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SUNGHO KIMI, MICHAEL A. MOTYKAZ, ANGELICA M. PALOMINOI'*, AND NikoLAS J. PoprAZA®

! Department of Civil and Environmental Engineering, University of Tennessee, Knoxville, TN 37996, USA
2 Department of Engineering Science and Mechanics, Pennsylvania State University, University Park, PA 16802, USA
3 Department of Physics and Astronomy, University of Toledo, 2801 W. Bancroft St. Mailstop 111, Toledo, OH 43606, USA

Abstract—The conformational behavior of polymers in clay-polymer nanocomposites (CPN) is not fully
understood because of the many factors involved. The purpose of the present study was to investigate the
conformational behavior of a polymer at the micro- and meso-scales in order to predict the behavior of
tunable CPN. The study used a pH-responsive polymer, polyacrylamide, which has time-dependent
hydrolysis response properties, to examine micro-scale conformational behavior of the polymer adsorbed
on representative clay-mineral surfaces, SiO, and Al,O3. A nanocomposite and a microcomposite were
used to link meso-scale CPN behavior to micro-scale polymer conformation. The conformational behavior
was characterized using in situ, real-time spectroscopic ellipsometry. The contracted coil conformation of
polyacrylamide was observed at pH = 3, while extended conformation was observed at pH = 11.5 on both
Si0, and Al,O5 surfaces. At pH = 11.5, the polymer conformation changed from expanded coil to extended
conformation over time. The polymer conformation changed more rapidly with the Al,O5 surface due to
mineral dissolution at pH = 3 and 11.5. Swelling tests were conducted as functions of pH and time to link
the micro-scale phenomena to meso-scale CPN behavior. The results indicated that the swelling potential
of CPN corresponded to the conformation of adsorbed polyacrylamide, which varied with pH and time. The
swelling potential of CPN was maximized at pH = 11.5 and decreased with decreasing pH, corresponding
to the observed micro-scale conformational behavior.
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INTRODUCTION

Clay-polymer composites are clay mineral particles
associated with adsorbed polymer molecules. They can be
divided into three categories — microcomposite, inter-
calated nanocomposite, and exfoliated nanocomposite
(Giannelis et al., 1999; Alexandre and Dubois, 2000;
Ray and Okamoto, 2003; Ruiz-Hitzky and van Meerbeek,
2006). Microcomposites are separated phases of clay
minerals and polymer molecules without interlayer
interactions between the two components. In an inter-
calated nanocomposite, polymer molecules are inserted
into the interlayer space of clay minerals, yet the layered
structure is still maintained. In an exfoliated nanocompo-
site, the layers are completely separated by polymer
molecules. Exfoliated structures of clay minerals are often
used to improve polymeric materials rather than to
enhance the performance of a clay mineral by using a
polymer. For example, ~1 vol.% of montmorillonite
exfoliated in a matrix of poly(vinyl alcohol) enhances
two-fold the Young’s modulus of the polymeric system
(Strawhecker and Manias, 2006). Tunable CPN with
intercalated structure, the performance of which is
controlled by changing an environmental trigger such as

* E-mail address of corresponding author:
apalomin@utk.edu
DOI: 10.1346/CCMN.2012.0600403

pH and ionic strength, have recently been synthesized
using a responsive polymer and clay minerals (Kim and
Palomino, 2011). The conformation (expansion or con-
traction) of the responsive polymer molecules in the
tunable CPN is a function of environmental conditions,
which supports the modification of CPN properties. For
example, a CPN synthesized using polyacrylamide (PAM)
is expected to have greater interlayer and interparticle
distances, i.e. open fabric, at pH > 11 than at pH < 10
(Kim et al., 2012). Thus, the swelling of the CPN is
maximized at pH > 11. Because responsive polymer
conformation controls the performance of the tunable
CPN, characterization of the polymer conformation
adsorbed in the CPN structure is critical.

Many factors including charge density, concentration,
molecular weight, degree of ionization, acid dissociation
constant, pK,, of the ionizable group, crosslinking
density, and hydrophilicity of the polymer as well as
properties of the medium such as pH, ionic concentra-
tion, temperature, and counterion type and valence affect
the conformation of the polymer in dilute solutions
(Flory, 1953; Askadskii, 1990; Castel et al., 1990; Fleer,
1993; Lee et al., 1999; Lee and Lin, 2001; Wu et al.,
2001; Gupta et al., 2002). Even though the polymer is
expected to take on a particular conformation in a dilute
solution, the polymer may not adopt the same conforma-
tion when adsorbed onto a clay-mineral surface. The
polymer conformation at the liquid—solid interface may
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also be influenced by the properties of a surface such as
roughness, curvature, and charge density (Michaels,
1954; Fleer, 1993). For example, a partially charged
polymer tends to have expanded coil conformation in
dilute solution, but a rather flat conformation on a
surface with the opposite charge. In addition, surface
charge heterogeneity for clay mineral edge and face
surfaces may lead to complex conformational behavior
of polymer molecules. For example, even if the edge
area of kaolinite contributes <10% of the whole surface
area, it represents ~95% of total surface charge (van
Olphen, 1977). Due to a very small edge area, surface
charge at the montmorillonite edges represents <5% of
the total surface charge (Borchardt, 1989). Therefore,
the nature of the polymer, fluid medium, and surface
must all be considered in order to understand the
conformational behavior of the polymer on a surface in
an aqueous medium.

