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1 Introduction

Knowledge of the fate and mobility of explosives, by-products of explosives
manufacture, and the degradation products of explosives in the environment is
required to assess the risks associated with soil and water contamination by these
compounds (Haderlein and Schwarzenbach 1993; Haderlein, Weissmahr, and
Schwarzenbach 1996; Leggett 1985; Pennington 1990).  The mobility of organic
contaminants in groundwater is dependent on the properties of these contami-
nants and the media in which they are dispersed (Ukrainczyk and Rashid 1995;
Pusino, Gelsomino, and Gessa 1995; Pusino, Petretto, and Gessa 1996;
Karickhoff 1981; Bowman 1973; Bowman and Sans 1977).  Sorption from an
aqueous solution to solid surfaces is a key factor in predicting the behavior of
hazardous compounds in the environment.  In order to understand the interactions
between explosive-based contaminants and clay soil components, a series of
experiments were performed using smectitic clays and a 2,4,6-trinitrotoluene
(TNT) degradation product, 2,4,6-triaminotoluene (TAT). 

The adsorption and desorption of contaminants onto and from soil com-
ponents is an area of concern for those interested in environmental risk assess-
ment and remediation (Adams, Larson, and Weiss 1997).  Understanding the
interactions of contaminants with soil components is fundamental to the accurate
prediction of in situ contaminant behavior.  Modeling the movement of contami-
nants in groundwater usually assumes no soil/contaminant interactions.  This
assumption results in drastically overestimating the mobility of contaminants that
interact with soil components (Karickhoff 1981; Pusino, Petretto, and Gessa 1996;
Theng, Greenland, and Quirk 1967; Ukrainczyk and Rashid 1995).  These
interactions can affect not only the mobility of explosives, but also the bioavail-
ability of contaminants to biosystems (including microbes, insects, plants, and
animals).  Contaminants that become strongly bound with soil components are
less readily accessed by these systems.  This has been observed in studies in
which the extractability of contaminants from aged soils has been compared with
freshly spiked soils (Pennington 1990; Jones 1996).  The toxicity of the same
concentration of a given contaminant appears to vary widely with the extent of
soil/contaminant interaction (Alexander 1995).  

The significance of soil contaminant interactions takes on more importance
when the catalytic properties of mineral surfaces are taken into account.  Purified
mineral species are used extensively in pharmaceutical and industrial chemical
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processes to facilitate molecular transformations  (Pusino, Petretto, and Gessa
1996; Mercier and Detellier 1995; del Hoyo, Rives, and Vicente 1996).   Natu-
rally occurring mineral surfaces also act as templates on which molecular trans-
formations can occur (Kunyima et al. 1990; Ernsten 1996; Klausen et al. 1995).
This phenomenon has an impact on the risks associated with soil and sediment
contamination, the natural attenuation of this contamination, and the treatability
of contaminated soils and sediments.

Systems including both microbes and plants have been shown to degrade
environmental contaminants with greatly reduced cost compared to traditional
remediation techniques (Crocker, Guerin, and Boyd 1995; Carpenter et al. 1978;
Hatzinger and Alexander 1995). One key to an effective bioremediation process
is the mass transfer of contaminants to the microbial consortium for degradation,
because often some fraction of the contaminant is rendered unavailable for bio-
degradation (Alexander 1995).  Based on a fundamental understanding of the
nature of site specific soil/contaminant interactions, estimations concerning the
effectiveness of biotreatment can be made.  Likewise, selection of the remediation
technology with the greatest cost/benefit ratio can be made prior to implemen-
tation based on the nature of the contamination and the extent of contaminant
sequestration by soil components.

The fact that extensive sorption of explosives residues to soil components
occurs is well established.  Studies have shown that nitroaromatic residues can be
extremely resistant to removal from soils, with as much as 20 to 50 percent of
radio-labeled explosives found to be associated with the soil compartment in con-
trolled degradation studies with low mineralization to CO  or volatile organic2

compounds (Pennington 1990).  This suggests that adsorption of explosives onto
soil components renders them unavailable to conventional extraction methods. 
The nonpolar parent compound, trinitrotoluene, is not expected to adsorb to polar,
clay-based soil components.  It has been suggested that adsorption of TNT to soil
components is a result of association of the contaminant with the naturally occur-
ring organic components of the soil (Jenkins 1989).  Figure 1 shows that the
amination of successive nitro groups prior to ring cleavage in the reductive
degradation of TNT results in formation of ionizable amino substituents.  These
aminated degradation products of trinitrotoluene have been detected in soil and
water samples from contaminated areas (Jones 1996, Jenkins 1989, Leggett
1985). 

