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Abstract—Unmodified and surfactant-modified clinoptilolite-rich tuff (referred to here as ““clinoptilolite”)
and muscovite mica were examined with tapping-mode atomic force microscopy (TMAFM) and high-
resolution thermogravimetric analysis (HR-TGA) in order to elucidate patterns of hexadecyltrimethylam-
monium bromide (HDTMA) sorption on the treated surface and to understand the mechanisms of this
sorption. TMAFM images were obtained to a scale of 50 nm by 50 nm. The images of unmodified
clinoptilolite showed a framework pattern on the ac plane, comparable to previously reported images.
Images of modified clinoptilolite at 12.5% and 25% of external cation exchange capacity (ECEC) coverage
by HDTMA showed evidence of the HDTMA molecules arranged as elongated, topographically raised
features on the ac plane. At 50% HDTMA coverage, the images contained what appeared to be agglom-
erations of surfactant tail groups. The z-direction thickness of the raised features on the 12.5% coverage
sample corresponded to the thickness of the carbon chain of the surfactant tail-group (0.4 nm), whereas
the z-thickness on the 25% coverage sample was between 0.4 and 0.8 nm, indicating crossing or doubling
of tail groups. Repulsive forces between the modified clinoptilolite and the silicon TMAFM probe in-
creased with increasing HDTMA coverage. HR-TGA showed a 100 °C increase in HDTMA pyrolysis
temperatures at coverages of less than 50%, probably due to an increased stabilization of the HDTMA
due to direct tail interactions with the clinoptilolite surface at lower coverages versus smaller stabilization
due to surfactant tail-tail interactions at higher coverages. Our results indicate that buildup of HDTMA
admicelles or some form of a bilayer begins before full monolayer coverage is complete.

Key Words—Hexadecyltrimethylammonium, Muscovite Mica, Surface Imaging, Thermal Analysis, Ze-
olite.

INTRODUCTION riched surface (Haggerty and Bowman 1994). Large
surfactants are excluded from the interior channels of
the clinoptilolite and, thus, exchange only with cations
on the exterior of the crystal. The HDTMA molecule
consists of a 16-carbon chain tail group attached to a
3-methyl quaternary amine head group with a per-
manent 1+ charge. It is water-soluble and exists as
monomers in solution below the critical micelle con-
centration (CMC) or as micelles above the CMC of 9
X 104 M at 25 °C (Israelachvili 1991). Summation of
the van der Waals packing radii for a 3-methyl am-
monium head group yields a diameter of 0.694 nm. A
fully-extended HDTMA chain length of 3.5 nm can be
calculated by adding the effective van der Waals radii

Surfactant-modified clay minerals, particularly ben-
tonites, are undergoing extensive study because of
their potential use as environmental sorbents. Zeolite
minerals have surface chemistries similar to clays, but
display superior hydraulic properties. Surfactant-mod-
ified clinoptilolite-rich tuff (referred to here as “cli-
noptilolite””) was shown in batch sorption studies to
be an effective sorbent of both nonpolar organic com-
pounds and inorganic anions from water (Bowman et
al. 1995; Haggerty and Bowman 1994; Neel and Bow-
man 1992). While the mechanism of organic sorption
appears to be partitioning, the mechanism of inorganic
anion sorption is not clear. To understand both mech-

anisms, we utilized TMAFM and HR-TGA to char-
acterize HDTMA sorption on clinoptilolite. The
TMAFM gave direct information about the placement
of the surfactant on the clinoptilolite surface, whereas
HR-TGA indicated intermolecular interactions be-
tween surfactant and clinoptilolite and between neigh-
boring surfactant molecules.

Cationic surfactants, such as HDTMA, exchange
with native cations such as Na*, K* or Ca’" on the
clinoptilolite surface, producing an organic carbon-en-
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for the appropriate number of -CH, and -CH; groups
(Israelachvili 1991). A typical carbon chain diameter
of 0.4 nm can also be calculated from the packing radii
(Israelachvili 1991). The HDTMA molecule is large
compared with the clinoptilolite cage structure and
surface topography and is, thus, a good candidate for
observation by TMAFM. The mean aggregation num-
ber of the micelles, based on head group area, was
calculated to be about 95 monomers per micelle, as-
suming a spherical micelle (Israelachvili 1991). Al-
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Figure 1.

