
 

Moisture Susceptibility of Hydrophobic 
Nanoclay Composites 

 
By Erik Dunkerley, Dr. Daniel F. Schmidt 
 
 

INTRODUCTION 
In clay nanocomposites based on unmodified montmorillonite, 

moisture sensitivity results in substantial instabilities in properties 
that are difficult to overcome. Modifying the montmorrilonite with 
hydrophobic surfactants has been found to both reduce moisture 
sensitivity and allow clay dispersion in low polarity media. While such 
modifications render the clay hydrophobic, however, unmodified 
areas such as the layer edges may allow for localized moisture 
absorption in composites. While the volume of this absorbed water is 
small, we postulate that it may nevertheless be sufficient to alter the 
mechanical response of the material. Identifying these effects 
requires an understanding of how water behaves when in contact 
with clay platelets. Previous reports have shown that the freezing 
point of water is depressed in the presence of clay platelets due to a 
restriction of molecular movement1. Once frozen, water molecules 
may then act as reinforcing agents, providing a potential means to 
identify their presence via dynamic mechanical analysis (DMA). 

Polystyrene(PS) was chosen due to its hydrophobicity and the 
extensive work demonstrating the properties of PS nanoclay 
composites2-6. Dimethylditallow modified montmorrilonite (DMDT-
MMT) was chosen due to its broad scientific and industrial relevance, 
ability to allow PS intercalation, and compatibility with non-polar 
solvents7.  

While organically modified MMTs like DMDT-MMT are 
considered largely hydrophobic, this work further demonstrates that 
water uptake by the clay nevertheless occurs over a wide range of 
clay contents and results in detectable changes in the mechanical 
response of these materials. 
 

EXPERIMENTAL 
Sample Preparation. Samples were prepared by solvent-

based techniques. Cloisite 20A, a dimethylditallowammonium-
modified montmorillonite (DMDT-MMT, referred to here as clay or 
MMT) from Southern Clay Products, and polystyrene #845 (PS, Mw = 
190,000 g/mol) from Scientific Polymer served as the basis for the 
majority of the materials described here. All mixtures consisted of 1 
part total solids per 25 parts solvent (by mass). The concentrations 
of clay and polymer as a function of total solids were expressed in 
volume percent modified clay, at clay contents of 100, 90 60, 40 and 
10 vol% clay. In a typical preparation, DMDT-MMT was added to 
toluene and the mixture stirred overnight by magnetic stirrer to 
ensure complete dispersion, after which the polymer was added and 
stirring continued until dissolution was complete. Cloisite Na+, an 
unmodified sodium montmorillonite (Na+MMT) was also processed 
by this technique, in the absence of polymer and using water as the 
dispersant. 

Films were formed by spraying the resultant mixture onto FEP 
release film. The speed of the surface as it moved past the spray 
gun was approximately 0.22 m/sec. For the film to have enough 
strength to be removed in one piece, multiple coats were applied to 
build up its thickness to 0.07 to 0.15 mm. All samples were dried at 
125°C for 4 hours in a convection oven to remove residual solvent 
and relieve any residual stresses trapped during film formation.  
DMA and TGA tests were then performed on the samples to serve 
as the dry sample data points. Finally, samples were conditioned at 
50% humidity for at least 48 hours prior to testing. For the moisture 
tests, fully hydrated samples were prepared by being submerged in 
deionized water for at least 48 hours and then immediately tested 
while fully dried samples were dried in a convection oven at 125°C 
for at least 4 hours and then immediately tested. 

X-ray Diffraction (XRD).  Wide-angle x-ray diffraction (WAXD) 
measurements were performed using a Statton box camera and Cu 
Kα radiation generated with a Rigaku Ultrax system with sample to 

detector distance was set to 193 mm to determine intercalation and 
platelet alignment had occurred.  

Thermogravimetic Analysis (TGA). Thermogravimetric 
analysis was conducted on each batch of material using a TA 
Instruments Q50 thermogravimetric analyzer (TGA). For all tests 
samples were heated at 20°C/min to a maximum temperature of 
850°C in ultra zero air at 60 mL/min. In all cases, this was high 
enough to give a plateau indicative of complete removal of all 
organic / volatile matter. The non-volatile content was compared to 
the theoretical inorganic clay content for each sample, accounting for 
dehydroxylation of the clay during analysis, to assess deviations 
from the desired composition. 

Dynamic Mechanical Analysis (DMA).  Dynamic mechanical 
analysis was performed on each composition using a TA Instruments 
Q800 dynamic mechanical analyzer. All tests used a standard film 
tension fixture. All samples were cut to a width of approximately 4 
mm and clamped at a length of approximately 8 mm. The samples 
were conditioned at -100°C for 12 minutes, then heated to 120°C at 
a rate of 3°C/min using an amplitude of 10 µm and a frequency of 
1.0 Hz.  
 

