 1050% gsoi‘]Cl g41™ sosﬁ 705$
12-24" 360077 920 785 680
3500
m m s S s m m m
Mohave 4 3680 16407 1121° 1105 978" 880 . 809 702
24-36" 3600 1453 1040° 925™ 855 790
3480
Mohave 1 36802 1640% 1125: 1045° 987: gao™ 8082 710™
0-12" 3500 1115 978 790
922
Mohave 8 36452 1630"% 1107: 985: 8302 695™
12-24" 3440 10720 975 8007
1040° 910 780
m w m ) S 8 m m m
Mohave 6 36507 1799"% 16307 11400 1050° 965 87271 800 760
3560, 1441 1120 952_ 830" 780" 715
3450 910
Third Set
Kaolinite 26 3460™ 1630" 1230: 10702 932"V go2™ 670"
1190° 1030
Kaolinite 27 3675$ zssov“v’ 1630% 1180: 11055:[1 700"
(Purified) 36107 2140 11607 1015
3500 1120

¥8



Table 4. Continued.

Chart, Wave Length Range
Colloid No :
v TR T 3 4y " g  6p ' Tw ' 8 ' 9p ' 10p " 1ipg ' 12p ' 13u ' 14u
Halloysite 51 37102 1636" 1118° 1055° 9927 goo™ 759 700™
3660 915
m
e
Montmoril- 56 36652 1995" 1650’\“‘,1 1060: 10002 798 756™ @95™
lonite 3560 1459 1040° 990
(Yavapai) 3500 915
Bentonite 31 3500™ 1650 1040° 920™ 846™ oo™ '720™
(Yavapai)
Bentonite 24 3650‘; 1640™ 1030° 920 sg40™ 798™ 680™
3450
Bentonite 37 36852 1650 1040% 930™ 850" 730"
(8.D.) 3500
Cecil 20 37102 1635V 1401 1110° 10902 9902 800™ 760™ 705™
(Ga) 3650 10607 918
3550)‘;‘1l 1040
3480
Circle 54 3670‘}_} 2350""V 1638% 11138 1035: 990; 840™ 807™ 760™ 700™
B-horizon 3470 1070° 920
1040°

G8



Table 4. Continued.

1 t
Colloid ,Cbl;:rt.__ B Wave Ee_ngth Range B
' ¢« ot 2"" 1 EP’ T 4“ 1 5“ 1 6# 7 7P T 8”’ Y 9]“" 1 10“ 1 11“ 1 12& 7 13""' ' 14“
Miami 12 36502 2940,;‘;’W 1634™ 1420V 11102 982: 8302 750™  g98™
(Indiana) 3460™ 2870 10905 975 8007
1040° 915 780
Miami 17 3650 2940"V 2330"% 1630Y 1108° 982° 880™ 830™ 750 698™
(Michigan) 3470™ 1440™ 10903 975:rl 860™ 800'; 725™  680™
1040% 915 780

Leonardtown 13 37151;‘; 2340"% 1630° 1400V 1108: 9903rl 8003 750  700™
(Ga) 36507 1045° 915 780

3450
Leonardtown 15 37202 2300"V 1632™ 1400% 1118° 1045° 9902 g35™ 8002 750  700™
(Maryland) 3660 980 780

3470 9128
Chester 14  8715™ 29352;1 3460" 16402 1400™ 11102 910™ 8802 790‘; n60™ 6932
i&-horizon) 32302 2860 1462 1030 850 1780 668
Maryland 5
Chester 92 37152 2940“: 1643™ 1400™ 11102 9902 835™ 798™ 750 700™
B-horizon 3655 2865 1065 980
(Maryland) 3470™ 1040° 910°
Davidson 16 37152 29403 1635™ 1410% 11oo§ 10002 878™ goo™ 7550 1700
A-horizon 3650 2866 1030 990
(N.C.) 3550™ 912™

34750

98



Table 4. Continued.

.Chart, Wave Length Range
Colloid N ~
1 N0 T 3 T "8 ' 9u ' 10p ' 1ip ' 12u ' 13p ' 1du
Davidson 21 3715;} 29402 1635$ 13957 11128 11002 9903 750  700™
B-horizon 3650 2880 1450 1070° 910
(N.C.) 3540 1050
Shelby 18 3655 16327 11005 910™ 745 700™
A-horizon 3470 1450 1060°
(Missouri) 1040
Kirvin 23 3715?3 29302 1635;’ 1160:‘l 10702 9902 7552  700™
A-horizon 3650 3860 1440 1120° 1050° 915
m
(Texas) 3470
Placentia 44 36602 1638™ 11303 10405 982: g40™ 760 708X
3450 1120 9707
920
Mohave 36 36702 1650$ 1105: 995fn 740™
3490 1440 1076 930
1040
Mohave 30 36802 1650 1280Y 11202 10902 9353Cl 885 705"
3500 1460 1110° 10707 920
1040

Footnotes continued on next page.
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Table 4. Continued.
Footnotes:
Values are given in wave numbers.

The relative intensities of the absorption bands are indicated in the following letters, s, m, w, and vw as
read from the final level of the minimum absorbance level on the spectrographs as follows:
s - more than 75% absorption
m - between 75% and 25% absorption
w - between 25% and 5% absorption
vw - less than 5% absorption.
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peaks. For simplicity the description of the spectrum will be divided

into regions.

Description of the 2 to 3 Micron Region

In the 2 to 3 micron range, a broad complex band appears between

1 and 3850 cm™! wave numbers. Within this broad area,

about 2900 cm”~
one to four moderate intensity bands are generally discernible. These
bands are due to absorption of OH groups in different physical states. The
spectra of all the clay samples with the possible exception of one, exhibited
at least two of these bands positioned at 3450 em ! and 3650 cm ™. Two
spectra of the exceptional sample exhibited only one peak with a maximum
at 3500 cm'1 frequency. This peak, however, was strongly skewed to the
left, suggesting the presence of the 3650 cm"1 band. These two spectra
are in charts 33 and 40 which represent the Mingus sample. Thus, it may
be assumed that all of the spectra contain at least two bands in this region.

1 2nd 3650

A group of spectra exhibited in addition to bands at 3450 cm”~
cm-l, a third band at 3550 cm ™ * as in charts 4, 5, and 6 which represent
Mohave colloid. Finally, a fourth band is noted in another group of spec-
tra located at 3710 cm'l, as in charts 19 and 20 which represent Cecil
colloid and charts 51 and 63 which represent a pure halloysite sample.