Concept of monomer, bilayer and admicelle sorption on mineral surfaces. A) and B) show potential monomer

conformations after sorption. C) shows beginning development of a bilayer from monomer sorption. D) through F) show
admicelle sorption, rearrangement and bilayer development when the solution is above the critical micelle concentration

(adapted from Chen et al. 1992.)

though this value can vary with temperature and con-
centration, it is well within published ranges (Reiss-
Husson and Luzzati 1964; Malliaris et al. 1986).
Sorption of ionic surfactants onto a charged solid
surface can proceed by at least 2 pathways, depending
upon surfactant concentration in solution. Below the
CMC, surfactant monomers are sorbed, eventually de-
veloping a monolayer or a bilayer configuration, de-
pending upon the amount of surfactant available (Fig-
ures la through 1c). Monomers sorb individually by
coulombic interactions to available exchange sites and
also by hydrophobic tail group interactions. Chen et
al. (1992) presented a model of sorption of HDTMA
to muscovite above the CMC. Micelles rapidly sorb to
the surface and rearrange as space and charge permit
(Figures 1d through 1f). A loosely packed bilayer is
formed, growing to form a more densely packed bi-
layer. As the surface coverage increases, rearrange-
ment slows. The hydrophilic micelles are less attracted
to the increasingly hydrophobic surface, the release of
the charge-balancing ions, such as Na* surface ions
and Br- counterions, is slowed through the bilayer and
slower growth toward the equilibrium bilayer arrange-
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ment occurs. Rearrangement and micelle sorption con-
tinue, based on electroneutrality, up to equilibrium.

Manne and Gaub (1995) presented an alternate to
this final arrangement on the mineral surface. They
used non-contact-mode AFM to observe tetradecyltri-
methylammonium on mica surfaces. Instead of rear-
rangement of the sorbed micelles to a bilayer, they
noted the formation of linear features which were in-
terpreted as elongated, tubular-type micelles. The fea-
tures were mostly parallel-lying, with some random
scattering.

AFM produces molecular-scale images of non-con-
ducting substrates and has been used successfully to
characterize zeolites at scales from 10 pm to 5 nm.
Large crystals (>50 pm) of clinoptilolite are uncom-
mon, and thus, studies of the mineral structure and
surface are difficult at best (Smyth et al. 1990). To
date, the reported AFM studies of zeolites describe
macrocrystalline zeolites that were artificially cleaved;
the present study, however, is concerned with micro-
crystalline clinoptilolite. Previous images produced
with contact-mode AFM showed a repeating pattern
comparable to unit-cell dimensions. Komiyama and
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Yashima (1994) imaged heulandite (isostructural with
clinoptilolite) in air. Their images showed corrugations
as they approached atomic resolution, but the structure
did not match with crystallographic data. Scandella et
al. (1993) found a similar framework structure on the
ac plane of heulandite with contact-mode AFM. They
also noted that the surface unmit-cell measurements
were 26% larger than the bulk unit-cell measurements
made by X-ray diffraction (XRD). Weisenhorn et al.
(1991) used contact-mode AFM with a fluid cell to
image an artificially cleaved clinoptilolite surface that
had been exposed to tert-butanol or tert-butyl ammo-
nium ion. They observed a framework pattern com-
parable to repeating clinoptilolite unit cells. Clusters
of tert-butanol molecules were observed on the cli-
noptilolite surface, but no clustering of the tert-butyl
ammonium was detected.

We imaged at the near-molecular scale to view the
distribution, conformation and x, y and z dimensions
of the HDTMA molecules on the clinoptilolite surface.
The studies cited above used contact mode AFM, in
which the tip is in continuous contact with the surface.
This method has the disadvantage of applying lateral
forces that can disturb fragile sample surfaces. Con-
tact-mode AFM on dry samples often results in high
repulsive forces between the probe and surface, which
can damage the surface and limit resolution (Zhong et
al. 1993; Maurice 1995). In TMAFM, an applied volt-
age oscillates the probe so that it taps the surface many
times for each data point. This produces extremely
high resolution by reducing net repulsive and lateral
forces to the range of 0.1 to 1 nanonewton (nN), pre-
serving the probe and minimizing surface distortion
(Zhong et al. 1993; Maurice 1995). Oscillation volt-
ages can be varied to overcome repulsive forces from
mineralogical changes, surfactant coatings or other
surface-probe interactions. The present study shows
that TMAFM can be used to image sequential sorption
of HDTMA onto a microcrystalline clinoptilolite sur-
face. Molecular-scale images (to 50 nm) were obtained
in air for clinoptilolite and surfactant-modified clinop-
tilolite, as well as for surfactant-modified muscovite as
a comparison. We observed the surface structure of the
unmodified clinoptilolite and the conformation of
HDTMA on clinoptilolite and muscovite. We also
measured the dimensions of HDTMA molecules on
clinoptilolite and muscovite surfaces. An empirical es-
timate of modified clinoptilolite surface properties de-
rived from TMAFM set-point values is presented.