Ellipsometry is an optical technique for characteriz-
ing adsorbed polymer molecules on a surface (Lee and
Fuller, 1984; Irene, 1993; Filippova, 1998; Schwarz et
al., 1999; Russev et al., 2000; Fan and Advincula, 2002;
Fan et al., 2002; Wang et al., 2004; Schmidt et al.,
2009). Many techniques can be used to characterize
adsorbed polymer layers, such as vibrational spectro-
scopy, magnetic resonance, and neutron scattering
(Cohen Stuart er al., 1986). An advantage of ellipso-
metry is that it may be used to monitor the character-
istics of adsorbed polymer molecules on a specular
surface in situ. In addition, the technique can accurately
capture characteristics of adsorbed polymer layers at the
liquid—solid interface. The achievable resolution can be
<0.1 nm, but sensitivity to film thickness can be
maintained up to tens of microns.

The conformational behavior of a large-molecular-
weight polymer after adsorption on a clay-mineral
particle has not been studied previously because current
experimental technologies limit the ability to character-
ize the conformation of the polymer adsorbed on a
mobile, suspended surface, i.e. clay-mineral particles
dispersed in water. This problem was overcome in the
present study by using a representative surface rather
than an actual clay mineral surface as an alternative to
characterize adsorbed polymer conformation so that the
evolution of the absorbed polymer conformation could
be monitored using spectroscopic ellipsometry (SE). The
purpose of the present study was to investigate time-
dependent conformational behavior of a pH-responsive
polymer adsorbed on two representative clay-mineral
surfaces, and to link the micro-scale responses to a
meso-scale property, swelling, of CPN. Real-time SE
(RTSE) was used to characterize in situ polymer
conformation on amorphous SiO, and nanocrystalline
Al,O; surfaces simulating the components of a typical
clay-mineral surface. The swelling potential was mea-
sured for the microcomposite and intercalated nanocom-
posite synthesized as functions of pH and time.
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EXPERIMENTAL STUDY

Materials

The polymer used in the present study was a
polyacrylamide (PAM) obtained from Cytec Industries,
Inc. (West Paterson, New Jersey, USA). The PAM was
chosen because it is a commonly used water-soluble
polymer and is also responsive to environmental pH
changes (Caskey and Primus, 1986; Furusawa et al.,
1992). Specifically, the conformation of a PAM
molecule depends on the surrounding fluid pH. The
polymer molecule has a contracted coil conformation at
acidic pH and an extended conformation at basic pH
(Michaels, 1954; Al-Anazi and Sharma, 2002; Besra et
al., 2004). The PAM is also sensitive to ionic
concentration (Shubin and Linse, 1995), although this
property was not evaluated in this study because the
ionic concentration was kept constant. The PAM
molecular weight is ~6.0 x 10° a.m.u., and the radius
of gyration of the molecule in the solution state is
~50 nm (Kim, 2011). Solutions of 0.1 M HCI and 0.1 M
NaOH were used to adjust the solution pH, and the
polymer was hydrolyzed to different degrees as a
function of time. Given the hydrolyzed structure of the
polymer (Figure 1) (Barvenik, 1994; Kurenkov, 1997;
Pefferkorn, 1999; Myagchenkov and Proskurina, 2004),
the degree of hydrolysis, T = y/(x+y), was determined by
acid-base titration. The chemical formula of poly(acrylic
acid) was defined at T = 1.