1 and 3710 em™}

Possibly the 3550 cm~ bands occur with greater frequency
than might be seen at first glance. For instance, there is a suggestion of

the 3710 cm ™! band in charts 18, 25, 34, 44, 48, 53, and 54. It is not
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likely that the 3550 cm-1 band would show up clearly unless the material

responsible for absorption at this wave length is present in rather high
concentration relative to the material which absorbs at 3450 cm-1 and
3650 cm L. It may be then, that many of the spectra that are nominally
two or three banded in the OH region are, infact, actually four~banded,
but the extra bands are obscured.

In addition, very weak bands are noted in many of the samples

1 2nd 2950 cm™!. These two bands form

at approximately 3850 cm™
shoulders on both sides of the main absorption peaks in the OH region.
The band at 3850 cm-1 is absent from few of the spectra, while the band
at 2950 cm'1 is present less frequently. A spectrum which has clearly

1 2nd 2950 cm ™! bands is shown in chart 34.

discerbible 3850 cm~

The three minerals included in this investigation are pure
kaolinite (chart 27) and unpurified kaolinite (chart 26); pure halloysite
(chart 51 and 63); and pure bentonite (chart 56) and unpurified bentonite
sample (chart 31).

The spectrum of the purified kaolinite sample shows bands at
3675 cm-l, 3610 cm-l, and 3500 cm_l, while the unpurified sample
shows only one big single band at 3460 cm'l. From inspection of charts
26 (unpurified kaolinite) and 27 (purified kaolinite) it can be seen that the
single band in the unpurified kaolinite sample may actually be a complex
band which probably contains the three bands which show up separately

in the purified sample. The spectrum of the purified kaolinite sample
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(chart 27) differs from the spectra obtained by other investigators in the
number and position of the peaks in the OH region. The only resemblance
noted is the ratio of absorption by the largest peak to the absorption of
the peak to its right. This ratio is about 1.5 compared to the value of

1.3 to 1.5 reported by Lyon and Tuddenham (60).

The spectra of the halloysite sample show better resemblance to
the spectra of halloysite obtained by other investigators. The band which
appears at the shortest wave length (3710 cm~ 1) has been also reported
by Hunt (44). Furthermore, the peak depth ratio--due to absorption--of
the band which appears at 3710 cm"1 is less than 1, which is in accord
with the resuilts of Lyon and Tuddenham for halloysite. Nonetheless, in
none of the investigations (1, 10, 44, 50, 51) which have been reviewed,
is there reported four definite sharp peaks for halloysite such as those
shown in charts‘51 and 63.

The spectrum of the pure bentonite sample (chart 56) shows three
recognizable bands at 3660 cm ™, 3560 cm-l, and 3500 cm ™. The
spectrum of the unpurified sample (chart 31) represents only one absorp-

tion maximum at 3500 cm-l.

Visual inspection is enough to justify its
containing the three bands reported for the purified sample. Again, none
of the investigators have reported three peaks in the OH region for ben-
tonite samples.

Absorption in the region under discussion from 3450 em™ ! to

3710 cxxf1 is due to OH groups and more generally the OH groups of
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water. The question arises as to why the spectra are so complex in this
region. This complexity is probably due to the many different states in
which water can exist in the mineral colloids. A brief summary of these
states is given here as a guide to the further discussion. A more com-
plete discussion of colloid water can be found in the literature review (1,
12, 13, 14, 18, 44, 47, 10).
Clay water or hydroxyl can be classified as follows:
1. Lattice water
a. Quter hydroxyl group
b. Inner hydroxyl group
2. Interlayer water
3. Adsorbed water
Several groups of investigators have attempted to assign the
different fine structure at peaks in the 3400 em™ ! to 3750 cm ™} region to
absorption by OH groups of one or several of the types of water listed in
the above classification. A review of these attempts is found in the

"Literature Review' section.

Theoretical Treatment of the OH Region in Soil Colloids

The only three pure minerals examined in this study are kaolinite,
halloysite, and bentonite. The rest of the colloid samples can be divided
into two groups. The first group consists of samples which are composed

of a known mixture of clay minerals, based on chemical and thermal
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analysis data obtained by other investigators (11, 17, 68, 74, 80). This
group of samples is mostly from the western and southwestern part of
the United States. These samples are described in the first and second
set in the section of "Experimental Materials and Methods.!" The chem-
ical analysis data as shown in Tables 5, 6, and 7 indicate that these
colloids are comprised of different proportions of montmorillonite and
illite. The second group is composed of the soil colloids collected from
the eastern part of the United States which are in the last set of samples
described in the '""Experimental Materials and Methods' section. These
colloids are composed of mineral mixtures of unknown proportions.
These samples were collected at locations known for acidic soil and thus
one may assume that these ""Eastern'' samples are composed of mixtures
of two-~layer silicates--kaolinite, dickite, and halloysite. Hence, the
minerals of chief concern in this investigation are kaolinite, halloysite,
montmorillonite, and illite. Dickite and other three-layer types of
minerals such as nontronite and hectorite may also be present in some
of the unanalyzed western soil samples.

The schematic structure of these main clay minerals is given in
Figures 4-8. From the structure of kaolinite (Figure 4) it is seen that
the OH groups present in the mineral are attached to the aluminim atom
in the gibbsite layer. They form two types: (1) Six outer hydroxyl groups
per unit cell which lie on the external surface of the gibbsite layer and

may be considered free hydroxyls, and (2) Two inner hydroxyl groups
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FIGURE 4. A DIAGRAM OF CRYSTAL STRUCTURE OF KAOLINITE. (AFTER
GRUNER 35) TAKEN FROM KERR ET AL. (53).
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which lie between the gibbsite sheet and the silica tetrahedral
sheet.

Both types of OH groups are lattice hydroxyl, but they differ in
their position within the mineral. They may also be considered as bound
hydroxyls. Accordingly, the infrared spectrum for kaolinite might be
expected to show two main absorption peaks in the hydroxyl region, one
for each type of lattice hydroxyl.

The schematic structural sketch of the unit cell of halloysite does
not differ from that of kaolinite except in the basal spacing of the hydrated
form. Hendricks (40) measured the c-axis as 10.1 A (sometimes 10.25 Z)
for the hydrated form and 7.2 A for the dehydrated form. The c-axis
measurement of 7.2 :& for the dehydrated form of halloysite is the same
as that for kaolinite. The difference between the hydrated and dehydrated
forms of halloysite is 2.9 ;&, which is about the thickness of a single
sheet of water molecules. Thus, Hendricks (40) suggested that the
hydrated form consists of kaolinite layers separated from each other by
a single molecular layer of water, Figure 5. Lyon and Tuddenham (60)
on the other hand, have suggested that the dehydrated form of halloysite
differs from kaolinite in having only 4 hydroxyls in the outer gibbsite
sheet.