We compared the quantities of HDTMA sorbed via
batch studies with the results of the HR-TGA analysis.
HR-TGA is improved over previous thermal methods
by the computerized correlation of temperature
changes with measured weight loss. As discrete weight
losses occur, the temperature is held constant until the
loss is completed. TGA is widely used in the analysis
of zeolites (Bish 1988; Ming and Mumpton 1989).
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HR-TGA pyrolysis temperatures should be higher for
samples with more strongly bound HDTMA, such as
that bound with both coulombic and van der Waals
forces at sub-monolayer coverages (Figure la). If
some of the HDTMA is bound only with hydrophobic
forces, such as in a bilayer (Figure 1f), the pyrolysis
temperatures should be considerably lower. Here we
present HR-TGA data showing the temperatures of
water desorption and the pyrolysis and subsequent de-
sorption of HDTMA. Desorption derivative peaks
were correlated with breakdown of HDTMA in the
outer and inner parts of the surface bilayer or admi-
celles.

MATERIALS AND METHODS
Materials

The zeolite used is a clinoptilolite-rich tuff from the
St. Cloud mine in Winston, New Mexico. It consists
of about 74% clinoptilolite, 5% smectite clay, 10%
quartz and cristobalite, 10% feldspar and 1% illite,
based on internal standard XRD analysis (J. W. Carey,
Los Alamos National Laboratory, personal communi-
cation, 1995; Chipera and Bish 1995). We measured
an ECEC of 70 to 90 meg/kg for the St. Cloud cli-
noptilolite using the method of Ming and Dixon
(1987). We also measured an external surface area of
15.7 m? g~! on a sample dried for 24 h at 200 °C. The
analysis was performed with an ASAP 2000 surface
area analyzer (Micromeritics, Inc., Norcross, Georgia)
using the BET nitrogen adsorption method (Brunauer
et al. 1938). The surfactant used for clinoptilolite sur-
face modification was HDTMA bromide of greater
than 99% purity (Sigma Chemicals). Muscovite mica
(Ted Pella, Inc., Redding, California) was freshly
cleaved, treated with HDTMA and imaged for com-
parison with the modified clinoptilolite. All aqueous
solutions were made with 18.2 Mohm cm~' (ASTM
Type I) water.

Surfactant Modification

The clinoptilolite was saturated with sodium to en-
sure a uniform substrate by shaking 40 g of clinoptil-
olite for three 15-min rinses with 120 mL of 1 N, pH
5 sodium acetate buffer in a 500-mL polypropylene
centrifuge bottle. The samples were centrifuged at
14,500 X g, the supernatant discarded and the entire
sequence repeated 2 more times. This was followed by
3 rinses with Type I water and 3 rinses with 95% eth-
anol, then air drying.

The sodium-saturated clinoptilolite was modified
with surfactant to 0, 12.5, 25, 50, 100 and 200% of
its ECEC, where 100% was assumed equal to 70 meq/
kg clinoptilolite. Surfactant modification consisted of
shaking 5 g of clinoptilolite with 20 mL of the selected
HDTMA solution for 12 h at 25 °C in a 50-mL poly-
propylene Oak Ridge centrifuge tube. This amount of
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time was shown to be sufficient for complete reaction
of HDTMA on clinoptilolite (Sullivan et al. 1994), All
solutions were well above the HDTMA CMC of 9 X
10-* M. The HDTMA-modified clinoptilolite was cen-
trifuged at 14,500 X g and excess HDTMA solution
decanted. The clinoptilolite was placed on a polypro-
pylene filter in a Buchner funnel, rinsed with 3 to 5
mL of Type I water and air-dried prior to analysis by
TMAFM and HR-TGA. Appropriate blanks without
clinoptilolite or HDTMA were also prepared.

The muscovite was cleaved to expose a fresh sur-
face, immersed in a 5 X 10~ M aqueous HDTMA
solution for 10 min, removed and allowed to air dry
before TMAFM.