The products of reductive degradation of trinitrotoluene, however, are ion-
izable.  The organic cations on these molecules can possibly ion exchange with
inorganic cations in clay-based soil components. The degradation product in
which all three nitro groups have been reduced to amino groups is the most easily
ionized to form a cationic compound.  It is the interaction of this compound with
expandable clays that is of interest, with respect to the fate of the “lost” material
in radio-labeled studies.
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Figure 1.   TNT reductive degradation pathway prior to ring cleavage

Sites for cation or species exchange on 2:1 clay minerals (e.g., illite, vermi-
culite, and smectites) include basal surface, edge-interlayer, and internal-
interlayer sites.  Cations or other charged species are adsorbed onto clays to
balance negative charge on the phyllosilicate structure.  This negative charge is
caused by substitution of lower charged cations for those more highly charged in
the tetrahedral or octahedral sheets. For hectorite and montmorillonite, charge is
developed due to the cation substitutions (Li  for Mg  in hectorite and Mg  for+ 2+ 2+

Al  in montmorillonite) in the octahedral sheet. For saponite, charge develop-3+

ment occurs due to Al  for Si  substitution in the tetrahedral sheet.  Commonly,3+ 4+

small cations (Na , K , Ca , etc.) are adsorbed onto these clay minerals to+ + 2+

passivate the negative charge on the structure.  These cation exchange sites are
illustrated in Figure 2 which shows the clay structure of expandable clays with
layers made up of Si-based tetrahedral (T) and aluminum-based octahedral (O)
sheets with interlayer cation exchange sites.

Broken bonds on the edges of crystallites may also cause development of a
small charge. Because 2:1 expandable clays are an important and common com-
ponent in natural soils  that account for a majority of cation adsorption, adsorp-
tion of TAT is investigated for a series of pure homoionic smectitic clays
(MacEwan and Wilson 1980).
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Figure 2.   Expandable and nonexpandable clays cation exchange sites
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2 Experiment

Materials

Standard clay samples (smectites) obtained from the Clay Minerals Society
Source Clay Repository, Columbia, MO, include STx-1, SAz-1, SHCa-1,
SapCa-1, SWy-1, and SWa-1.  An additional smectite (A.P.I. #27) from Belle
Fourche, SD, was obtained from Ward’s Natural Science Establishment,
Rochester, NY, and assigned the sample name SBF-1.  The smectitic clays used in
this study are presented in Table 1.

Table 1
Mineral Type, Locality, and Sample Name for Smectites (<1µm size
fraction)

Mineral Locality Sample

Montmorillonite Belle Fourche, SD SBF-1

Gonzales County, TX STx-1

Arizona SAz-1

Crook County, WY SWy-1

Hectorite Hector, CA SHCa-1

Saponite Ballarat, CA SapCa-1

Nontronite Grant County, WA SWa-1

Preparation of <1 µm Clays

The seven clays listed in Table 1 were suspended in distilled water, placed in
centrifuge tubes, and spun at 76 g’s for 5 min.  The <1 µm fraction was decanted
and centrifuged at 76 g’s for an additional 5 min.  This process was repeated until
there was no residue remaining in the centrifuge tubes.  Following the initial sizing
at 76 g’s, the <1 µm fraction obtained was then spun at 7,606 g’s for 1 hr, 
followed by collection and drying of the residue in a 50 EC oven overnight.  The
dried product was then milled to reduce the size.



  Because of the rapid rate of adsorption of TAT by smectites, complete adsorption is assumed at1

levels below saturation.  This is confirmed by complete de-coloration of TAT solutions following
centrifugation.
  In the loading experiments performed in this study, the contact time for TAT loading was fast2

(high aqueous concentration and short contact times) compared to loading as it occurs in the
environment (low aqueous concentration and long contact times).  For this reason what is termed
“TAT-saturated clay” in this report refers to the degree of saturation produced by the
experimental methods as described above.  Utilizing another loading scheme may result in a
significantly different maximum mg TAT/mg clay ratio.
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Preparation of Sodium-Saturated Clays

A slurry of the <1 µm clay was suspended in 0.1 molar (M) sodium chloride in
distilled water.  The solution was placed in centrifuge tubes and spun at 7,606 g’s
for 1 hr.  The supernatant was discarded and the residue resuspended in 0.1 M
sodium chloride solution.  This process was repeated four times.  The sample was
then washed by suspending the sample in deionized (DI) water and centrifuging
at 7,606 g’s for 1 hr.  This washing process was repeated four times.  Following
the final wash, the sample was suspended in a minimum of DI water and dried in
a 50 EC oven overnight.  The dried product was then milled to reduce the size.  In
order to perform x-ray diffraction (XRD) analysis of the clay-size fraction
(<1 µm), a slurry was suspended on a substrate of silicon and allowed to dry
overnight at ambient room temperature.   XRD analysis was used to verify the
presence of Na  as the predominant cation present in the clay samples.+