Because RTSE analysis of mobile, dispersed clay-
mineral particles yields results that are difficult to
interpret, a less mobile, but representative, phase was
needed. For this purpose, amorphous SiO, and nano-
crystalline Al,O; were selected, to represent the funda-
mental Si tetrahedral and Al octahedral structural
components of clay minerals, respectively. The amor-
phous SiO, layer used was simply the native oxide of a
crystalline silicon (c-Si) wafer. The nanocrystalline
Al,O5 used was deposited via atomic layer deposition
(ALD) onto a native oxide-covered c-Si substrate. The
ALD processes are known for good conformal coatings
and high uniformity. The thickness of the alumina layer
across the substrate was 39.7+0.3 nm as determined by
ex situ SE measurements. These representative surfaces
were used to capture the conformation of the PAM
adsorbed and its evolution, using RTSE.
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Figure 1. Structure of hydrolyzed polyacrylamide (PAM)
molecule.
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Real clay minerals, kaolinite and montmorillonite,
were used to determine swelling potential. Kaolinite, the
major component of the microcomposites studied here,
exposes both silicon tetrahedral and aluminum octahe-
dral sheets. Montmorillonite, the major component of
the nanocomposites in this study, have only silicon
tetrahedral sheets exposed. The kaolin used in this study
was an untreated kaolin from Active Minerals
International, LLC (Gordon, Georgia, USA) known
commercially as Acti-Min SA-1. The kaolin was
converted to a homo-ionic sodium kaolin using a
conversion method modified after van Olphen (1977).
A sodium bentonite from the American Colloid
Company (Arlington, Illinois, USA), designated com-
mercially as AEG powder, was used as the source of
montmorillonite. The bentonite consisted mainly of
montmorillonite and minor amounts of feldspar and
quartz. Details of the properties of the clay minerals can
be found in Kim and Palomino (2009, 2011).

The tunable CPN with intercalated structure was
prepared by mixing montmorillonite with PAM at a
clay-to-polymer volume ratio of 2. This volume ratio was
selected to maximize the amount of intercalated structure
as well as the swelling capacity (Kim and Palomino,
2011). The swelling capacity of the nanocomposite
synthesized using montmorillonite and PAM is expected
to be a function of the conformation of PAM. In a
nanocomposite, both interlayer and interparticle spacings
are modified, while microcomposite refers to the case in
which only interparticle spacing modification is expected.
As a comparison, a kaolinite-PAM microcomposite was
synthesized by mixing kaolinite and PAM at a clay-to-
polymer volume ratio of 62.5 (Kim and Palomino, 2009;
Kim, 2011). The clay-to-polymer volume ratio is defined
as clay volume with respect to polymer volume. The
respective volume is calculated based on the mass and
material density of each component.

Spectroscopic ellipsometry (SE)

Spectroscopic ellipsometry detects the change in the
polarization state of light modified by a sample surface.
Changes in the polarization state result in different
values of the phase shift difference, A, and the relative
amplitude ratio, \, which are characteristic angles of the
surface reflecting the polarized light perpendicular
(s-wave) and parallel (p-wave) to the plane of incidence.
The fundamental relationship between A and V is given
as a complex reflection coefficient ratio, p (Irene, 1993):

p = tan(y)exp(iA) (1
_ Inl
A=35,—35, (3)

where 0, and J are the phase angles, and r, and 7
represent the complex amplitude reflection and Fresnel
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coefficients, respectively. The properties of the sample
— optical properties in the form of the spectroscopic
complex refractive index (N = n + ik) or complex
dielectric function (¢ = &, + ig, = N?), and micro-
structural factors such as film thickness — affect the
measured (A, ) spectra. Thus, the pH- and time-
dependent conformational changes of adsorbed polymer
molecules onto a representative mineral surface may be
captured through spectroscopic measurements of these
ellipsometric angles.

A multichannel ellipsometer (model RC2, J.A.
Woollam Co., Inc., Lincoln, Nebraska, USA), with a
maximum spectral range of 0.75—5.15 eV, spectral point
resolution of 0.001—0.022 eV, and operating on the dual
rotating compensator principle (Chen et al., 2004) was
used for this investigation. The minimum data acquisi-
tion time for the full spectrum was 0.25 s, making this
tool suitable for real-time monitoring in this application.
Ellipsometric spectra (in A, \y) were collected at room
temperature (20 £ 1°C) via RTSE monitoring during
sample modification from reflection-mode measure-
ments at an oblique angle of incidence of 70°. The
spectral range was limited to 1.5—4.5 eV due to the
absorption of light by water (H,O). A representative
surface was placed at the bottom of a fused silica vessel
with windows at 70° to the sample surface such that the
incident light from the ellipsometer passed through the
windows at normal incidence (Figure 2). After introdu-
cing 150 mL of polymer solution at a concentration of
1 g/L of PAM to the vessel, the polymer was allowed to
adsorb onto the surface for 2 h. A 2 h time period was
selected to allow the PAM to be adsorbed uniformly onto
the representative surface as the amount of PAM
adsorbed on a silica surface reached equilibrium within
~1 h (Stemme et al., 1999). Consequently, the adsorption
density was the same at all points on the surface. The
solution pH was then adjusted to the selected target
value of 3, 6, or 11.5. The RTSE monitoring was started
after the pH adjustment and continued for ~24 h. After
the last RTSE measurement, the solution pH was
measured using an Accumet XL 50 pH meter with
relative accuracy of + 0.002 pH (Fisher Scientific). In
addition to monitoring real-time changes in the PAM
layer thickness, the thickness of the surface was
monitored under the same conditions without PAM.
SiO, dissolution was insignificant for the conditions
tested, and thus only the dissolution of Al,O; was
measured using RTSE.