Tapping-mode Atomic Force Microscopy

Sample mounts for the TMAFM were prepared by
peeling a thin layer of dried clinoptilolite from the
filter and attaching the peel to a magnetic sample disc
with double-sided adhesive. This method ensured that
no adhesive was imaged or could damage the TMAFM
probe. Modified muscovite sheets were mounted with
adhesive and trimmed to fit the mounting disc.

A Nanoscope III Scanning Probe Microscope sta-
tion operating a Multi-Mode Atomic Force Micro-
scope (Digital Instruments, Santa Barbara, California)
was used in TappingMode® for all scans. The micro-
scope was equipped with a 12-pum nominal maximum
scan-range scanner and 125-nm diameter silicon Nan-
oprobes. Scan rate and set-point voltages were adjust-
ed for each sample as appropriate. Scan rates ranged
from approximately 0.8 to 2 Hz. Relative humidity at
the time of scanning was approximately 50%. Imaging
was performed at the lowest possible tip pressure (set
point), which was adjusted by retracting the tip until
the surface was disengaged, then gradually readvanc-
ing the tip until the surface was contacted with mini-
mum pressure. Scanned areas ranged from 8 pm by 8
pm square to 50 nm by 50 nm square. Each sample
was scanned in a series from larger to smaller scan
size while maintaining the beginning x—y coordinates,
with areas of interest selected from the previous scan.
This way, locations on specific crystal faces and spe-
cific features of interest could be correlated among dif-
ferent images. This method reduced the likelihood of
mistaking noise or resonant frequencies for actual sur-
face features. Most images were scanned at a resolu-
tion of 512 data points per scan line. Some images
were scanned at 256 points per line.

Post-image processing was kept to a minimum.
Low-pass filtering was applied to most sample images
and did not affect the features of the images. Some
images were flattened to resolve the z-scale, and some
were very slightly contrast-enhanced to improve clar-
ity. The flattening and contrast enhancement also did
not affect the features of the images except to bring
forward darkened areas at the edges of the scanned
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region. This was necessary due to the low microscopic
topography encountered in some samples. The shading
of the z-scale was adjusted as appropriate for each im-
age depending upon topography. Surface topography
was measured with the image processing software pro-
vided with the Nanoscope system. Horizontal and rel-
ative vertical measurements were made from point to
point on the screen using the mouse and cursor. At
least 20 relative vertical scale measurements were cho-
sen from the x, y, z data files for each image of mod-
ified clinoptilolite or modified muscovite to measure
the thickness of the HDTMA imaged on the surface.
Relative z-values given here are the average values.

High-resolution Thermogravimetric Analysis

HR-TGA was performed on a Hi-Res™ TGA 2950
(TA Instruments, New Castle, Delaware). Approxi-
mately 10 mg of dried, modified or unmodified cli-
noptilolite were placed on a platinum micro-balance
pan. The oven was purged with He gas, and the cli-
noptilolite weight loss was measured from 30 to 900
°C. Optimum resolution was obtained with a resolution
setting of 4 and a sensitivity setting of 4. These 2
parameters permit adjustment of the equipment’s pat-
ented feedback algorithm. The resolution setting ad-
justs the temperature ramp in response to a weight
change, whereas the sensitivity setting adjusts when a
weight changed is detected. Both these parameters are
relative to the preset temperature ramp rate. These pa-
rameters are empirical and optimal settings are arrived
at by repeated trials. We used weight loss vs. temper-
ature curves and the resulting derivative curves in our
analysis. The derivative of the weight loss curve was
calculated at 2.5 °C min~! smoothing.

RESULTS AND DISCUSSION
Low-resolution TMAFM Images

Unmodified clinoptilolite samples at the 1.25-um
scale (Figure 2) exhibited well-defined, monoclinic
crystals with excellent crystal faces, and well-defined
crystal edges in the ac plane. Small crystal fragments
which had adhered to the flat crystal faces and edges
were observed. Step heights of 65.7, 35.7 and 17.5 nm
were measured, which closely correspond to multiples
of the 17.9-nm b-spacing of a unit cell. Figure 2 also
clearly shows crystals with a B angle of 116°. These
images are comparable to microprobe or electron mi-
croscopy images in quality and scale.