Preparation of TAT/Smectite Organo Clays

Organo clays were prepared by placing sodium-exchanged clays in contact
with solutions containing TAT.   For the investigation of the TAT loading level on1

clay properties, clays were prepared by allowing a range of TAT to adsorb to a
40-mg sample of sodium-exchanged Texas montmorillonite (STx-1) and sodium-
exchanged Wyoming montmorillonite (SWy-1).  Two concentrations of TAT
solution (20 and 300 ppm 2,4,6-triaminotoluene hydrocholride (TAT-(HCl) ))3

were prepared.  These solutions were used to obtain organo clays at 14 TAT/clay
ratios:  0.000, 0.002, 0.004, 0.006, 0.01, 0.023, 0.052, 0.100, 0.120, 0.200,
0.300, 0.600, 1.100 (SWy-1) and 1.500(STx-1) mg TAT/mg clay.  Another set of
organo clays was prepared by allowing TAT to be adsorbed onto the seven
purified clays.  Forty  milligrams of sodium-exchanged clay was treated with a
TAT solution containing 300 ppm TAT-(HCl) .  Two loading levels were3

prepared, one at 12 mass percent, 40 mg of sodium-exchanged clay with 16 ml of
the 300 ppm TAT-(HCl)  solution.  The other loading level representing TAT-3

saturated clays  was prepared by  treating the 40-mg clay samples with aqueous2

TAT solution until TAT could no longer be adsorbed.  The TAT solutions were
adsorbed onto the clays by adding liquid to the clay sample, vortexing to achieve a
clay suspension,  and agitating for 18 hr to simulate a short-term exposure.  The



 The clays tend to flocculate after exposure to small quantities of TAT.  The formation of this floc1

sllowed the use of a significantly lower centrifuge speed.
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samples were centrifuged for 10 min at 684 g’s to separate the solid fraction1

which was then analyzed by XRD.

XRD Analysis

XRD samples were prepared as follows:  a slurry of the clay sample with 
water was mixed, suspended on a substrate, and dried overnight.  A Philips
PW1800 Automated Powder Diffractometer system was utilized to collect XRD
patterns employing standard techniques for phase identification.  The run
conditions included Cu K" radiation and scanning from 2 to 65E 22 with
collection of the diffraction patterns accomplished using personal computer-
based Windows 95 versions of Datascan (Materials Data, Inc.) data acquisition
software and Jade X-ray diffraction analysis software.  Calculation of clay
geometry (d-spacings) from the scan angle (22) is given by Bragg’s Law (Moore
and Reynolds 1989), n8 = 2dsin2, where n is a positive integer, and 8 is the
wavelength of the excitation radiation (for Cu K" = 1.54 D = 0.154 nm).

Fourier Transform-Infrared Spectroscopy

Fourier Transform-Infrared (FTIR) spectroscopic measurements of the soils
were obtained over the range from 4,000 cm  to 400 cm  (2.5 to 25 µm) at 4 cm-1 -1 -1

resolution using a Nicolet 740 FT- IR spectrometer.  Samples were prepared by
the potassium bromide (KBr) pellet method using an agate mortar and pestle and
then cold pressing in a press to make a thin, transparent pellet.  All measurements
were made in N  at room temperature.  Data collection proceeded 2 hr after place-2

ment in the spectrometer to allow flushing of atmospheric H O.  Experiments were2

made using 32 scans at 4 cm  resolution after determining that higher resolution-1

and increased scans did not significantly improve the signal-to-noise ratio.  All
data collected in this study were interpreted using Nicolet automatic spectrum-
processing routines.



  The mean d(001) peak position is operationally defined as the point (angle) between 3.5 to1

8.5 E22 at which the peak area is bisected.  That angle is then used to calculate the d(001)
distance.  This convention was adopted as a result of the increased peak asymmetry with
increased TAT loading levels.
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3 Results and Discussion

Changes in Interlayer Spacing 
Under Varied TAT Loading

A series of organo-clays were prepared as previously described using Texas
and Wyoming  montmorillonite smectites (STx-1 and SWy-1) and a TAT
solution.  Increasingly greater amounts of TAT were allowed to exchange onto
the initially sodium-saturated <1 µm sized clay.  Tables 2 and 3 show the mean
d(001) peak position  (the height of a single clay layer-interlayer-clay layer unit)1

and the interlayer expansion as a result of TAT loading onto the clay.

