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Sorption of volatile organic compounds (VOCs) in low
organic carbon (<0.1%) geosorbents is difficult to predict
because the sorption capacity of the mineral matrix is
poorly understood. This research demonstrates hydrophobic
micropores can be important sorption sites for VOCs.
We studied the sorption of water and TCE on three
dealuminated Y zeolites ranging from hydrophilic (CBV-
300) to hydrophobic (CBV-720 and CBV-780), with the surface
cation density decreasing from 2.07 to 0.42 and 0.16 sites/
nm2, respectively. Water sorption and dehydration data
indicate water affinity of the zeolite micropores decreases
with micropore hydrophobicity. TCE sorption on the wet
zeolites decreased with increasing surface cation density.
At a relative pressure (P/P0) of 0.136, TCE filled only
0.034% of the micropore volume in wet CBV-300, but 16.9%
and 18.6% in wet CBV-720 and CBV-780, respectively.
TCE desorption data from dry and wet silica sand (Min-U-
Sil 30), kaolinite (KGa-1), and smectite (SWy-1) confirmed
VOC sorption in wet microporous minerals is controlled by
both the micropore volume and hydrophobicity. Results
suggest TCE adsorbs in hydrophobic micropores by displacing
loosely bound water, consistent with the theoretical
considerations indicating the process of transferring loosely
bound water from hydrophobic micropores to the bulk
phase is energetically favorable.

Introduction
Micropores (pores with diameters e2 nm) in synthetic
sorbents (e.g., silica gels and zeolites) and geosorbents
(aquifer materials, soils, and sediments) strongly sorb and
slowly release volatile organic compounds (VOCs), such as
trichloroethylene (TCE), even in the presence of water (1-
5). Adsorption in micropores of geosorbents is an important
factor influencing the transport of organic contaminants in
the subsurface (1, 2, 4). Sorption of VOCs in micropores in
the presence of water is believed to be governed by the
hydrophobicity of the micropores (5). Hydrophobic mi-
cropores are pores with hydrophobic surfaces characterized
by a low density of hydrophilic centers (surface cations and
surface-bound hydroxyl groups) and weak interactions with
water molecules. Mineral components of geosorbents have
been recognized to be microporous (1, 2, 6); a recent study
suggests that the microporosity of geosorbents resides mainly
in clays (phyllosilicates) (6). A small fraction of the micropores
in geosorbent minerals can be hydrophobic, exhibiting a

strong affinity for hydrophobic contaminants (5). To study
the effect of micropore hydrophobicity on VOC sorp-
tion without the confounding effect of organic carbon, we
studied three crystalline dealuminated Y zeolites and three
natural minerals as model systems for micropores in silicate
minerals.

Although zeolites occur rarely in geosorbents, they were
chosen as model sorbents because of their high microporos-
ity, well-defined pore structure, and hydrophobicity. Zeolites
are crystalline, microporous aluminosilicates with an infi-
nitely extending three-dimensional framework of SiO4 and
AlO4 tetrahedra linked together by sharing the oxygens (7).
Each AlO4 tetrahedron bears a net negative charge balanced
by a cation attracted to, but not actually part of, the crystal
structure. Dealumination (by leaching Al or isomorphous
substitution of framework Si for Al, Supporting Information)
decreases the framework surface charge and removes the
surface cations (8). During this process, neighboring silanol
groups undergo cross-condensation, forming nonpolar or
hydrophobic siloxane surfaces (8, 9). Consequently, zeolites
with higher silica contents are more hydrophobic; transition
of dealuminated zeolites from hydrophilic to hydrophobic
occurs at Si/Al ≈ 8 (10).

Hydrophilic centers formed by either silanol groups or
cations associated with the tetrahedrally coordinated alu-
minum dominate the adsorption of water in zeolite mi-
cropores (8, 11), as indicated in Figure 1. Cations located at
the surface of zeolite pores form coordinated covalent bonds
with water (coordinated water) (7, 11), while water hydrogen
bonded to either silanol groups or coordinated water
molecules is termed “zeolitic water” (7, 12). In the absence
of strong interactions, pores of zeolites are filled by water via
capillary condensation requiring a relative pressure (P/P0)
of nearly 1 (13). Water condensed in hydrophobic pore spaces
is termed “loosely bound” water (14). Compared to bulk
water, loosely bound water is more disordered because the
molecules are not coordinated or hydrogen-bonded in fixed
positions and is therefore released easily upon heating (<100
°C) (14, 15). Removal of zeolitic water can be achieved by
exposure to vacuum or by heating to approximately 100 °C;
coordinated water requires more extreme conditions (e.g.,
>350 °C or constant vacuum pumping) (16). For zeolites
with a high density of surface cations, coordinated water can
completely fill the micropore spaces, leaving little room for
hydrogen-bonded or loosely bound water (8).