As surface coverage of HDTMA increased, smaller,
more agglomerated crystals and more poorly defined
crystal edges were noted in the 1-wm (approximate)
scale samples (Figure 3). The apparent sharpness of
the images decreased with increasing surfactant cov-
erage. In addition, increased topography was noted,
and fewer flat crystal surfaces were available for im-
aging. Some samples showed a buildup of striated sur-
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Figure 2. Unmodified St. Cloud clinoptilolite, 1.25-um by
1.25-pm scale,

factant material at and above 50% coverage (Figure
4). These features are likely clusters of HDTMA mol-
ecules lying on the surface. It is unlikely that the fea-
tures are the result of dragging of HDTMA material
by the TMAFM probe because of the low pressure
exerted by the probe on the surface and because the
striations appear to follow the orientation of the crystal
surface, not the left-to-right probe scan direction.
These linear features lie along different directions for
different crystals, indicating that they may be con-
trolled by the underlying structure of the crystal. The
surfaces appear to be completely covered with these
features. When they are distinct, they are similar to
linear features reported by Manne and Gaub (1995) on
mica, which were spaced 5.3 nm apart. The ridge-like
features here are about 5 to 9 nm wide and are sepa-
rated by about 5 to 9 nm wide spaces. At 100% treat-
ment, the crystals are more rounded and less distinct
(Figure 5). Flat surfaces and cleavage planes are less
visible, although small crystals can still be seen. In the
200% coverage image (Figure 6), there appears to be
excess buildup of HDTMA at the edges of crystal
cleavage planes or steps. Additional exchange sites
may be available in these locations due to the exposure
of parts of the interior channel structure.

High-resolution TMAFM Images

A distinct, reproducible, grid-like pattern was noted
on the unmodified sample (Figure 7) and also on the
12.5% and 25% modified samples at the 50 nm by 50
nm scale (Figures 8 and 9). No pattern was distin-
guishable at higher treatment levels (Figure 10). The
grid spacing varied in scale slightly between images,
most likely due to the angle of the crystal and tip
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Figure 3. Clinoptilolite modified to 25% of ECEC with
HDTMA, 1-pm by 1-pwm scale.

interaction. The grid pattern can be compared to pre-
viously published clinoptilolite images of the ac plane
from contact-mode microscopy under fluid (Scandella
et al. 1993; Weisenhorn et al. 1991). Those images,
however, were of large (1.9 X 1.2 mm) crystals that
had been artificially cleaved while these are of un-
cleaved, air-dried crystals. Topographic features at this
scale are controlled by the shape of the repulsive elec-
tron clouds (Stipp et al. 1994) and are to some extent
a convolution of the shape of the tip and the surface

0

Figure 4. Clinoptilolite modified to 50% of ECEC with
HDTMA, 1-pm by 1-pm scale.
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Figure 5. Clinoptilolite modified to 100% of ECEC with
HDTMA, l-pm by 1-pm scale.

topography, although this is minimized by tapping
mode (MacDougall et al. 1991; Zhong et al. 1993).
The high points correspond to electron-dense sites,
such as the hydroxyl groups, that form at cleavage
sites on the ac plane, and also correspond to some
framework oxygen locations. The pattern is interpreted
to be an expression of these hydroxyl groups or oxy-
gens which extend slightly above the ac plane.
HDTMA appears on the surface of the clinoptilolite
as elongated zones or linear features that obscure the
surface grid pattern (Figures 8, 9 and 10). The size of
these features on the 12.5% treatment sample is about
20 nm in length, 2 nm across and 0.4 nm high in
relation to the adjacent clinoptilolite surface, based on
a number of measurements made from the x, y and z
data file. These features are several times longer, but
about the same z-dimension, as the most elongated
possible dimension of an HDTMA molecule (3.5 nm
long by 0.4 nm diameter), and wider than the average
HDTMA micelle diameter of approximately 4.3 nm
(Israelachvili 1991). These features are probably hor-
izontally oriented clusters of surfactant molecules. A
single micelle with an aggregation number of 95, when
rearranged to a monolayer, could cover about 83 nm?
on the surface with closely packed HDTMA molecules
(Israelachvili 1991), about double the observed feature
size. The z-dimension of the features is an indication
that the HDTMA tail groups are lying close to the
surface. In these images, HDTMA appears sorbed in
elongated clusters, rather than regularly distributed
across the surface or in rounded areas, which might
be expected from symmetrical micelle spreading. This
may be an indication of the distribution of cation ex-
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Figure 6. Clinoptilolite modified to 200% of ECEC with
HDTMA, 1-pm by 1-pm scale.

change sites on the surface, rearrangements of the sur-
factant due to agitation during the equilibration pro-
cess or other effects, such as attractive forces between
HDTMA tail groups. On the 25% treatment sample
(Figure 9), the linear features are thicker (approxi-
mately 0.8 nm) and are almost fully covering the grid
pattern on the surface. At 50% treatment (Figure 10),
no grid pattern was obtainable and the surface appears
coated with linear agglomerations of HDTMA. No ref-
erence surface was visible to measure the z-dimension
of the HDTMA at 50% treatment or greater.