It may be concluded then that qualitatively similar bands will
appear due to lattice hydroxyls in the infrared spectra of halloysite and

kaolinite. In addition, absorption due to interlayer water might be
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expected in the hydrated form of halloysite. On a quantitative basis,
however, the ratio of the band depths due to absorption of outer and inner
lattice hydroxyl groups might be expected to be different for halloysite
and kaolinite, depending on which scheme is correct, that of Hendricks
or that of Lyon and Tuddenham. According to Hendricks, this ratio
should be the same for halloysite and kaolinite. However, according to
Lyon and Tuddenham, kaolinite should have a greater ratio than halloy-
site. Figures 5 and 6 show a representation of halloysite according to
Hendricks (40) and Lyon and Tuddenham (60).

The structure of dickite is like that of kaolinite except that there
is a shift along the a-axis (Gruner, 36). Hence, the type of OH groups
occurring in dickite are expected to be similar to those occurring in
kaolinite.

Montmorillonite has an expanding lattice and the structure of
montmorillonite after Hofmann et al. (42) is given in Figure 7, based on
the pyrophyllite-talc structure of Pauling (63). Montmorillonite has two
silica tetrahedral sheets with an aluminum octahedral sheet in between
them. The atoms common to both the tetrahedral and octahedral sheet
become "'O" instead of "OH" (Figure 7). The c-axis is not fixed but varies
from about 9.6 :\ to complete separation of these individual layers upon
maximum hydration. Also, the dehydrated form does not necessarily
have a c~axis value of 9.6 A, but it does depend upon the type and size

of the exchangeable cation in the interlayer. For example, the c-axis
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FIGURE 7. A DIAGRAM OF CRYSTAL STRUCTURE OF MONTMORILLONITE (AFTER
HOFMAMN JT AL. (42).
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can be 12.5 A with Na ion in the interlayer and 15.5 .ZL with Ca ion instead
of the Na ion, as reported by Grim (33). Therefore, one can expect two
main types of water in montmorillonite. The first type is the interlayer
water, which will be variable in its amount depending upon the main
cation present in the interlayer and this type of water which does not
differ from adsorbed water. The second type is the crystal lattice water
which i8 equally divided on both sides of the aluminum atom of the gibb-
site layer. The equally divided structural lattice water, or more pre-
cisely, lattice hydroxyls in the montmorillonite mineral are impossible
to distinguish as either outer or inner hydroxyls, since they are equal in
number and occupy a symmetrically structural position around the alu-
minum atom. Thus, in the three-layer minerals we might expect only
one band to appear for the lattice hydroxyls, whereas in contrast the two
minerals have two bands in the lattice hydroxyls.

The schematic structure of illite is given in Figure 8 according
to Grim et al. (34). The structure of illite does not differ basically from
that of montmorillonite except that some of the silicon atoms in the tetra-
hedral positions are replaced by aluminum atoms. In addition, potassium
ions occur between the unit layers. Adjacent layers are stacked in such
a way that the potassium ion is equidistant from 12 oxygens, 6 of each
layer. Therefore, it is expected that the infrared absorption pattern of
illite will show the same types of absorption reported for montmorillon-

ite, except in the intensity of the spectral absorption of the interlayer
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water. The infrared absorption of the interlayer water of illite is
expected to be less than that of the hydrated montmorillonite.

Hectorite and nontronite are expected to show infrared spectral
patterns similar to montmorillonite in position with varying degrees of
intensity depending on the number of the absorbing OH groups. Other
minerals which belong to the three-layer lattice silicates are expected
to show infrared spectral patterns closer to the montmorillonite group
than to the kaolinite group and vice versa.

In summary, the types of infrared absorbing patterns for the
kaolinite, halloysite, montmorillonite, and illite minerals can be expected
to show absorption due to crystal lattice OH and interlayer water. The
crystal lattice water will give one or two peaks. These two peaks will
differ in their spectral position depending on the effect of the rest of the
atoms in the crystal on the vibrating groups in question. The two peaks
also will differ in their absorbing capacity. The infrared intensity of
these two peaks, if distinguished, are equal to each other for montmoril-
lonite and different from those found in the two layer silicates. The two
layer silicates also should show different absorption intensity among
themselves. The difference in infrared absorbing capacity of these two
peaks should be greater in kaolinite as compared to halloysite. The
interlayer water is also expected to show an infrared spectral pattern.
This pattern may differ in position depending on the effect of the rest of

the atoms in the crystal on the vibrating group in question. The patterns
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also will show different absorbing intensities depending on the degree of
hydration.

A third type of water is the adsorbed water. This type is common
and expected to show diagnostic features in all the infrared spectra of
any mineral. It might overlap, adjoin, or join and mix with any other

infrared band due to the structural hydroxyl groups.

Test of the Theoretical Treatment on the Infrared Spectrograms

Spectra obtained for the pure minerals kaolinite, halloysite,
and montmorillonite?

The purified colloidal sample of kaolinite (chart 27) shows maxi-
mum absorption intensity at 3675 em™ ). The band at 3675 cm™ ! has the
sharpest peak. This sharp peak is followed by a second peak with less
absorption intensity, at 3610 cm™}. A third band is the broadest and has
a center estimated to be at 3500 cm'l, Table 4. The author suggests that
the strongest well-defined peak at 3675 cm-1 is caused by the 6 outer
hydroxyls of the gibbsite layer because the kaolinite crystal has more
outer than inner hydroxyl groups.

It is further proposed that the band at 3610 em™1 represents the
two inner hydroxyls. The reason for this proposal is that the band at 3610

1

cm"1 is closer in position to the band at 3675 cm ~ than is the band at

9 The bentonite sample is a montmorillonite mineral based on
differential thermal analysis and chemical analysis (11, 68).
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3500 cm-l, which indicates that the responsible groups, for 3675 cm"1

and 3610 cm"1 bands, are of the same nature and are different in nature
from the groups responsible for the 3500 cm-1 band. Also, the peaks at
3675 cm-1 and 3610 cm-l are more defined as compared to the band at
3500 cm;l. Finally, the absorption intensity ratio at 3675 cm_1 and
3610 cm.1 measured as peak depth ration is 1.5. Therefore, the above
evidence is satisfactory enough to justify the theoretical treatment in
assigning the 3675 em™ ! as due to the 6 OH--outer hydroxyls--and the

1

band at 3610 cm ~ as due to the 2 OH--inner hydroxyls--in the kaolinite

colloidal sample. This also leaves the broad shallow band at 3500 cm-1
as being due to adsorbed water.