Table 2
Loading of TAT onto Sodium-Exchanged Texas Montmorillonite
(STx-1)

mg TAT/mg Na-STx-1 d(001) Peak Position, nm Interlayer Expansion, nm

0.000 1.318 0.000

0.002 1.271 -0.047

0.023 1.289 -0.029

0.052 1.348 0.030

0.100 1.369 0.051

0.120 1.391 0.073

0.300 1.591 0.273

1.500 1.577 0.259
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Table 3
Loading of TAT onto Sodium-Exchanged Wyoming
Montmorillonite (SWy-1)

mg TAT/mg Na-SWy-1 d(001)  Peak Position, nm Interlayer Expansion, nm

0.000 1.262 0.000

0.002 1.235 -0.027

0.023 1.262 0.000

0.052 1.265 0.003

0.100 1.299 0.037

0.120 1.308 0.046

0.300 1.424 0.162

1.100 1.413 0.151

Figures 3 and 4 show the superimposed diffraction patterns collected for the
series of typical TAT-exchanged smectites.  As can be seen, increased loading of
the TAT onto the clay resulted in successive shifts of the d(001) peak position
which correspond to expansion of the interlayer spacing.  This change in clay
geometry is due to replacement of the spherical sodium ions in the interlayer with
the asymmetrical ions associated with the triaminotoluene.

A plot of the change in interlayer spacing (from the sodium-exchanged
sample) in nanometers with respect to the ratio of the mass of TAT adsorbed in
milligrams to the mass of clay present is presented in Figures 5 and 6.  Three
distinct behaviors were observed:  (1) an initial decrease in d(001) spacing with
the adsorption of small amounts of TAT (<0.2 percent by mass), (2) a roughly
linear increase in d(001) spacing with respect to the amount of TAT adsorbed at
higher concentrations (between 0.2 and approximately 25 percent), and (3) no
variation in d(001) spacing at TAT loadings greater than 30 percent.  A maximum
d(001) spacing was achieved at between 1.4 and 2.0 nm, depending on the clay
type. 

Variation of TAT Adsorption 
by a Series of Purified Clays

In order to better understand the process of TAT loading onto clay surfaces,
TAT exchange experiments were performed on a number of purified, sized, and
sodium-exchanged smectitic clays.  Each clay type was analyzed using XRD on
ordered samples with three cation loadings.  Table 4 lists clay type, clay cation
exchange capacity (CEC), sodium-saturated and TAT-saturated d(001) spacings,
and the change in d(001) spacing with TAT saturation for the <1 µm size fraction
of the seven smectites used in this study. 
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Figure 5.   TAT loading vs change in the mean d(001) peak position for STx-1

Three cation loadings were used to obtain XRD patterns for each clay type: 
sodium-saturated homoionic clay, partially loaded with TAT 0.48 mg TAT/40 mg
clay-intermediate loading (12 mass percent), and saturated with TAT (saturated). 
Figures 7-13 contain XRD patterns for each clay.  For each figure, the top panel
displays the three unscaled diffraction patterns for sodium-saturated, 12 mass
percent, and saturated.  The middle panel presents the same data scaled such that
the maximum intensity at the d(001) peak is the same for the sodium-saturated,
12 mass percent, and saturated patterns.  In the bottom panel, the patterns are
once again scaled such that the maximum intensity of the d(001) peak is the same
for the sodium-saturated, intermediate TAT, and saturated TAT loading patterns,
and the x-axis is limited to the region in which the d(001) peak occurs.  The XRD
patterns displayed in Figures 7-13 show the shift in the peak associated with
reflections from the d(001) spacing (between 4 and 9E 22) as the TAT loading is
increased.
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Figure 6.   TAT loading vs change in the mean d(001) peak position for SWy-1

In order to compare the expansions of the seven smectites used in this study,
the d(001) peaks are presented in Figures 14-16 for the seven clay types under the
three loading conditions.  Figure 14 displays the sodium-saturated peaks for all
seven smectites.  The peak position is between 1.23 and 1.28 nm  which
corresponds to a single water layer surrounding sodium cations in the
interlamellar region.  Figure 15 shows the same seven clays loaded at 12 mass
percent.  Differences between the d(001) spacing in the seven clays from those in
Figure 14 display a trend from smallest to largest expansion following the order
SBF-1, SWa-1 < SWy-1, STx-1 < SapCa-1 < SHCa-1 < SAz-1.  Two clays,
SHCa-1 and SAz-1, expanded the most (1.42 and 1.46 nm) under the same
loading conditions.  The extent of shifting of the d(001) peak, as well as the peak
shape, is similar for the rest of the samples.
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Table 4
Variation of TAT Adsorption in Clay Samples