Analysis of PAM layer-thickness evolution

The time-dependent thickness variations and complex
dielectric function, ¢, of the PAM layer were extracted
using a least-squares regression analysis and an
unweighted error function (Cong et al., 1991) to fit the
experimental RTSE data using structural models. These
models are layered structures consisting of (1) a semi-
infinite c-Si wafer with a 1.7-nm thick layer of native



366

Light Source
(D, + QTH)

Kim, Motyka, Palomino, and Podraza

Clays and Clay Minerals

Subjected to pH change after
polymer placement

InGaAs Photodiode Array
and Si CCD Detector

Polarizer
~N Compensator
~

Polymer
Layer
Thickness

o,
-
Analyzer

5
g Compensator

Figure 2. Schematic illustration of the spectroscopic ellipsometry apparatus for monitoring PAM swelling in real time.

SiO, and a PAM layer submerged in H,O for monitoring
the evolution of PAM on the amorphous SiO, surface
and (2) a semi-infinite ¢-Si wafer with a 1.7-nm thick
layer of native SiO, and a 39.7-nm thick layer of
nanocrystalline Al,O3;, along with a PAM layer sub-
merged in H,O for monitoring PAM on the nanocrystal-
line Al,O3 surface. For each sample, € was obtained by
fitting 8—10 individual SE measurements selected from
the RTSE data to structural models where the PAM
thickness can vary but a single common parameteriza-
tion was used to describe €. For PAM on amorphous
Si0,, this parameterization of € consisted of a Sellmeier
oscillator (Collins and Ferlauto, 2005) and a constant
additive term to ;. Multiple SE measurements for PAM
on the amorphous SiO, were selected throughout the
time range of the experiment. The RTSE measurements
of PAM on nanocrystalline Al,O3 surfaces did not yield
the sensitivity to the dispersion of &, so the average
values over the 1.5—4.5 eV spectral range were obtained
and the parameterization consisted of only the constant
additive term to &;. Due to the etching of nanocrystalline
Al,O5 by both HCI and NaOH, the thickness of Al,O3
was allowed to vary with time during the analysis of
RTSE data, whereas the amorphous SiO, thickness
remained fixed at its initial value. For PAM layers on
Al,O5 where the pH was 6 and 3, multiple individual SE
measurements selected from the first 2 h of RTSE data
were analyzed using a single time-independent ¢
parameterization for the PAM layer, but allowing the
PAM and Al,O; layer thicknesses to vary for each set of
ellipsometric spectra. For both pH = 3 and pH = 6, some
Al,O5 was present throughout RTSE monitoring. For pH
= 11.5, the AlLO; was etched away rapidly during
monitoring, so multiple individual ellipsometric spectra
were collected near the end of monitoring to extract € to
avoid correlations between the PAM and Al,O; layer
thicknesses due to the rapid changes initially observed in
the Al,O; thickness. In this way, representative € values
for each film were obtained, which could then be used to
determine the PAM thickness for all ellipsometric
spectra collected in real time. The underlying native
oxide thickness or initial nanocrystalline Al,O3 thick-

ness was determined from a separate measurement of
each coated c-Si wafer in air. Reference spectra in € for
native SiO,, c-Si (Herzinger et al., 1998), and H,O
(Synowicki et al.,, 2004) were used. A Sellmeier
oscillator and a constant additive term to &, were used
to parameterize € for the nanocrystalline Al,O3 material
prepared by ALD.

Swelling potential

The swelling potential of CPN may be a function of
polymer conformation in the CPN. Therefore, the
swelling potential of CPN synthesized using PAM can
vary with pH and time. It was expected to increase with
increasing pH and time following the extended con-
formation of PAM molecules. The difference between
the nanocomposite and the microcomposite was the
presence of interlayer adsorption of PAM molecules.
The nanocomposite had PAM molecules adsorbed in the
interlayer space of the montmorillonite particles.
Because both interlayer and interparticle spacing can
be modified by altering pH, the nanocomposite was
expected to have a greater degree of change in swelling
potential than that of the microcomposite.