Figure 11 is an image of unmodified muscovite and
Figure 12 is an image of muscovite that was exposed
to an aqueous HDTMA solution. The purpose of these
images was to compare HDTMA sorbed on a well-
understood, frequently imaged surface versus the less-
er-studied and more variable natural clinoptilolite sur-
face. The HDTMA on the surface of the muscovite
appears as 2 types of features (Figure 12). Small,
round features as well as regions of dendritic features
are visible. The round features have an average di-
ameter of about 6 nm. These are likely small clusters
of HDTMA monomers. The height of the round fea-
tures is between 0.2 and 0.4 nm, similar to the ex-
pected z-dimension of an HDTMA molecule at the
surface. The dendritic features average 3.4 nm in
width and 0.2 to 0.4 nm in height. These features are
similar in dimension and form to those seen on the
clinoptilolite modified to 12.5% and 25% of the
ECEC. The z-dimensions compare favorably to the
HDTMA molecule thickness calculated above.

Although the TMAFM images are from air-dry cli-
noptilolite samples, they give some indication of the
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Figure 7.
50-nm scale.

Unmodified clinoptilolite sample, 50-nm by

topology of the surfactant-modified surface and the ex-
tent and conformation of HDTMA coverage on a small
scale. Sorption of HDTMA on clinoptilolite is in clus-
ters if the solution concentration is greater than the
CMC. At lower loading (12.5%), the z-dimension of
the HDTMA clusters is no greater than 1 HDTMA
molecule diameter, indicating that rearrangement to a
monolayer has occurred, and that the tail groups lie
close to the clinoptilolite surface (Figure 1b). This is
predicted by the model presented by Chen et al.

25 nm

Figure 8. Clinoptilolite modified to 12.5% of ECEC with
HDTMA, 50-nm by 50-nm scale.
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0 25 nm

Figure 9. Clinoptilolite modified to 25% of ECEC with
HDTMA, 50-nm by 50-nm scale.

(1992). At higher loading (25%), the z-dimension in-
creases, indicating localized ‘‘stacking” or crossing of
tail groups, and possibly buildup of a loose bilayer or
admicelles. The images at all surfactant loadings show
close association between the surfactant tails and the
surface. At a surface loading rate of 70 meq/kg of
HDTMA (100% of ECEC), the surfactant molecules
would cover no less than 15.9 m? g7', based solely on
the head group van der Waals radius and ignoring any

Figure 10. Clinoptilolite modified to 50% of ECEC with

HDTMA (close-up of Figure 4, center section), 125-nm by
125-nm scale.
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Figure 11.

Unmodified muscovite mica sample, 100-nm by
100-nm scale.

space taken up by the tail groups (Israelachvili 1991).
This molecular area is about the same as the available
external surface area of 15.7 m?2 g~!. At lower loading
rates, the tail groups would probably take up space on
the surface and overlap. Buildup of admicelles or
some form of a bilayer is likely on these samples due
to the spatial limitations of the surface. Another pos-
sibility is the buildup of cylindrical surfactant aggre-
gates (Manne and Gaub 1995), which may account for
the linear features in Figures 4, 8, 9 and 10.

Zhang et al. (1993) theorized that the stability of the
HDTMA sorption to montmorillonite was due not only
to cation-exchange effects but also was a function of
the length of the tail group and the subsequent van der
Waals forces between the tail and the surface. Entropic
or hydrophobic forces also tend to exclude large hy-
drocarbon chains from the bulk water structure (Israe-
lachvili 1991). HDTMA-modified clinoptilolite has
been shown to be very stable even in the presence of
high ionic strength solutions or organic solvents (Bow-
man et al. 1995). The above observations show that
HDTMA sorption to clinoptilolite is a function of cat-
ion exchange, van der Waals forces and hydrophobic
forces acting together.