Sample CEC, meq/100g  clay, nm nm nm  clay, nm nm

mean d(001) of 12 mass % mean d(001) of mean d(001) of d(001) of
Na-saturated loaded clay, Na-saturated clay, TAT-saturated Na-saturated clay,

mean d(001) of 12 mass % minus minus mean
mean d(001) of TAT-saturated

mean d(001) of

SBF-1 85.0 1.262 1.318 0.056 1.338 0.0761

STx-1 88.3 1.308 1.391 0.083 1.563 0.2552

SAz-1 130.0 1.244 1.424 0.180 1.549 0.3052

SHCa-1 89.2 1.262 1.402 0.140 1.509 0.2472

SapCa-1 80.4 1.253 1.448 0.195 1.460 0.2072

SWy-1 87.0 1.262 1.308 0.046 1.402 0.1402

SWa-1 107.0 1.271 1.318 0.047 1.460 0.1892

 CEC data from Low (1980)1

 CEC data from Jaynes and Bigham (1987)2

Figure 16 shows the same seven clays at the final or saturated loading of TAT. 
These clays were treated with an excess amount of 300 ppm TAT-(HCl)  3

solution.  At this point all clays had been allowed to adsorb TAT following the
experimental loading conditions until the clays did not remove appreciable
amounts of TAT from the aqueous solution.  At this loading level, the differences
between the d(001) spacing in the seven clays are more significant than observed
in Figure 15.  The peaks in Figure 16 appear to be a composition of two peaks,
one centered around the 1.30 nm range and one centered around 1.77 nm.  The
mean d(001) peak position follows a trend of SBF-1 < SWy-1 < SapCa-1 <
SWa-1 < SHCa-1, STx-1 < SAz-1.  The asymmetric peak shape can be explained
by the presence of a range of d(001) spacings in these clays, dominated by the
two separations at 1.30 and 1.77 nm.

 It is interesting to compare the maximum spacing between layers of the TAT-
saturated clays with the CEC.  Figure 17 shows a plot of clay CEC versus the
weighted d(001) spacing at 12 mass percent TAT loading and TAT saturation.  A
roughly linear relationship is observed with exceptions including STx-1, SBF-1,
and SHCa-1 indicating that CEC is not the only clay property that governs the
maximum increase in d(001) spacing possible by TAT adsorption.  It also is
interesting to note that for the intermediate and maximum loading of TAT for this
series of smectites, both the trioctahedral clays SapCa-1 and SHCa-1 show
increased expansion of the interlayer compared to all of the other clays except for
STx-1.  This observation that the trioctahedral clays expand more than
dioctahedral clays with similar CECs may relate to the structural and chemical
differences between trioctahedral and dioctahedral smectites which have been 
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Figure 7.   XRD pattern for STx-1
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Figure 8.   XRD pattern for SAz-1
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Figure 9.   XRD pattern for SBF-1
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Figure 10.   XRD pattern for SWy-1
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Figure 11.   XRD pattern for SapCa-1
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Figure 12.   XRD pattern for SHCa-1
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Figure 13.   XRD pattern for SWa-1
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   a.  12 mass percent TAT loading
   b.  TAT saturated

Figure 17.   CEC vs increase in mean d(001) peak position for smectites examined
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shown to affect the clay structure, as well as the chemistry of the interlayer as
indicated by Si-29 and Cs-133 nuclear magnetic resonance (NMR) spectroscopy
as shown by Weiss, Kirkpatrick, and Altaner (1990a, b) and Weiss, Altaner, and
Kirkpatrick (1987).  Also the location of the layer charge (tetrahedrally or
octahedrally derived) may influence the adsorption of TAT on clays because
(a) the location of the layer charge is closer to the interlayer for clays with
tetrahedrally derived layer charge, and (b) the charge distribution for trioctahedral
clays may be more uniform with 3 Mg atoms compared to dioctahedral clays with
2 Al atoms and one vacancy.  This cannot be assessed, as only one smectite with
tetrahedrally derived layer charge (SapCa-1) was examined in this study. 
Additional samples, such as beidellites or other saponites, may assist in these
interpretations.

Mechanism of TAT Loading 
in the Interlayer of Expandable Clays

The patterns displayed in Figures 7-16 provide a basis for discussion of the
adsorption mechanism.  Because all of the clays were treated with the same
amount of TAT during the intermediate loading (Figure 15), one would expect
that if the TAT were cation exchanging in a uniform pattern on all clays, a range
of  d(001) spacings similar to that observed for the sodium-exchanged clays for
the seven clays would be expected.  The large variation of d(001) spacing within
this series is possibly a result of the trifunctional anionic character of the TAT
molecule.  The spatial separation of the three monocationic sites on the molecule
by the rigid phenyl ring allows a number of loading geometries for cation
exchange adsorption.  If one, two, or all three cationic sites of a given TAT
molecule are associated with both of the aluminosilicate sheets above and below
the molecule, such that the TAT molecule can lie in a flat position between the
two sheets, then the d(001) spacing would correspond to the increased height of
the hydrated TAT cation lying in the plane of the sheets.  This height is expected
to be comparable to the spacing observed when ammonium cation is present in
the interlayer of clays.  The effect of ammonium (NH ) on the basal spacing of4