The effect of micropore hydrophobicity on water and
organic sorption in microporous carbon has been studied
experimentally and by molecular simulations. In graphite
micropores, nonpolar vapors such as methane are strongly
sorbed, even at very low pressures because dispersion
interactions are enhanced in the narrow pore spaces (13, 17,
18). In contrast, pore filling by water requires a P/P0 of nearly
1 because hydrogen bonding between water molecules is
restricted in hydrophobic micropores (17-19). Both experi-
mental and molecular simulation results show that hydrogen-
bonding sites greatly enhance adsorption of water in carbon
micropores (13, 17, 19). Molecular simulations show that,
for adsorption of water/methane mixtures into a carbon
micropore, methane is strongly preferred in the absence of
hydrogen-bonding sites, and that the adsorption of water
rises rapidly as the hydrogen-bonding site density increases
(17, 20). A molecular simulation study on adsorption of water/
methanol mixtures indicates that uncharged aluminosilicate
micropores are even more hydrophobic than graphite
micropores (18). Molecular simulation also showed that water
significantly decreases TCE adsorption in hydrophilic
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(charged) silica micropores but that it has a small effect in
mildly hydrophobic (uncharged) pores (21).

This research examined the hypothesis that sorption of
VOCs, specifically TCE, in micropores is governed by mi-
cropore hydrophobicity. The approach was to first quantify
TCE sorption in three structurally identical zeolites of varying
hydrophobicity at different water contents. The hypothesis
was further tested with three natural minerals common in
geosorbents: two clays, kaolinite (KGa-1) and smectite (SWy-
1), and a silica sand (Min-U-Sil 30).

Because of the irregular nature of the clay crystals,
especially the distribution of crystal thickness and terraced
surfaces, stacking of the crystals and quasicrystals can create
interparticulate micropores (22, 23). In kaolinite, micropores
are mainly present in the relatively small number of
cuneiform voids because of the thick (∼100 nm) plates (24).
The presence of micropores in smectites is primarily due to
turbostratic stacking of elementary layers in tactoids, which
creates slit-shaped micropores with sizes corresponding to
the thickness of one to several smectite layers (1 nm) on the
broken edges of the layers (25). However, the thin lamellae
of smectite are subjected to large forces during drying, leading
to massive deformation and prevalence of cuneiform voids
within the remaining microporosity (24). Min-U-Sil 30 is
expected to have very low microporosity, resulting from
possible cracks and pits on the particle surface due to
weathering and grinding (by the manufacturer), and inter-
particulate void spaces of the roughly spherical grains. Of
the three natural minerals, only SWy-1 has permanently
charged surfaces and predominantly hydrophilic micropores.

Thermodynamic Considerations
Water molecules sorbed in mineral micropores exhibit a range
of stabilities. In micropores of zeolites, water molecules
coordinated to surface cations (hundreds of kilojoules per
mole) are most stable, followed by water molecules hydrogen
bonded to coordinated water or silanol groups (∼20 kJ/mol)
(Figure 1a) and loosely bound water. Loosely bound water
interacts weakly with the siloxane surface and lacks a
significant fraction of intermolecular hydrogen bonding
present in bulk water (Figure 1b). At room temperature, the
thermal energy (∼2.5 kJ/mol) and the energies of van der
Waals interactions (∼2-4 kJ/mol) of organic molecules, such
as TCE, are strong enough to displace loosely bound water
from micropores. The estimated enthalpy change of trans-
ferring loosely bound water from hydrophobic pores to bulk
water is approximately -11.3 kJ/mol (26). The entropy of
loosely bound water in zeolite pores is 7-12 J/(mol K) (or
2.1-3.6 kJ/mol at 25 °C) lower than that of bulk water under
standard conditions (14). Hence, loosely bound water is
relatively unstable.

Dissolved TCE (TCEdiss, 0.15 nm3/molecule) adsorbs from
aqueous solution into hydrophobic micropores, where it
forms a bulklike phase (TCEcond) (13), with the loosely bound
water (waterloose, 0.03 nm3/molecule) being displaced into
the bulk phase (waterbulk). These processes (Supporting
Information) can be written as

The Gibbs free energy change (∆G) associated with transfer-
ring dissolved TCE into water-filled micropores is the sum
of an enthalpy term, ∆H, and an entropy term, -T∆S:

The entropic contribution (-T∆S) to the excess free energy
of solution for TCE in water is 20-26 kJ/mol at 20-25 °C
(27). Therefore, the net entropic contribution (-T∆S) of
transferring dissolved TCE molecules from bulk water into
hydrophobic pore spaces is estimated to range from -2.3 to
-15.7 kJ/mol (of TCE sorbed) at room temperature.

Displacing water from hydrophobic micropore spaces into
the bulk phase is exothermic because water molecules are
transferred from an environment with weak electrostatic
interactions to the bulk phase where water-water interac-
tions are strong (26). The enthalpic contribution (∆H) to the
excess free energy of TCE solution in water is around -4 to
+2 kJ/mol at room temperature (27). Consequently, the net
enthalpy change (∆H) of sorption of TCE from aqueous
solution is approximately -56 kJ/mol (of TCE sorbed). This
value is comparable to the isosteric heat of adsorption (-35
to -64 kJ/mol) observed for TCE sorption in a high-silica
zeolite (3). The above analysis indicates that in hydrophobic
micropores both the enthalpy and the entropy terms favor
TCE adsorption although the enthalpic contribution is more
significant, consistent with the results of a molecular
simulation study by Luo and Farrell (21). These authors have
shown that, for the competitive adsorption of water and TCE
in slit-shaped, uncharged silica micropores, the enthalpic
contribution (∆H) to the total Gibbs free energy associated
with TCE adsorption (∆G) is always greater than or equal to
the entropic contribution (-T∆S).