The swelling potential was determined by measuring
the water absorption capacity for dry powder CPN
(Vazquez et al., 1997; Bajpai and Giri, 2003;
Mahdavinia et al., 2004). The dry powder sample (1 g)
was placed in a paper fiber filter bag of known weight
and immersed in 250 mL of a pH-adjusted solution. The
solution was prepared by mixing distilled water with
0.1 M HCI or NaOH solutions to target pH 3, 6, and
11.5. The sample was allowed to hydrate at room
temperature. At pre-determined time intervals, the filter
bag containing the swollen sample was allowed to drain
by hanging until the sample no longer released free
water droplets (~20 min). The filter bag was then
weighed to determine the mass of the swollen gel. The
swelling ratio was calculated by dividing the mass of the
swollen sample by the mass of the dry sample. Note that
swelling ratios for untreated clay minerals were obtained
from the swell index (ASTM D5890, 2006) because the
pore size of the filter bag was larger than the particles of
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Figure 3. (a) Thickness of PAM adsorbed on the SiO; surface and (b) percentage change in the PAM thickness as a function of time in

solution with pH =3, 6, or 11.5.

the untreated clay mineral. The swelling ratio for
untreated clay minerals was defined as the volumetric
ratio of the soil sample before and after the sample was
immersed in deionized water for 72 h.

RESULTS AND DISCUSSION

PAM conformation on the SiO, surface

The PAM layer thickness on SiO, for each solution
pH over the span of 1 day was observed to be time
dependent (Figure 3a). The initial thicknesses, d,, of the
PAM layers were different and ranged from 29 to 39 nm.
The error on all thickness values was +0.4 nm. The
percentage difference in the thickness for each layer as a
function of time (Figure 3b) was determined by Ad =
(d—dy)/dy, where d is the PAM layer thickness at a given
time and dy is the initial PAM layer thickness. No
significant variation in &; (¢, = 0) for PAM layers on
SiO, was obtained regardless of the solution pH
(Figure 4).

The PAM in the basic solution (pH = 11.5) was
observed to swell by ~27% of the initial value after
~24 h, while the PAM in the acidic solutions (pH = 3 or
6) contracted by 26% or 17%, respectively. Closer
investigation of the time-dependent PAM layer thickness
showed that the thickness of PAM in the pH = 11.5
solution appeared to decrease initially in the first 15 min
by 7%, and then increased subsequently throughout the
remainder of the RTSE monitoring. The thickness of the
PAM in the pH = 11.5 reached a maximum at ~600 min
(10 h). The PAM layer thickness at pH = 6 decreased
monotonically with time, although the PAM layer
thickness in the more acidic solution (pH = 3) contracted
more rapidly. The contraction rate for PAM in the pH =
6 solution appeared to stabilize somewhat after 900 min
(15 h), indicating that a steady state may have been
reached. PAM in the pH = 3 solution did not appear to
stabilize over the measurement time.

The initial difference in the layer thickness ranging
from 29 to 39 nm can be explained by a difference in ionic
strength due to the addition of 0.1 M NaOH and HCI
solution as a pH modifier. The concentration of Na" at pH
= 11.5 was ~0.006 M, while that of CI™ at pH = 3 was
~0.001 M. These concentrations were large enough to
induce contracted coil conformation for PAM (Klenina
and Lebedeva, 1983). Thus, PAM in the absence of added
ions, i.e. at pH = 6, had the maximum initial layer
thickness. Assuming that no additional PAM attached to
the surface during this time, for pH = 11.5 solution the
PAM was expected to have initially contracted on the
Si0, surface, but later uncoiled resulting in the increased
layer thickness. After 15 min, expansion of the PAM
molecules offset the initial decrease. The PAM in pH =3
and 6 solutions began as constricted and coiled near the
SiO, surface and continued to contract. For pH = 6,
however, changes in the layer thickness stabilized after 15
h, while the PAM thickness for pH = 3 continued to

1.9
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4 ===-pH6
...... pH 3 #
1.85 1 ---water L
wv—< 4
1.8 4
1.75 A ‘ ‘ .
15 25 3.5 4.5

Photon energy (eV)

Figure 4. Real part of the complex dielectric function spectra
(e =e; tigy) for PAM on SiO; in solution withpH=3, 6, 0r 11.5.
Also shown is g, for water.
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Figure 5. (a) Thickness of PAM adsorbed on the Al,0O5 surface and (b) percentage change in the PAM thickness as a function of time

in solution with pH =3, 6, or 11.5.