HR-TGA results (see below) show that a significant
amount of water was still absorbed to the external cli-
noptilolite surface during these room-temperature
TMAFM measurements. The gravimetric water con-
tent of the unmodified and surfactant-modified zeolites
changed from about 11% before to 7% after drying at
200 °C, based on the HR-TGA data below. The water
lost below 200 °C can be assumed to be external sur-
face water (D. L. Bish, Los Alamos National Labo-
ratories, personal communication, 1995). Assuming a
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Figure 12. Muscovite mica exposed to an aqueous HDTMA
solution, 100-nm by 100-nm scale.

van der Waals radius for water of 0.0616 nm, the water
content can be translated to more than 9 layers of wa-
ter on the external surface of the clinoptilolite. Studies
of organic vapor sorption onto mineral surfaces have
indicated that surface water at thicknesses greater than
4 layers tends to behave more as bulk water than as
structurally ““fixed” water (Ong and Lion 1991; Pe-
tersen et al. 1995). The presence of this bulk water on
the surface of the air-dry clinoptilolite implies that sur-
factant behavior in these studies may be similar to that
for water-saturated systems.

TMAFM Probe-Surface Interactions

Changes in the set-point voltage, or tapping force,
of the TMAFM probe may indicate surface changes.
This is true if the probe used and the drive and root-
mean-squared (RMS) amplitudes remain the same
throughout and between images (K. Kjoller, Digital In-
struments Corp., Santa Barbara, California, personal
communication, 1995). The set point is an averaged
value for an entire scan or set of scans and is most
relevant to the total surface area scanned, rather than
specific areas or features measured.

Surfactant buildup on the clinoptilolite surface pro-
duced increased repulsion of the silicon TMAFM
probe. An increased set point was needed to provide
enough voltage to allow the tip to contact the surface
and overcome this repulsion. The mean set-point volt-
age for 5 different series of images is plotted as the
mean and standard deviation vs. the HDTMA surface
treatment level in Figure 13. A single probe was used
sequentially on a minimum of 10 similarly modified
samples for each series. Probes were changed between
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Figure 13. Mean set-point voltage for 5 different series of images, plotted as the mean and standard deviation versus the

HDTMA surface treatment level.

samples modified at different loading levels, but the
RMS amplitude was consistently set at zero and not
changed throughout the series. The set-point voltage
under these conditions was noted to increase from the
0% treatment level through the 25, 50, and 100% treat-
ments (Figure 13), which was interpreted as an in-
crease in average surface hydrophobicity. A decrease
in the mean was noted for the 200% samples, probably
due to a decrease in average surface hydrophobicity
because of charge reversal on the surface with buildup
of the surfactant and a change in surfactant orientation
to expose hydrophilic head groups. Other explanations
of the observed trend include increasing ““softness’” of
the surface due to HDTMA buildup on the probe, or
the presence of increasing amounts of water on the
surface. A consistent downturn, however, for all sam-
ples at the 200% treatment level contraindicates the
effect of ‘“‘softness’, because it is unlikely that these
effects would have occurred at 200% and not on the
100% treatment samples, which appear very similar in
the micrographs. HR-TGA results below indicate that
water content is about the same for all samples, re-
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gardless of treatment level, and therefore attractive
forces due to sorbed surface water should be approx-
imately constant among all samples.

High-resolution Thermogravimetric Analysis

The results of the HR-TGA are shown as weight
loss curves in Figure 14 and the accompanying deriv-
ative curves in Figure 15. The figures show weight
losses for clinoptilolite, HDTMA and a series of
HDTMA-modified clinoptilolite samples, from 25% to
200% of ECEC. Almost all of the weight of HDTMA
bromide is lost upon heating to 232 °C and is seen
clearly as a large, sharp peak in the derivative curve
(Figure 15). A small amount of weight loss, about
11%, occurs for the unmodified clinoptilolite from 30
to 400 °C. This is due to water desorption (Bish 1988).
In the weight loss curves (Figure 14) for the modified
clinoptilolite, we observed a sequential loss of mass
due to both water desorption and HDTMA pyrolysis
and desorption. The 25% and 50% modifications
showed similar behavior; however, replication of these
treatments and TGA analyses yielded the same results.
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Figure 14. Weight-loss curves from HR-TGA analysis for

unmodified clinoptilolite. HDTMA bromide and a series of

HDTMA-modified clinoptilolites from 25% to 200% of ECEC.