+

hydrated Wyoming montmorillonite is reported to be 1.24 nm (MacEwan and
Wilson 1980). Comparing this basal spacing to that of a sodium-exchanged
Wyoming montmorillonite would predict a decrease in d(001) spacings when
TAT takes on this geometry.  This initial decrease in d(001) spacing is observed
with STx-1 and SWy-1 at low TAT loadings in Figures 3 and 4.

The TAT molecule can occupy a larger amount of the interlayer space by
having one cationic functionality associated with one 2:1 layer and another
cationic site on the same molecule associated with the other 2:1 layer.  If this
occurs, then the rigid phenyl ring of the TAT molecule could act as a spacer,
forcing the interlamellar distance farther apart.  By adsorbing in a vertical or 
“standing” position in this way, the d(001) spacings can become increasingly
large, with a maximum separation corresponding to the distance between the two
hydrated, cationic sites.
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Higher Order Stacking of Clay 
Layers Under TAT Loading

The higher order stacking uniformity can be determined from the XRD
patterns for the seven clays at the three TAT loading levels.  The ratio of the
higher order reflections (HOR) observed between 25 and 30 E22 to the d(001)
peak indicates the degree of high order stacking.  These peaks can be seen in
Figures 7-13.  This ratio provides information regarding the higher order structure
of the stacked clay structures.  The higher order reflection intensity depends on
the repeatability of single layer stacking.  A high ratio would indicate an ordered,
layered system while a low ratio would indicate a lack of homogeneous layer
stacking.  The measurement of d(001) distances is possible for clays without
highly ordered and repeatable units because only the reflections from a single
layer are required.  The intensity of the higher order reflections, however,
depends on the uniformity of the interlayer distances.  For the sodium-exchanged
clays, a high level of stacking order is observed as a result of the uniform layering
associated with this hard, monocationic species within the clay.  The ratio of
higher order reflection to d(001) intensity as TAT is loaded into the clay provides
information regarding the mechanism of cation exchange.  Table 5 presents the
ratio of HOR to d(001) for the seven clays at the three loading levels examined.

Table 5
HOR:d(001) for Sample Clays

HOR:d(001) peak intensity

Sample CEC, meq/100g  Na saturated 12 mass percent  TAT saturated

SBF-1   85 0.49 0.27 0.35

STx-1   88.3 0.44 0.32 0.32

SAz-1 130 0.32 0.15 0.42

SHCa-1   89.2 0.52 0.2 0.33

SapCa-1   80.4 0.27 0.17 0.29

SWy-1   87 0.58 0.26 0.58

SWa-1 107 0.38 0.31 0.34

For all seven clays the ratio of HOR to d(001) is high for the completely
sodium-exchanged sample.  This is understandable because the hard,
monocationic form of sodium produces a highly homogeneous stacking.  When
the intermediate level of TAT is placed on the seven clays, the ratio of HOR to
d(001) decreases in all of the clays.  This decrease is expected due to the
incomplete replacement of the sodium cations by the TAT molecules.  This
incomplete replacement results in heterocationic clay.  For the seven clay types,
all of the TAT-saturated clay samples show an increase, except STx-1 which
shows a slight decrease, in the ratio of HOR to d(001) compared to the
incomplete loading. This would be expected as more of the sodium cations are
replaced by the TAT cations and the d(001) spacings become more uniform for a
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high CEC clay like SAz-1 in which the intercalating cation obtains a uniform
orientation.

The changes in the  ratio of HOR to d(001) spacings observed in Table 5 can
be explained using a simplified model of the mechanism for TAT adsorption. 
Figure 18 shows a representation of a completely sodium-exchanged stacking of
clay layers.  The red areas are the aluminosilicate clay layers, and the blue areas
represent the hydrated sodium occupying the interlamellar regions.  The d(001)
spacing is 1.25 nm and the stacking of four of these repeating units results in the
HOR.  Because of the completeness of the exchange and the uniformity of
interlamellar adsorption of the spherical, monovalent cation, the d(001) spacing is
uniform and a high  ratio of HOR to d(001) is observed.  As TAT is initially
adsorbed onto the clay, the repeatability of the d(001) units is reduced.  This is
illustrated in Figure 19.  The green areas represent the larger TAT cations
adsorbed to the interlayer.  The combination of sodium (blue) and TAT (green)
cations within the interlayer results in a loss of d(001) spacing uniformity.  This
loss of uniformity results in the loss of higher ordered stacking which  provides
the d(001) reflection.  Using this model, the reduction in the ratio of the HOR to
d(001) intensities for the intermediate loading shown in Table 5 can be explained. 
For these “edge loaded” clays (with > 5 mass percent TAT) an increase in the
d(001) spacing is observed, but with a decrease in peak intensity of the d(001)
peak due to the range of d(001) spacings possible.  Furthermore, a loss of the
higher order peak intensities results from the loss of higher order stack
uniformity.  When the clay becomes saturated with TAT, a uniform distribution
of the TAT cation throughout the interlayer surface results.  Figure 20 displays a
representation of this situation.  Because the clay has adsorbed all the TAT
possible, the d(001) spacing is more uniform throughout the sample and the
intensity of the HOR begins to return.