decrease. Although the layer thickness was expected to
remain nearly constant at pH = 3 and 6, this unexpected
time-dependent phenomenon at these pH values can be
explained through the concept of surface coverage. The
adsorbed polymer layer thickness has been reported to
decrease with increasing surface coverage, and a large-
molecular-weight polymer adsorbed on a surface slowly
covered the surface (Leermakers et al., 1996; Filippova,
1998; Samoshina et al., 2005). At all pH values tested, the
same surface-covering behavior occurred to different
degrees due to pH-dependent charges on the PAM
molecules. Because surface coverage increases with
decreasing intermolecular repulsion (Leermakers et al.,
1996), the surface coverage at pH = 3 was at a maximum
leading to the minimum polymer layer thickness. In
theory, the surface coverage at pH = 6 should be nearly
the same as at pH = 3. However, in reality, PAM
molecules usually have slightly negative charges at
neutral pH caused by a finite degree of hydrolysis of
amide groups into acrylic acid (Kurenkov, 1997) such that
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the PAM molecules have a slightly expanded coiled
conformation.

PAM conformation on the Al,O3 surface

The PAM layer thickness on the Al,O; surface was
monitored as a function of time and pH (Figure 5a). The
percentage differences at various times and pH values
tested were also calculated (Figure 5b). The AlL,O;
thickness (Figure 6a) and the percentage difference in
the Al,O; thickness (Figure 6b) for each solution pH
over ~24 h were also determined. As the dispersion of €
was not obtainable for PAM layers on Al,O3, values of
g were 2.05+0.15, 1.69+0.01, and 1.76+0.01 for pH = 3,
6, and 11.5, respectively.

A monotonic increase in the PAM layer thickness as
well as a decrease in Al,O3 thickness with time were
observed at pH = 6. The effective PAM layer thickness
increased from 10.3 nm to 22.3 nm, while the Al,O4
thickness decreased from 39.6 to 28.8 nm. This behavior
was an effective increase in PAM layer thickness of
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Figure 6. (a) Thickness of the Al,O5 layer and (b) percentage change in the Al,O5 thickness as a function of time in solution with pH =

3,6,or11.5.
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117% of the initial value and a 28% decrease in Al,O3
thickness. For the pH = 3 solution, the thickness of the
alumina surface initially decreased from 39.7 to
35.3 nm. However, after this initial reduction, the
thickness of the Al,O5 surface decreased only slightly
(<1.0% change) throughout the remainder of RTSE
monitoring. The PAM thickness also decreased slightly
throughout the experiment from 11 to 9.8 nm. The PAM
layer in the pH = 3 solution exhibited a significantly
smaller variation (~10% change) than that of the pH = 6
case. For the pH = 11.5 solution, the Al,O5 surface was
etched rapidly to a thickness of 3 nm during the first 20
min and decreased continuously until it was completely
consumed. The PAM layer thickness increased during
the first 20—30 min from 18.2 to 28 nm (52% increase)
then stabilized for the remainder of the experiment.
Unlike PAM on the SiO, surface at pH = 11.5,
measurements taken prior to 20 min into the experiment
could not be analyzed due to a lack of sufficient data
points and the rapid changes occurring in the Al,O3
layer thickness. Relative changes were determined by
comparing the PAM and Al,O; thicknesses with those
obtained after 20 min of immersion.

In contrast to the behavior observed on the SiO,
surface, the thickness of the PAM layer on Al,O3
increased with time at pH = 6. In addition, &; was less
for PAM in solution at pH = 6 on Al,O5 than on SiO,. A
smaller €, value means that light is refracted less by that
material. A smaller &; value, coinciding with a decrease
in the index of refraction n = ei’? when &, = 0, indicates
that a less densely packed layer was formed on the Al,O3
substrate in this case. The surface coverage effect can be
minimized for the case of PAM adsorption onto the
Al,O5 surface. Because alumina is a hydrophilic oxide,
PAM molecules can cover the whole surface in a
relatively small amount of time. In agreement with this
observation, alumina surface coverage for PAM mole-
cules was fully achieved after a 2 h adsorption period
prior to the pH adjustment. Due to the greater surface
coverage than on the SiO, surface, train conformation of
the polymer molecules became dominant on the Al,O;
surface after the adsorption period. The dominant
conformation of the polymer molecules on the SiO,
surface was loop conformation. The density of polymer
molecules with loop conformation is less than that of the
train-conformation dominant system (Fleer, 1993). Thus,
the monotonic increase in the PAM layer thickness can
be explained by hydrolysis behavior of PAM at near-
neutral pH. As the amide group of PAM molecules
hydrolyzes into acrylic acid, PAM molecules become
slightly negatively charged leading to intermolecular
expansion (Kurenkov, 1997). Because neutral hydrolysis
is not an instant reaction, the intermolecular expansion
was time dependent, resulting in an increase in the PAM
layer thickness over time.