The halloysite sample as reported earlier showed four absorption-
defined sharp peaks, charts 51 and 63. These are at 3710 cm_l, 3660
cm—l, 3550 cm-l, and 3490 cm > (Table 4). The closest band in spectral
position to the 3675 cm” Y band of kaolinite is the halloysite band of 3710
cmql. If this band at 3710 cm"1 in halloysite is designated as due to
four OH-outer hydroxyls, then the band at 3660 cm"1 should be designated
as due to the two OH-inner hydroxyls.

The peak depth ratio due to absorption intensity of the band at
3610 cm” ! to the band at 3660 cm ™ * is 0.94. This ratio is less than the
1.5 ratio for the similar bands obtained for kaolinite. The band at 3550
cm™! may be due to adsorbed water, interlayer water, or both. It is

1

reasonable to assign the band at 3490 cm = to the adsorbed water, as
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similar to kaolinite, since it is better defined in halloysite than in
kKaolinite. However, the reasons for this assignment of the bands at
3550 cm-l and 3490 cm-1 will become clearer after the inspection of
the montmorillonite spectrum.

The montmorillonite spectrum (chart 56) shows three defined
peaks at 3665 cm !, 3560 cm™!, and 3500 cm™! (Table 4). Careful
inspection indicates that there is a fourth band at a wave length shorter
than 3700 cm_1 located approximately at 3720 cm_l. Then, in following
the same reasoning for differentiating the bands in both kaolinite and
halloysite, one can designate the band at 3720 em™! as due to the lattice
hydroxyls of the outer OH groups of kaolinite-type minerals present in
the bentonite samples in very small quantities, and the band at 3665 em™!
as due also to lattice hydroxyls of the montmorillonite mineral plus the
inner hydroxyl groups of the impurities present which are responsible for
the absorption at 3720 cm-1 at the same time. The other two bands left
are the ones at 3560 cm ™ © and 3500 cm ©. These two bands at 3560 cm 1
and 3500 cm-1 are closer to each other in montmorillonite than in halloy-
site. They form a sort of doublet with equal degrees of absorption inten-
sity in montmorillonite. In halloysite the band at 3490 cm-1 shows more
absorption intensity than the band at 3550 cm-l. It is therefore reason-
able to assign the band at 3500 cm-1 (or 3490 cm—1 in halloysite) to
adsorbed water rather than the band at 3550 cm ™ in these minerals. This

assignment is supported by the fact that this band, mainly the 3500 cm-1
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shows also in kaolinite, but with the least degree of absorption intensity.
Some adsorbed water, as stated earlier, is expected in all the minerals.

Based on structural configuration, adsorbed water is certainly
expected to be the least in quantity in kaolinite as compared to halloy-
site or montmorillonite, because the kaolinite mineral shows the best
defined crystals with the least colloidal absorbing surface area of all the
minerals under discussion. It becomes reasonable then to designate the
band at 3550 cm ™! as being due to the interlayer water. The band at
3550 cm-1 does not show in kaolinite which lacks the interlayer type of
water in its structure (Figure 4).

The 3550 cm.1 band also shows absorption intensity which is less
than the adsorbed water band at 3500 cm-1 in halloysite. This may be
because the interlayer water has a limited quantitative range and that
halloysite would have more adsorbed water in relation to interlayer water.

In contrast, montmorillonite has the 3550 em™) and 3500 cm ™! bands

equal because absorption intensity of the 3550 em™ 1

band is equal to that
of the 3500 cm-'1 band which is to be expected, since there is a greater
amount of interlayer water in montmdrillonite in relation to adsorbed
water. Montmorillonite (Figure 7) shows an unknown number of water
molecules to be taken into its unlimited expanding structure. Therefore,
it is not surprising to find the infrared absorption intensity at 3550 em” !
as large as that for the 3500 cm ! band in montmorillonite in contrast

to halloysite. One important observation in support of these suggestions
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is that the bands at 3710 cm ™ or 3660 cm-l, which are due to lattice
hydroxyls, regardless of their being outer or inner, as expected, show
sharper peaks compared to the bands at 3550 em ™! or 3500 cm-l, which
are assumed to be caused by interlayer or adsorbed water. The 3710 cm-1
and 3660 cm-1 bands represent lattice hydroxyls, while the bands at

3550 cm ™

and 3500 cm_l represent the stretching hydroxyls in the water
molecules.

The test for infrared absorption intensity at a given band in this
hydroxyl region, considering this test as a quantitative measure for the
number of responsible hydroxyls, is however dangerous and is considered
quite unreliable in general.

It might be considered that the ratio of the peak depths due to
absorption intensity at 3710 em™} and 3650 cm ™! would represent the
ratio of outer to inner lattice hydroxyls in the two-layer minerals. This
is obviously not the case. For instance, the ratio of outer to inner
hydroxyls in kaolinite is 3, whereas the ratio 3710/3650 peak depths is
1.5. Again, the outer/inner hydroxyl ratio for halloysite is 2, whereas
the ratio of corresponding peak depths is somewhat less than one. The

reasons for this discrepancy are unknown at present and beyond the scope

of this investigation.
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Spectra obtained for the rest of the clay colloidal
samples in this investigation

An examination of the soil colloids analyzed reveals that they can
be clearly classified into two groups, A and B. Grbup A is characterized
by the presence of two sharp peaks between wave numbers 3600 cm—1
and 3720 cm 1. Group B has, at most, one peak in this region falling in
the vicinity of 3650 cm-1 wave numbers. Without exception, this classif-
ication includes all of the eastern samples within group A and all of the
samples collected in the west and southwest within group B. This empir-
ical observation provides a powerful diagnostic tool for characterizing
an unknown sample.

A theoretical explanation for this natural classification is avail-
able as a result of the knowledge that the eastern soils are composed
mainly of two layer minerals, whereas the western soils are composed
of three-layer minerals. Indeed, it has already been pointed out that
those western soils for which chemical analyses are available (11, 17,
68, 74, 80) are composed of mixtures of montmorillonite and illite.
According to the theoretical discussion in the previous section, this is
just the type of differentiation that one might expect if the infrared analy-
sis can distinguish between inner and outer hydroxyls in two-layer min-
erals, but not in three-layer minerals.