Effect of TAT Loading 
on FTIR Spectrometry of Clays

In order to further understand the chemical transformation occurring during
the loading of TAT in the interlayer of expandable clays, FTIR spectroscopy of a
set of pure clays and TAT-(HCl)  as well as two mixtures of TAT and clay was3

performed.  Three clay preparations were utilized for this investigation:  sodium-
exchanged STx-1, STx-1 saturated with TAT by adsorption in an aqueous
suspension, and a physical mixture prepared by grinding dry STx-1 and dry TAT-
(HCl)  using a mortar and pestle.  The ratio of mass of TAT to mass of clay in the3

two STx-1/TAT-(HCl)  samples is approximately the same (within 10 percent). 3

The infrared (IR) spectrum of pure TAT-(HCl)  was also obtained.  Figure 213

displays the IR spectra of the three clay samples in the wavelength range from
500 to 4,000 nm.  The spectrum of sodium-exchanged STx-1 (Figure 21, i) and
the TAT-saturated STx-1 (Figure 21, iii) appear to be quite similar in adsorption
amplitude and energy.  Increased adsorbance in the TAT-saturated sample
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Figure 18.   Homogeneous loading of sodium on clay showing higher order symmetry
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Figure 19.   Edge loading of TAT on clay showing loss of higher order symmetry
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Figure 20.   Homogeneous loading of TAT on clay showing increased higher order symmetry
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Figure 21.   Infrared spectra of the three clay samples:  (i) STx-1, (ii) physical mixture of STx-1
and TAT, and (iii) TAT adsorbed on STx-1
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appears between 3,600 and 3,000 nm and between 2,000 and 1,500 nm.  The
increased adsorption in these two wavelength regions appears to be a result of
molecular vibrations associated with the sorbed organo-cations produced during
the clay catalyzed transformation of the TAT polycation.  The physical mixture of
TAT and STx-1 (Figure 21, ii) displays increased adsorption of IR energy in the
4,200 and 2,500 nm and between 2,000 and 400 nm regions.  This spectrum is
significantly different than that of the  pure clay or TAT sorption samples.

In order to visualize the differences in the IR spectrum of the pure clay and the
spectra of the two mixtures, a subtraction of the scaled spectra of either pure
compound (STx-1 or TAT-(HCl) ) from the spectra of the two mixtures was3

performed.  These two artificially produced spectra are displayed in Figures 22
and 23 along with the spectrum of the pure compound that was not removed by
spectral subtraction.

Figure 22 displays the IR spectrum of TAT-(HCl)  (curve i), the spectrum3

obtained by subtracting the IR spectrum of STx-1 from the IR spectrum of the
TAT/STx-1 mixture (curve ii), and the spectrum obtained by subtracting the IR
spectrum of STx-1 from TAT-saturated STx-1 (curve iii).  Very little difference is
observed when the TAT spectrum is compared to the dry TAT/STx-1 mixture
minus the STx-1 spectrum.  The similarity between the IR spectrum of TAT and
that obtained by subtracting that of the pure STx-1 from the TAT/STx-1 mixture
suggests that no significant interactions or reactions are occurring when the dry
STx-1 and the TAT-(HCl)  solid are mixed.3