In the derivative curves of the modified zeolites (Fig-
ure 15), the first water-loss peak occurs at about 50
°C, followed by a second water-loss peak at 159 °C.
Further water loss is the cause of the continued gradual
slope of the baselines to 800 °C (Bish 1988). No other
peaks occur on the unmodified clinoptilolite curve.
Weak, broad peaks at 265.6 °C and 334 °C are seen in
the derivative curves for the 50%- and 25%-modified
samples. These losses correspond to pyrolysis of
HDTMA from higher-energy bonding sites, probably
material that is closely bound to the clinoptilolite sur-
face and is therefore stabilized with respect to pyrol-
ysis. A stronger peak at 251.6 °C is seen for the 75%-
treatment sample and is indicative of an intermediate
bonding state of HDTMA, slightly less stabilized than
seen for the lower loading levels. This peak underlies
a shoulder evident in the 2 largest peaks, which cor-
respond to HDTMA losses from the 100%- and 200%-
modified samples. These large peaks are found at 230
°C, with the shoulder at 253.6 °C. The large peaks can
be directly cormrelated with the unbonded HDTMA
weight-loss derivative, and correspond to removal of
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HDTMA from lower-energy or less-stabilized bonding
sites such as the external portion of a bilayer or ad-
micelle. The HDTMA is held in those sites with weak-
er hydrophobic or van der Waals forces. This differ-
ence in pyrolysis temperature and peak breadth be-
tween the low and high loading levels indicates stron-
ger, more complex bonding of HDTMA at lower
treatment levels, presumably because of cation ex-
change or other chemical bonding effects in combi-
nation with van der Waals forces.

The above evidence from the TMAFM and
HR-TGA correlates well with the surfactant sorption
model proposed by Chen et al. (1992). Thickening of
the surfactant layer beyond a monolayer and the pres-
ence of zones of surfactant coverage on the clinoptil-
olite surface at 25% of the ECEC and above indicates
the possibility of the presence of rearranged admicelles
at the lower treatment levels. The pyrolysis energy dif-
ferences between higher treatment levels (>75%) and
lower treatment levels (<75%) also indicate that ad-
micelles or some form of a bilayer exist on the surface
at less than 100% of the ECEC. This is consistent with
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Figure 15. Derivative curves from the HR-TGA analysis for

unmodified clinoptilolite, HDTMA bromide and a series of
HDTMA-modified clinoptilolites from 25% to 200% of
ECEC.

the TMAFM z-dimension measurements, which sug-
gest multiple tail group buildup at as low as 25% load-
ing. Tt also appears that, at low treatment levels,
HDTMA sorption to the surface may be stabilized by
van der Waals forces between the surfactant tail group
and the clinoptilolite surface. This stabilization is
probably very similar to that proposed for clays
(Zhang et al. 1993).

SUMMARY AND CONCLUSIONS

TMAFM images were obtained in air for unmodi-
fied and surfactant-modified forms of microcrystalline
clinoptilolite and for surfactant-modified muscovite.
The molecular structure of the clinoptilolite is apparent
in the higher-resolution images and compares well to
previously reported fluid cell images of much larger,
artificially cleaved crystals. Features of the surfactant
noted on the clinoptilolite surface include a dendritic,
clustered sorption pattern, which corresponds to ag-
glomerations of surfactant molecules, and extensive
coverage of the surface at low loading levels with near
complete coverage at 50% of the ECEC. The z-dimen-
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sion of the sorbed material is on the order of multiples
of the average van der Waals diameter of a hydrocar-
bon chain. Overlap of chains suggested some form of
admicelle or bilayer formation with increased cover-
age. Comparisons with HDTMA sorbed onto musco-
vite showed similarities between HDTMA conforma-
tion on the 2 mineral surfaces and yielded comparable
measurements of surfactant cluster length and z-di-
mension. Comparisons of surfactant size, loading and
available external surface area measurements show
that the surfactant can cover the mineral surface ex-
tensively even when the equivalents of surfactant ap-
plied are less than 100% of the ECEC. Set-point volt-
age measurements indicated increased hydrophilicity
of the surface at the 200% loading level, suggesting
charge reversal.

HR-TGA results showed significant stabilization of
HDTMA sorbed at 75% and lower loadings compared
to that sorbed at higher loadings. This is due to the
combined stabilization effects of coulombic and van
der Waals forces between HDTMA and the clinoptil-
olite surface.
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