Inspection of the charts representing western soils (group B) indi-

cates two main peaks. The peak at the shorter wave length is always
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sharper than the other and is located mostly between 3650 em™! and
3700 cm-l. Therefore, we may presume that this sharp peak represents
the lattice hydroxyl groups. It could be suggested that this peak actually
represents the hydroxyl group of three-layer minerals. The other main
peak which is usually about 3500 cm'1 has two noticeable features. First,
it is broader than the bands at 3550 cm ™ or 3500 cm ™ reported in the
pure minerals, kaolinte, halloysite, and montmorillonite. Consequently,
this might suggest that in a mixture of montmorillonite and illite minerals,
the interlayer water band and the adsorbed water band overlap. The
second noted feature about the peak at 3500 cm-1 is that its infrared
absorption intensity is always greater than the absorption intensity of the
lattice hydroxyl groups. This observation might be explained by the fact
that the combined responsible hydroxyl groups of both the interlayer water
and the adsorbed water are greater than the lattice hydroxyl groups
responsible for the absorption at the shorter wave length. An example of
these two main peaks is in the charts 25, 28, 29, 30, 31, and 32, which
represent different western soils (see Appendices I and II).

In Mohave colloid (charts 4, 5, and 6) the interlayer and the

1403450 cm™). The 3560

adsorbed water are shown at about 3560 cm”™
cm-1 band, which is due to interlayer water, is more pronounced in

charts 4 and 6 than in chart 5. This observation can be explained by the
presence of some ions such as calcium, which encourage the amount of

interlayer water in montmorillonite. Inspection of the three Mohave charts
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at longer wave lengths indicates the presence of characteristic calcium
bands at 1430 cm™* and 880 ecm ™! in charts 4 and 6 and their absence in
chart 5. It could also be explained by the presence of illite which has a
more definite crystal structure than montmorillonite.

The third set of the colloidal soil samples described in the section
of "Experimental Materials and Methods' is mostly from the eastern
part of the United States (group A) where the acidic condition prevails.
Inspection of the spectra of these colleids shows four well-defined sharp
peaks. The first two at the shorter wave lengths are closer to each other
as well as the last two of the longer wave lengths.

The first peak is located in the vicinity of 3700 em ™ which repre-
sents the outer hydroxyls in the two-layer silicate minerals (i.e., kaolin-
ite, halloysite, and dickite). The second sharp peak is in the vicinity of
3650 cm"1 which indicates the inner hydroxyl groups. The third peak at

about 3550 cm 1

indicates the interlayer water. The fourth peak in the
region of 3500 cm-l to 3450 cm'1 indicates the adsorbed water. The last
two bands are relatively broader than the first two, due to the stretching
of the O-H in the hydroxyls. Examples of these four peaks are in charts
19, 20, 59, 60, 61, and 63. The third band (due to interlayer water)
sometimes combines with the fourth band (due to adsorbed water, thus,
making a total number of three bands in the hydroxyl region. The com-
bined third band is very broad and is located in the vicinity of 3500 em™ 1.

Visual inspection justifies that this combined band is actually two separate
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bands. Charts 13, 14, 15, 16, 21, 22, and 23 are good examples of
that, and all are from eastern soils. Further, inspection of these charts
at longer wave lengths confirms the presence of halloysite. As will be
shown later, halloysite has strong absorption at 910 cm-1 frequency.
Therefore, the presence of the interlayer water band in the eastern soil
colloids could be taken as a criterion for the presence of halloysite, a
two-layer silicate mineral.

Kaolinite, as shown earlier, does not show interlayer water
infrared spectral band, and dickite, based on structural configuration,
is more likely to follow the spectral pattern of kaolinite than halloysite.

As mentioned earlier, there was no pure dickite sample among
the colloids in this investigation,

Differentiation between Soil Colloids of Two-Layer Silicates and Soil
Colloids of Three-Layer Silicates by Infrared Absorption of the OH

Region

The infrared spectra of the three-layer silicates--montmorillon-
ite, illite (hectorite and nontronite can be included)--show mainly two
peaks, one at a shorter wave.length than the other. The first peak usually
appears in the vicinity of 3600 cm'1 or longer wave number. The second
peak shows at about 3500 cm-l. The first peak is sharper and usually of
less absorption intensity than the second. The first peak represents the
lattice hydroxyls--the inner hydroxyls (in case the lattice hydroxyls can

be differentiated to outer and inner hydroxyls in the infrared spectra of
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montmorillonite). The second peak represents both the interlayer water
and the adsorbed water. This second broad band is sometimes resolved

into two separate bands, at 3550 cm ™! and 3500 cm ™1, 1

The 3550 cm~
band represents the interlayer water and the 3500 cm"1 band represents
the adsorbed water.

The two-layer silicates--kaolinite and halloysite (also dickite)--
show four peaks. The first is at about 3700 cm-1 which represents the
outer lattice hydroxyls, which is a sharp peak. The second peak which
is also sharp is close to the first and usually appears at about 3660 cm"1
indicating the inner lattice hydroxyls.

The third and fourth peaks are either present separately or com-
bined. They are at 3550 cm-l, representing the interlayer water, and at
3500 cm ™! to 3450 cm-l, representing the adsorbed water. The third
and fourth bands are usually broader than the first two bands.

The question was asked, what if three bands appear for both a
combination of three-layer silicates and a combination of two-layer sili-
cates? The situation will be as follows. If the first two sharp peaks

1 and 3660 cm-l, and the third

appear close to each other at 3700 cm "~
peak appears at 3500 cm"1 or less, it is a two-layer mineral silicate.
The first two must be very sharp and well defined, especially the 3700

cm~Y band. This is because the 3700 em™!

band represents the outer
hydroxyls and the 3660 cm-1 band represents inner lattice hydroxyls

which certainly must appear in the two-layer silicates. On the other
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hand, if the first band appears at about 3600 cm-l, even if it is still
sharp and clearly defined, it is most likely to represent the lattice
hydroxyls in the three-layer silicates. The 3710 cm-1 band is not likely
to show in the three-layer silicates, the montmorillonite mineral. The
second band will indicate the interlayer water absorption at about 3550

cm™}. The third band will represent the adsorbed water band at about

3500 cm™!. The third band, whether it is two bands combined or not, is
most likely to show stronger absorption than the first two bands in the
three-layer silicates. The reverse picture is true for the two-layer
silicates. In other words, the two-layér silicates may show two bands
due to the lattice hydroxyls and one band due to the combined interlayer
and adsorbed water. In the three-layer silicate only the first band will
be due to lattice hydroxyls. The second band will be due to interlayer
water. The third band will be due to adsorbed water. Accordingly, the
infrared spectral position of these bands will be different. For the two-
layer silicates, the position will be more towards shorter wave lengths,
while for the three-layer silicates the positions are expected to be
towards longer wave lengths,