Unlike silica, the solubility of which is nearly
independent of pH and insignificant for a time period
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of 1 day, alumina is a hydrophilic oxide with pH-
dependent solubility (Snoeyink and Jenkins, 1980;
Wehrli et al., 1990; Stumm, 1992). Hence, alumina
dissolution must be considered for the pH conditions
tested. In general, alumina dissolution should be
minimal at pH & 6 and increase with increasing or
decreasing pH. The dissolution rates of the alumina
determined by immersing Al,O5-coated wafers in solu-
tion without the PAM used in the present study were
—0.00166 nm/min at pH = 3 and —0.1654 nm/min at pH
= 11.5, while the surface had the opposite charge;
negatively charged at pH = 11.5 vs. positively charged at
pH = 3. A significant difference in the Al,O; layer
thickness was observed, however, between pH = 3 and
pH = 11.5 solutions with PAM. Based on the observation
of PAM layer thickness, the difference in Al,O;
thickness may be attributed to PAM adsorption, which
alters dissolution of the Al,O5 surface. As in the case of
the SiO, surface, adsorbed PAM molecules tend to have
contracted coiled conformation at pH = 3, leading to a
decrease in the PAM layer thickness. Therefore, the
PAM molecules adsorbed were densely linked, forming a
film-like coating on the Al,O3 surface. On the other
hand, extended PAM molecules at pH=11.5 were weakly
linked or freely extended from the surface, allowing
water molecules with OH™ to contact the surface and
leading to dissolution of the entire Al,O3 layer. The
greater value of &; for the PAM layer at pH = 3 also
indicated that the molecules on the surface may have
been more densely packed and formed a somewhat etch-
resistant coating on the Al,O5 surface (Jaffe, 1956).

The conformational change of adsorbed PAM mole-
cules exposed to strong acid or strong base (Figure 5a)
took place relatively quickly compared to the SiO,
surface (Figure 3a). This behavior may be due to
dissolved Al ions, which played a significant role in
the conformational behavior of PAM. Based on the
solution pH measurement at the end of RTSE monitor-
ing, the dissolved Al ions may have interacted with the
polymer molecules. For the SiO, surface, the solution
pH decreased from 11.52 to 10.57 (a difference of 0.95),
while the solution pH for the Al,O; surface decreased
from 11.51 to 10.12 (a difference of 1.39). Because the
hydrolysis reaction of PAM requires OH™, the solution
pH tended to decrease for pH = 11.5 regardless of
surface type. The magnitude of the decrease observed for
the Al,O; case was, however, greater than that of the
SiO, case. Dissolved Al ions interact with hydrolyzed
groups of a PAM molecule forming AI(R-COO);
complexes and releasing H' ions (Ringenbach et al.,
1995). Thus, the solution pH decreased further when
using the Al,O; surface due to the formation of these
complexes. Based on the observation that the PAM
conformation changed more rapidly in the presence of
dissolved Al ions, the dissolved Al ions probably
promoted the PAM hydrolysis reaction resulting in
more rapid conformational changes.
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The PAM layer thickness measurements for pH = 6,
using SiO, and Al,O3 surfaces were also consistent with
Al ion interactions with PAM. The PAM layer thickness
on the SiO, surface was ~33% greater at pH = 6 than at
pH = 3, while the PAM layer thickness on the Al,O3
surface was ~126% greater at pH = 6 than at pH = 3. The
dissolved aluminum ions probably promoted PAM
hydrolysis reactions at near-neutral pH as well as at
high pH. Quantitative changes in the kinetics of PAM
conformation evolution cannot be ascertained due to
many factors simultaneously affecting the conforma-
tional behavior, such as counterion binding, controlled
complexation, and modified hydrophilicity due to the
continuous oxide dissolution, as well as charge screening
effects which are similar to those developed by the
addition of HCI or NaOH solutions (Ikegami and Imai,
1962; Spencer, 1962; Klenina and Lebedeva, 1983;
Wehrli et al., 1990; Ringenbach et al., 1993).

Swelling potential

The swelling ratio determined by measuring water
adsorption capacity tends to increase with time at all
tested pH values until reaching equilibrium (Figure 7),
but the magnitude differed significantly between the
micro- and nanocomposites. After 72 h, the nanocom-
posite and microcomposite at pH = 11.5 had swelling
ratios of 12.9 and 1.45, respectively, while those at pH =
3 had swelling ratios of ~3.8 and 1.1, respectively. The
measured degree of hydrolysis for the polymer at pH =
11.5 was 0.81, which was in good agreement with
reported experimental values of maximum degree of
hydrolysis (Kurenkov, 1997; Huang et al., 2001). As
expected, the PAM hydrolysis rate was greater under
basic conditions (Kheradmand et al., 1988; Kurenkov,
1997). Swelling ratios for both CPN types increased
more rapidly at pH = 11.5 than at a lower value. The
difference in swelling ratio between samples at pH = 3
and 6 was expected to be insignificant because little
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ionization occurs at pH < 8.5, i.e ~2 units lower than the
pK, value. However, PAM hydrolysis at neutral pH, as
well as the addition of 0.1 M HCI solution to adjust the
solution pH, may have contributed to the observed
difference seen in both CPN.