All of the spectral features are present at the same wavelengths, and the
intensities of the adsorptions are comparable.  A comparison of the TAT
spectrum with the spectrum obtained by subtracting the STx-1 spectrum from that
obtained from the TAT-saturated STx-1 shows significant differences.  The
adsorbance observed in the spectrum of pure TAT in the region from 2,250 to
3,250 nm is not present in the subtracted spectrum.  While there appears to be
significant adsorbance in the regions from 1,400 to 1,700 nm and 4,000 to
3,400 nm in the spectrum prepared by subtracting the STx-1 spectrum from the
TAT-saturated STx-1, the position of these peaks does not correspond to those in
the pure TAT spectrum.  An interesting feature of Figure 22 curve iii is the
apparent negative adsorbance observed near 3,700 cm .  The peak in this region-1

in the spectrum of pure clay represents the adsorption of IR radiation by the
hydroxide functionalities of the clay mineral.  This feature is clearly seen in the
spectra of pure STx-1 in Figure 21, curve i.  The negative peak observed during
subtraction suggests that the adsorption of IR radiation by these functionalities is
altered by the presence of adsorbed TAT or TAT transformation products.  The
differences noted between the IR spectrum of TAT and that obtained by
subtracting that of the pure STx-1 from the TAT-saturated STx-1, however,
suggest that intercalation of the TAT cations or clay catalyzed transformations of
the TAT cations are occurring when the STx-1 and the TAT in solution are
mixed. 
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Figure 22.   Infrared spectra:  (i) TAT, (ii) physical mixture of STx-1 and TAT minus the scaled
STx-1 spectra, and (iii) TAT adsorbed on STx-1 minus the scaled STx-1 spectra
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Figure 23.   Infrared spectra:  (i) STx-1, (ii) physical mixture of STx-1 and TAT minus the scaled
TAT spectra, and (iii) TAT adsorbed on STx-1 minus the scaled TAT spectra
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Figure 23 displays the actual IR spectrum of STx-1 (curve i) and two spectra
obtained by subtracting the TAT specrum from the spectra of the two clay/TAT
mixtures.  The spectrum obtained by subtracting the IR spectrum of TAT-(HCl)3

(Figure 22, curve i) from the IR spectrum of the TAT/STx-1 (Figure 21, curve ii)
mixture is shown in Figure 23, curve ii.  The spectrum obtained by subtracting the
IR spectrum of TAT-(HCl)  (Figure 22, curve i) from the IR spectrum of the3

saturated STx-1 (Figure 22, curve iii) mixture is shown in Figure 23, curve iii.  
Very little difference is observed when the STx-1 spectrum (Figure 23, curve i) is
compared to the dry TAT/STx-1 mixture minus the TAT-(HCl)  spectrum 3

(Figure 23, curve ii) or the TAT-saturated STx-1 (Figure 23, curve iii).  All of the
spectral features are present at the same wavelengths and the intensities of the
adsorptions are comparable for all three of the spectra presented in Figure 23.  As
noted in the discussion of the negative peak observed in Figure 22 curve iii, the
peak at 3,700 in Figure 23 curve iii is small relative to the peak at the same
wavelength observed in Figure 23 curves i and ii.  The similarity of the IR
spectrum of STx-1 and that obtained by subtracting that of the pure TAT from the
TAT/STx-1 mixture and the spectrum obtained by subtracting the spectra of TAT
from the TAT-saturated STx-1 suggests that no significant changes to the clay are
occurring during the mixing or adsorptive processes.  The reduction in adsorption
of IR radiation by the hydroxide functionalities noted in Figure 23 curve iii
further implicates this clay feature in the sorption of TAT and TAT
transformation products.

The spectral data suggest that there is a significant difference between the
physical mixture produced by grinding dry clay and TAT-(HCl)  and the3

compound produced when TAT in aqueous solution is loaded within the
interlayer of an expandable clay.  These differences can be explained by a
chemical transformation of the TAT molecule within the clay, a change in the
vibrational characteristics brought about by the molecule’s local environment and
ionic attachments, or a local environment which precludes the measurement of
these frequencies.  Investigations with respect to these possibilities are ongoing.



Chapter 4   Summary 37

4 Summary

The role of expandable clays in the adsorption of the reductive degradation
product of TNT, TAT, was investigated using purified, homoionic clays and pure
TAT.  It was found that this weak base produces organic cations that are capable
of sorption within the interlayer of expandable clays.  This adsorption resulted in
an expansion of the interlayer distance between the 2:1 layers of the seven
smectitic clays.  XRD studies measuring the interlamellar distance of expandable
clays show an expansion as contaminants are bound to the clay, indicating
displacement of interlayer cations.  A linear relationship was observed between
the relative amount of TAT adsorbed and the interlayer spacing.  A maximum
expansion was achieved at between 20 and 35 weight percent TAT after which
no further expansion was observed.  Adsorption of TAT continued, however,
with maximum adsorbances of greater than 100 mass percent observed for all
seven clays.  The uniformity of higher order stacking was investigated using
XRD.  X-ray reflections due to the higher order stacking of the clay layer
increased in intensity as the amount of TAT adsorbed in the clays’ interlayer
increased.  FTIR analysis of simple mixtures of clay and TAT and clays with
intercalated TAT showed significant variations in the frequencies associated with
TAT molecular motions, suggesting clay-catalyzed molecular transformation.
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