If, for one reason or another, the first two bands are obscured
and instead one band appears, the differentiation between the three-layer

silicate group and the two-layer silicate group should be based upon the

broadening of the band which will appear. This band is most likely to be
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in the vicinity of 3500 cm_1 for the two-layer minerals and may be
between 3500 cm-1 and 3540 cm“1 for the three-layer minerals. This
single band will combine the interlayer water and the adsorbed water as
well as the hydroxyl water. Therefore, it is expected to be broader in
the three-layer minerals in comparison to the two-layer minerals. The
three-layer minerals certainly have more combined hydroxyls (inter-
layer water and adsorbed water and lattice hydroxyls) than do the two-
layer silicates.

How to Differentiate between the Colloidal Clay Minerals within the
Montmorillonite Group and the Kaolinite Group

Although there were no samples in the montmorillonite group
except the montmorillonite mineral, it is expected that hectorite and non-
tronite will show infrared absorption spectral features similar and paral-
lel to those of montmorillonite, with expected variable central band posi-
tions. The changes in the positional center of the bands will be due to
the complex effect of atomic lattice substitution on the vibration of the
hydroxyl groups.

In the case of the kaolinite group, the pictul:e is simpler. The
differentiation among the minerals belonging to this group will be based
on the absorption intensity ratio of the infrared spectral bands due to the
outer and inner hydroxyls which are common to all of them. This ratio

will be greater for kaolinite (1.5) than halloysite (.94).
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The interlayer water and adsorbed water bands are expected to
show separately and well defined for halloysite, while only shallow
absorption will show up on the kaolinite spectra. Halloysite has inter-
layer water and adsorbed water, while kaolinite has less adsorbed water
and supposedly no interlayer water. As for dickite, there was no sample
present to represent it and to enable its inclusion in the discussion.
However, based on structural configuration, it should follow the infrared
spectral pattern of kaolinite rather than halloysite. It is to be expected
that the absorption intensity ratio of the band due to outer and inner
hydroxyls is less in dickite than the ratio of kaolinite as found by other
investigators (60). Dickite is also expected to be differentiated from
halloysite by the absence of the sharp peaks due to interlayer water char-
acteristic of halloysite.

The illite mineral was also not represented in this investigation
by a pure sample. However, based on structural configuration, the illite
mineral is also expected to follow the infrared spectral pattern of mont-
morillonite in the hydroxyl region. Furthermore, if the prediction of the
illite mineral is possible it will be on the basis of the band which repre-

1

sents the interlayer water (between 3500 cm = and 3550 cm-l). Illite has

a fixed lattice while montmorillonite has an expanding one. Thus, the

1

3550 cm ~ band is expected to show less absorption intensity for illite

than montmorillonite. Illite minerals were differentiated from montmoril-
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lonite by other investigators by characteristic bands which appear at

longer wave lengths as mentioned earlier in the "Literature Review."

Suggested Template to be Used in Characterization of Soil Colloids in
the OH Region of the Infrared Spectrogram

The assignment of the different infrared spectral bands has proven
satisfactory for different types of water in the colloidal clay fraction of
soils as well as for the three pure minerals in this investigation.

These bands have also proven to be adequate in differentiating
between the montmorillonite group and the kaolinite group minerals.
Finally, these bands have also shown complete satisfaction in differenti-
ating between acidic soils from the eastern part of the United States and
alkali soils from the western part of the United States. Therefore, it
seems important to summarize the conclusive results of this study con-
cerning the infrared absorption bands of the OH region on the spectro-
grams in a matching fingerprint method, so that it could be used for
future investigations.

The suggested template shows the basis for differentiation and
characterization of soils on the bases of the shape and appearance of 1,

2, 3, and 4 bands (or peaks) whose intensity varies between 25 and 75 per-
cent transmission on the spectrograms. The template covers the infrared

"1 45 3000 cm—1 wave numbers. The num-

absorption range from 4000 cm
ber given at the right lower s.de of each pattern represents the chart

number in Appendix II from which the pattern is taken.
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A indicates the infrared absorption band caused by the outer
hydroxyl groups of the gibbsite sheet. The band appears at about 3700
cm™} wave numbers.

B indicates the infrared absorption band caused by the inner
hydroxyl groups of the gibbsite sheet, between the gibbsite sheet and the
silica sheet. This band appears in the vicinity of 3650 em™ ! wave num-
bers. Both A and B bands are caused by lattice hydroxyls, crystal
lattice water.

C indicates the infrared absorption band caused by the interlayer
water between the unit cells, which require more thermal energy to
drive it out than the following D water type. This band appears in the

1 and 3550 cm"1 wave numbers.

neighborhood of 3500 cm~

D indicates the infrared absorption band caused by the surface
adsorbed water, which is at the surfaces and around the edges of the clay
mineral particles. This type of water requires less thermal energy to
drive it off from the surfaces as compared to the C water type. This
band appears between 3500 em™! and 3450 cm™! wave numbers.

C.P.A,, Colloid Polymeric Association, is caused by intermole-
cular hydrogen bonds which have a very broad peak in polymeric associa-
tion and appear between 3400 cm—1 and 3200 cm_l. It is described by
Bellamy (9) in inorganic compounds. It could not be distinguished from

1 1

the previous band type which appears between 3500 cm  and 3450 cmf .

The presence of this band is in all the spectra without exception, suggesting
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that polymeric association was overlooked by previous investigators in
soil colloids. It was referred to as extraneous water and considered
to be an extension of the previous type of adsorbed water.

The template (Figure 9) includes two sets of infrared spectra in
two columns. The first set on the left of the template contains the two-
layer silicate minerals--kaolinite group and/or eastern soils. The
second set, on the right side of the template, represents the three-layer
minerals--montmorillonite group and/or western soils. These two sets
were placed in contrast to each other and in an increasing order in the
number of bands (peaks), 1 to 4 bands, going down in both columns. The
sets are arranged in this way in order to facilitate using the template in
differentiating and characterizing different soil colloids or clay minerals,
especially the kaolinite, halloysite, and montmorillonite minerals.