RESULTS AND DISCUSSION 
Effect of Moisture. The effect of moisture on the clays used 

here can be observed by examining the mechanical properties of 
neat Na+MMT films prepared by spray deposition and conditioned at 
50% humidity for at least 48 hours prior to testing. DMA of these 
films was performed according to a three part heat/cool/heat cycle 
between -100°C and 250°C as shown in Figure 1. Assuming no 
contamination, the mechanical properties would be expected to vary 
little over this temperature range. Clearly, however, the first heating 
curve (“Heat 1”) shows substantial changes in properties well as a 
pronounced loss modulus peak near -50°C, likely due to intercalated 
water molecules that MMT is well known to absorb from its 
surroundings8. This observation is consistent with other reports of 
significant depression of the freezing point of intercalated water in 
Na+MMT9. Once the film is heated well above 100°C and the 
majority of the water escapes, the cooling curve (“Cool 1”) and 
second heating curve (“Heat 2”) are observed to be highly consistent 
with one another and show no significant transitions in either storage 
or loss modulus. This data serves as a clear demonstration of the 
features expected in composite DMA data when water is present, 
interacting with the clay, and affecting composite properties.  
 

 
Figure 1. Heat/cool/heat DMA cycle for an Na+MMT film 
 

Drying the DMDT-MMT / PS samples resulted in a number of 
changes to the TGA results and indicated that, in spite of being 
made from apparently hydrophobic materials, some moisture 
sensitivity was nevertheless present. Since polystyrene is 
hydrophobic, the majority of any moisture absorption observed via 
TGA to can be attributed to the montmorillonite. TGA analysis, 
shown in Table 1, confirmed that moisture was absorbed by all 
samples above 20 vol% clay at 50% RH. This was determined by 
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checking the difference between the measured remaining wt percent 
for the dry sample and the other two moisture states. Since the same 
material was used in all three states, the clay content is the same 
and variations between the tests conditioned at each moisture state 
must indicate the moisture uptake wt%. Also the x-ray diffraction 
shows that the interlayer spacing increases from an unintercalated 
24.2 Å to about 34 Å for all of the composites. This matches well with 
previous studies of PS/DMDT-MMT composites reporting interlayer 
spacings of between 32 and 36 Å depending on concentration and 
processing method 3 
 

Table 1.  TGA Data and Target Compositions of  
Composite Films 

 
Examining data from the 90 vol% clay samples for three 

humidity states, Figure 2 shows that when the clay content is high, 
the mechanical properties are clearly affected. The most notable 
change is the development of an extreme low temperature loss 
modulus peak that reaches a maximum at approximately -90°C. This 
is likely due to the crystallization or vitrification of trapped water 
molecules in direct contact with the clay. This behavior has been 
observed before in frozen montmorillonite solutions in which gradual 
freezing of intercalated water occurred and was often observed to be 
incomplete until temperatures as low as 180-190 K were reached 9. 

 
Figure 2. DMA results from samples containing a) 10 vol% clay, b) 
40 vol% clay, c) 60 vol% clay and d) 90 vol% clay e) 100 vol% clay, 
each analyzed at three different moisture levels (fully hydrated, 
conditioned at 50% RH and fully dried). 
 

With respect to stiffness, the highest storage moduli are 
observed in the conditioned material, with lower moduli measured in 
the fully hydrated and fully dried materials. This would indicate that 
small concentrations of water molecules actually enhance the 
modulus of the material, perhaps by facilitating hydrogen bonding 
between adjacent layers and / or platelet edges. Excessive moisture 
causes the opposite effect, however, even when the volume (and 
thus cross-sectional area) added by the absorbed water is taken into 
account. 

An examination of the DMA data for the 10 vol% clay material 
as a function of moisture content (Figure 2a) reveals that, even at 
low clay concentrations, some moisture sensitivity is present, though 
as expected the magnitude of the changes observed is less than in 
the 90 vol% clay material (Figure 2d). Even so, the fully dried 10 
vol% clay sample shows a trough in the loss modulus curve below -
50°C, emphasizing that a very small amount of water can 
nevertheless cause measurable changes in mechanical properties. 

While the origins of this effect are unclear, it may be possible to 
invoke changes in the beta or gamma transition. Though this is far 
from the values reported for neat PS 10, confinement effects and / or 
interactions between the polymer and clay surface or polymer and 
clay modifier might shift these transitions and cannot be ruled out. 
Still, the absence of similar shifts in the alpha transition highlights the 
complex behavior of these materials as well as the need for further 
study of some of the phenomena reported here for the first time. 
 

CONCLUSIONS 
DMA of neat Na+MMT films confirms that moisture can 

significantly alter the storage and loss moduli of this material. More 
surprisingly, measurable effects also appear in hybrids of 
polystyrene and hydrophobically modified clay. These include the 
appearance of a loss modulus peak near -100°C and a reduction in 
the strength of the loss modulus peaks associated with the clay 
modifier and polymer transitions. Furthermore the storage modulus is 
shown to reach a maximum in samples conditioned at 50% humidity 
(vs. fully dried or fully hydrated samples), implying that low levels of 
water may play a previously unrecognized role in determining 
nanocomposite mechanical properties. As these model systems 
reflect the local composition and structure of intercalated stacks, 
these results may have implications for a range of nanocomposites. 
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Target DMDT-
MMT Content Inorganic Content (wt%) 

Vol% Wt% Target Actual 
(Dry) 

Actual 
(50%RH) 

Actual 
(Wet) 

100 100 62.00 61.16 60.74 57.02 
90 93.82 58.17 57.05 56.9 54.24 
60 71.66 44.43 44.17 43.87 42.23 
40 52.91 32.81 32.88 32.83 31.89 
10 15.78 9.78 9.92 9.87 9.96 
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