Equilibrium swelling ratios for untreated clay miner-
als were reached after 24 h. The swelling ratio for
untreated kaolinite was 1 at all tested pH conditions,
while that for untreated montmorillonite was 11.7 at pH
= 3, 12 at pH = 6, and 11.5 at pH = 11.5.
Montmorillonite swelling decreased with increasing
ionic strength (Abdullah et al., 1999; Karnland et al.,
2007; Herbert et al., 2008). Thus, the slightly pH-
dependent swelling ratio was probably due to increased
ionic concentration by adding 0.1 M HCl or NaOH
solution as a pH modifier. Expansion of polymer
conformation was also limited by high ionic strength at
high and low pH (Aulich et al., 2010; Bittrich et al.,
2010). Thus, the same effect probably occurred in the
swelling ratio measurement for both CPN. However,
when comparing the extent of PAM conformation-
induced swelling, the effect of increased ionic strength
was insignificant after equilibrium was reached.

These swelling results are in reasonable agreement
with the studies of PAM on the representative surfaces
by RTSE. PAM uncoils and expands in basic solutions
and coils and contracts to different degrees in acidic
solutions. In spite of previously reported results that
polymer treatment limits swelling behavior (Inyang et
al., 2007), the swelling ratio results for the CPN implied
that conformational changes of PAM adsorbed on the
CPN led to interlayer and/or interparticle spacing
changes. PAM-induced interlayer and interparticle spa-
cing changes were expected for the nanocomposite,
while only interparticle spacing change was likely for
the microcomposite. However, the magnitude of inter-
layer swelling and interparticle swelling due to PAM
conformation changes cannot be separated because the
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Figure 7. Swelling ratio of clay polymer nanocomposite (CPN) as a function of pH and time: (a) montmorillonite-PAM
nanocomposite and (b) kaolinite-PAM microcomposite. The dashed line denotes the swelling ratio for the untreated clay mineral

(pH = 6 in the case of the montmorillonite-PAM nanocomposite).
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swelling behavior depends on many factors such as
mineral composition, grain size, aggregate size, cation
exchange capacity, and chemical composition and
concentration of the bulk fluid (Shackelford et al.,
2000; Ashmawy et al., 2002). Nevertheless, the results
indicated that both interlayer and interparticle spacings
can be modified by a pH-responsive polymer. Another
important finding from the results was that the swelling
property of CPN synthesized with a pH-responsive
polymer can be controlled by altering the pH condition
such that the swelling was either less than or greater than
that of the untreated material (Figure 7a).

CONCLUSIONS

In the present study RTSE and swelling potential
measurements were used to: (1) investigate time-
dependent conformational behavior of a pH-responsive
polymer on two representative clay mineral surfaces;
and (2) link the micro-scale responses to a meso-scale
property, swelling, of CPN.

Time-dependent changes in layer thickness of
adsorbed PAM with pH indicated that, for basic
solutions (pH = 11.5), PAM uncoiled and expanded
with time on both of the representative surfaces —
amorphous SiO, and nanocrystalline Al,O;. The PAM
layer thickness for the highly acidic solution (pH = 3)
decreased with time, indicating coiling on the represen-
tative surfaces. However, PAM conformation reached
the equilibrium state very rapidly on the Al,O3 surface
due to the interactions of dissolved Al ions with the
polymer molecules. The behavior of the intermediate,
slightly acidic solution (pH = 6) showed conformational
constriction on the SiO, surface and expansion on the
Al,O5 surface.

The RTSE results on the micro-scale PAM conforma-
tions were in reasonable agreement with the measured
meso-scale swelling potential of CPN — both the
nanocomposite and the microcomposite. This corre-
sponded to the conformational behavior of PAM varying
with solution pH. The swelling potential of CPN was
controlled by adjusting the pH condition such that the
swelling was either less than or greater than that of the
untreated clay minerals.

Because the PAM conformation on a real clay-
mineral surface may be different from that on repre-
sentative surfaces, a quantitative linkage between the
micro-scale PAM conformation and the meso-scale
swelling behavior of CPN was not made. Nevertheless,
insights into how conformation of adsorbed PAM on
silica and alumina surfaces varies with pH and time were
achieved.
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