The differentiation and characterization of the_ above mentioned
sets is based on the number of bands or peaks which appear in the OH
region of the infrared spectrogram and is shown in the following steps:

I. One band:

Shape of the band

The band always has a conic shape and has small irregularities
which indicate the expected position of the different water types. These
irregularities are more pronounced in the second set than in the first.

The 3500 cm™ ! wave number line almost splits it into halves.
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FIGURE 9. A TEMFLATE TO
CHARACTERIZE BRETWEEN RASTERN
AND WESTERN SOIL COLLOIDS
BELONGING TO THE KAOLINITR
AXD MONTMORILLONITE GROUP?
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Intensgity level or depth of peak

For the same concentration and pellet thickness, the peak is
smaller for the first set than the second one, indicating less intensity
level. This is because there is more quantity of absorbing water groups
in the second set than the first. .

Band contents

Water types A, B, C, and D are joined together in a complex
band. Careful inspection locates their expected separate position in the
band where irregularities appear.

L. Two bands:

Generally, two main peaks appear in soils of three-layer min-
erals and are not expected in soils of two-layer minerals. Kaolinite and
dickite (the last is only by reasoning based on the structure) may be
considered to represent eastern soils in this two-band type, only if the
D band appears shallow enough so that it might be taken as a shoulder.
Therefore, the two bands in this case will be due to A and B types of
hydroxyls only. If this is the case the differentiation should be as
follows:

Shape of band

The 3500 cm” ) wave number line must run to the right of the two
maximum absorption bands in the first set, while it almost splits the

whole area of absorption into half in the second set.
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Ratio

The ratio of the two bands are in opposite direction for the two
sets. Peak depth ratio or absorption intensity ratio of the first to
second band is greater than one for the first set (A to B) and less than
one for the second set (B to C, D).

Band locations

Water of type C and D is usually combined and makes the second

1

band which appears between 3500 cm ~ and 3450 cm~! wave numbers in

the second set. The peak of this combined band is not sharp, and the
band is broader compared with the first band located between 3600 cm"1
and 3700 cm ™). Water type D shows only in the first set. It is a very
shallow band at 3500 cm-l, so that it might be mistaken as a shoulder.
The two bands appear in the first set at about 3700 cm”! for band A and
3660 cm-1 for band B.

II. Three bands:

Three peaks are common to find in the soils of the eastern part
of the United States and not very common in western soils.

Shape of band

The 3500 cm-1 wave number line cuts the entire body of the com-
plex absorbing band almost in half in the position where the C water type
is expected. The tips of the peaks level off in a mixture of samples in
the first set and the first two peaks, A and B, are sharper than C. The

tips of the peaks show inclination and form a step-like shape in the
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second set. The tips of the peaks B, C, and D are sharper in the first
set than in the second.

Ratio

Band or peak depth ratio of A to B can be greater or less than 1
in the first set. In the second set A, if appearing, is like a shoulder on
the side of the complex body of the whole absorption. Usually, the third
band shows the strongest absorption compared to the first two in the
second set.

Band location

In the first set bands A (at about 3700 cm~ 1) and B (at about
3650 cm 1) are closer to each other than the third at about 3500 em L.
The third band which comprises the two types C, if recognized, and D
type water is broader compared to bands A and B. C band appears in
the vicinity of 3500 cm”} wave numbers.

In the second set B, C, and D bands are almost equidistant from
each other (due to variable content of water type C which will affect
absorption in both sides). The first band, B, appears in the vicinity of

3600 cm” ! wave numbers and the second band appears at about 3550 —

1 ond 3450

wave numbers, while the third peak, D, is between 3500 cm~
cm"1 wave numbers. The band center of the third peak, D, is closer to
the 3500 cm-1 wave number in the first set than the second set. As a
matter of fact, the band center of the D water type is almost at 3450 em™}

wave numbers in the second set.
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IV. Four bands:

This type is more frequently expected in the eastern soils than
in the western soils. Furthermore, halloysite-type minerals must pre-
vail in the sample.

Shape of band

Three recognized, defined sharp bands, A, B, and C, are to the
left of the 3500 cm"1 wave number line, while band D is almost at the
3500 cm ! wave number line in the first set. In the second set, two
bands, B and C, are recognized but not sharp at longer wave numbers
than the 3500 cm-l line. Band A appears as a well-noticeable shoulder
in the second set.

In the first set, all peak tips, especially A and B, are sharp and
pointed like a fork. In the second set, peak tips never appear pointed.

Ratic

In the first set, A, B, C, and D bands are in the same vicinity of
absorption intensity level, while in the second set band A is always
appearing as a shoulder if recognized. Band B is always appearing at a
lower intensity level as compared to C or D and higher intensity level
than shoulder A. Band C can always be less or equal to band D.

Band location

In the first set, bands A and B are always closer to each other as

well as bands C and D. Band A usually appears in the vicinity of 3700 em™
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wave numbers, while B appears at about 3660 cm"1 wave numbers.
Bands C and D are at about 3550 cm ™ > and 3500 cm ™ * wave numbers. In
the second set band A usually appears as a shoulder. B, C, and D bands
are equidistant from each other, B band at about 3600 em™! wave num-
bers, C at about 3550 cm™! wave numbers, and D at about 3500 cm™?
wave numbers.

In order to differentiate between kaolinite, halloysite, and mont-
morillonite minerals, the following criteria is used. The kaolinite
mineral follows the two-band type in the first set of the template. The
absorption intensity or peak depth ratio of bands A to B is greater than
one. Band C does not appear. Band D is very broad and shallow. Band

1

A appears at longer wave numbers than 3700 em . Band B appears at

about 3650 cm-1 wave numbers. Band D appears at about 3500 cm"1
wave numbers.

The halloysite mineral follows the four-band type in the first set.
The halloysite absorption intensity or peak depth ratio of A to B bands
is less than one. Bands C and D appear separate and sharp and are the
strongest of all the four halloysite bands. Band A appears at about 3700
cm~! wave numbers. Band B appears at about 3660 cm™! wave numbers.

1 ond 3500 cm”! wave numbers. The

Bands C and D appear at 3550 cm
3500 cm-1 wave number line divides the spectrum in such a manner that
almost two-thirds of the spectrum lies on one side and one-third lies on

the other side. The two-thirds part appears at the longer wave number.
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The montmorillonite mineral follows the four-type bands in the
second set in the template. Band A, if recognized, appears like a shoulder
at about 3700 cm-1 wave numbers. Band B, which appears at about 3650
cmnl, has less absorption intensity compared with bands C or D. Bands
C and D have equal absorption intensity or peak depth. Band C appears at
about 3550 cm™ ! wave numbers, while band D appears at about 3500 em™!
wave numbers. None of the bands have a sharp tip; they are always
rounded. The 3500 cm_1 wave number line almost splits the entire absorp-
tion body into two halves passing through the D band.

The following clay minerals are not included in the template but
can be identified by the reasons based on the spectra obtained from the
known pure minerals in the template and the structural configuration.

Dickite: Dickite will be similar to kaolinite and halloysite. Absorp-
tion intensity ratio of A to B bands should be less than that of kaolinite
(less outer hydroxyl groups). It is not expected to find C or D bands as in

halloysite.

He'ctorite and nontronite minerals: Hectorite and nontronite will

be similar to montmorillonite, but with a spectral shift in position of the
bands. They probably are the most difficult to differentiate from montmor-
illonite. However, the final say will be after obtaining a pure sample of
these minerals and comparing them with montmorillonite.

Illite; Illite is most similar to montmorillonite. However, it is

also hard to say off hand without experimental test. Illite is expected
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to have less intensity of absorption in band C as compared with
montmorillonite.

Mixed-ayer minerals: These types of minerals are expected to

follow the pattern of the two-type bands in the second set of the template
in case the tested sample is from western soils. On the other hand, if
the sample to be tested is from eastern soils, the pattern will be like the
third one from the first set.

Finally, it is intended that the other pure minerals not included in
this investigation be tested in the future in the same fashion as those which
are included in order to prove the justification of the suggested pattern
mentioned earlier. A similar template to include them is also contem-
plated

Discussion of the Bands in the OH Region Obtained by Other Investigators
in Light of the Suggested Template

It has been mentioned earlier in the '"Literature Review' that the
investigators pointed out two bands in the OH region in soil clay minerals.
These two bands differed in their locations and, accordingly, the explana-
tion offered for them by the workers. Generally, these bands are of
type A and B and C or D in the template.

Adler (1) considered that the stretching of the O-H bond occurs

between 3500 cm_1 and 3700 cm-1 with more tendency to occur at the
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longer wave length for kaolinite which coincides with the type D in the
template.

1 ¢ 3600 cm™! in the montmoril-

The band appearing at 3500 cm~
lonite spectra was considered by Adler (1) as due to adsorbed water
which could not be resolved from the lattice water. This is exactly B
type, and C plus D combined types in the template if the latter two could
not be resolved and appear as only one band instead of two. Furthermore,
the shift from shorter to longer wave lengths in montmorillonite as com-
pared to kaolinite is described by Adler (1) as possibly due to adsorbed
water. The extraneous water in this case is the C and D types of bands
in the template. C type is absent in kaolinite and D type, if resolved
and distinguished from C type, shows up as a shoulder in kaolinite and
both types appear in montmorillonite.

1 and 3500 cm ™! bands designated as bonded and

The 3660 cm~
unbonded water in montmorillonite spectra by Hunt (44) are B type bands
and C and/or D type in montmorillonite in the template.

The proposition of Auskern and Grimshaw (2), Wadsworth et al.

(79), and Scholze and Dietzel (73) in assigning the 3690 cm-1 band to

outer OH and the 3624 em”1

band to inner hydroxyls are the A and B
types of the template.

Roy and Roy (70) were unable to differentiate between inner and
outer hydroxyls because they obtained the same change in the ratio for

both absorption maxima in their hydrogen-deuterium exchange study. All
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types of water have hydrogen, and certainly can exchange with Deuter-
ium; therefore, it is not surprising to find no change in the ratio regard-

less of whether the band is A, B, C, or D.

1

The 3705 cm ~ and 3450 cm-1 bands, which correspond to the A

and D types in the template, are considered according to Buswell and

Dudenbostel (13) as due to hydroxyl and interlayer water. Probably the

1

3450 cm ~ band is complex and can be resolved to both C and D types.

The dehydration experiments of Roy and Roy (70) show no change in the

1 1

main peak at 3680 cm — and little decrease in absorption in the 3450 cm

peak. The 3680 cm'1 band is the A type of the template and the 3450 cm'1
band is the combined C and D type which Roy and Roy could not resolve
in this case. The copper and zinc treatment of DeMumbrum and Jackson

1

(18) reduced the band at 3390 cm  in kaolinite, and montmorillonite,

which corresponds to the 3500 em™L to 3450 cm ™! bands in the template's
kaolinite and montmorillonite and are caused by C and D types. Finally,
the C and D types of the template could be the intermolecular hydrogen
bonding referred to by Bellamy (9), and the range where each type can
appear is in accord with the observation of Luttke and Meche (57) in regard
to the effect of the nature of the rest of the molecules other than the OH

group upon the OH group. All the rest of the investigators (10, 12, 50)

reported the B and C, or D types.



129

Description of the 3 to 8 Micron Region

A major band at 1640 cm"1 wave numbers appears in all the
spectra without exception. The center of this band sometimes appears

1 or 1630 em™! wave numbers. This 1640 cm ™! band is weak

at 1650 cm~
except in a very few samples, and it shows a moderate absorption inten-
gity as in charts 7, 9, 10, and 11. The appearance of this band is in
agreement with other investigators (1, 10, 44, 50). The ;)ther major band
which appears in this region is the band at 1430 cm-1 wave numbers., The
1430 cm-1 band shows a weak or moderate intensity, and it does not
appear in all the spectra, The presence of this band could be attributed
to illite according to Hunt (44), or to calcium contaminants in agreement
with Adler (1), or both. However, regarding the assignment of this band
as due to illite does not seem wholly true. For example, the spectrum of
the Tubac colloid, chart 55, does not show this band, while its chemical
analysis (68) indicates that tpis colloid contains about 80 percent illite.
Another example is the spectrum of Mohave colloid, chart 5, which also
has about 83 percent illite and does not show this band. Then the absence
of the band at 1430 cm'1 should not be taken as evidence for the absence
of illite in a sample.

Other minor bands in this region such as 2950 cm-l, 2850 cm-l,

1 1, 1800 cm-l, and 1462 cm ! which may appear occa-

2500 cm ~, 2350 cm~
sionally on the spectra are due to contaminants. They are reported in

Table 4.