Materials and Methods
Materials. Table 1 summarizes the properties of the model
sorbents used in this study. Binder-free dealuminated Y
zeolites (CBV-300, CBV-720, and CBV-780) were obtained
from Zeolyst (Valley Forge, PA) in powder form (1-2 µm
diameter crystals). These zeolites have reproducibly control-
lable physical and chemical characteristics and crystallinity
close to that of their nondealuminated parent zeolites (28).

FIGURE 1. Structure of water molecules in a hydrophobic zeolite micropore: (a) In hydrophilic pore spaces, water molecules arrange
with well-defined orientations and stay at fixed positions surrounding the hydrophilic centers (surface cations and silanol groups) on
the pore wall surface through both electrostatic interactions and hydrogen bonding. “x” represents a surface proton or cation such as
Na+ or NH4

+ electrostatically attached to the surface. (b) In hydrophobic pore spaces, water-surface interactions are weak and water
molecules form disordered clusters through limited intermolecular hydrogen bonding. Water only forms weak hydrogen bonds with the
hydrophobic siloxane surface.

TCEdiss + 5 waterloose w TCEcond + 5 waterbulk

∆G ) ∆H - T∆S
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Y zeolites have the FAU structure (Supporting Information)
with pores running perpendicular to each other in the x, y,
and z planes, and the pore diameter is large at 7.4 Å with a
larger cavity of diameter 12 Å. The estimated densities of
monovalent surface cations are 2.07, 0.42, and 0.16 sites/
nm2 in the micropores of CBV-300, CBV-720, and CBV-780,
respectively. Information on the density of silanol groups is
not available. Kaolinite (KGa-1) and smectite (SWy-1) were
obtained from the Clay Minerals Society’s Source Clays
Repository (University of Missouri, Columbia, MO). Ground
natural crystalline silica sand, Min-U-Sil 30 (median diameter
of 8 µm), was supplied by U.S. Silica (Berkeley Springs, WV).
All solids were used without pretreatment.

Water Sorption and Thermal Dehydration. Oven-dried
zeolites (105 °C for 48 h) were placed in desiccators and
equilibrated (>3 months) at room temperature (24 ( 1 °C)
with water vapor at ∼38%, ∼48%, ∼90%, and 100% relative
humidities (RHs), which were controlled by saturated NaI,
K2HPO4, and MgSO4 solutions and water, respectively (29).
Water contents were determined by weight losses following
stepwise dehydration treatments (Supporting Information).
All data reported for water sorption and dehydration are
means of triplicate samples. Water sorption on the natural
minerals was not investigated because of their small mi-
cropore volumes.

TCE Sorption and Desorption. TCE was chosen as a
representative VOC of this study because it is environmentally
relevant and has a relatively low polarity (0.77 D). Solids
used for TCE sorption and desorption were either dried at
105 °C for 48 h or hydrated at 100% RH (>3 months). Dried
natural minerals were designated as “dry”, while zeolites
dehydrated incompletely under such conditions and were
designated as “partially dehydrated”. The apparatus and
procedures described elsewhere (5) were used to quantify
the amounts of TCE sorbed in micropores of the zeolites and
natural minerals. In brief, glass columns were first packed
with the solids, with the masses determined by column weight
differences. Columns packed with the partially dehydrated
zeolites or dry natural minerals were reconditioned in a 105
°C oven (without flow), while those packed with the wet solids

were purged with a humidified (100% RH) helium stream for
at least 2 h. During sorption experiments, the columns of
partially dehydrated zeolites or dry natural minerals were
fed with a dry helium stream containing TCE vapor at 1.00
mL/min, while a humidified (100% RH) helium stream
containing TCE vapor was used for the columns with wet
solids. The TCE concentration in the column effluent was
quantified using a gas chromatograph with a flame ionization
detector (FID) and an electron capture detector (ECD)
connected in parallel. The flow was stopped at complete
breakthrough, and the column was equilibrated in a 50 °C
oven for 10 h after being sealed. To study desorption, the
columns were purged with a humidified (100% RH) helium
stream at 1.00 mL/min, and the TCE concentration in the
purge flow was continuously measured.

Data Analysis. The mass of TCE retained in the column
was calculated by integrating the area above the sorption
breakthrough curve after subtracting the area due to the
system dead volume (i.e., the volume in the flow path from
the column outlet to the detectors), which was measured by
blank runs without columns. Except for wet CBV-300, the
amounts of TCE that resided outside of the micropores were
minimal relative to those sorbed in the micropores of the
zeolites and were thus neglected in mass calculations. For
wet CBV-300 and the natural minerals (both wet and dry),
the masses of TCE in the micropores were estimated by
evaluating the slow-desorbing fractions with a model de-
veloped by Li and Werth (4) as described by Cheng and
Reinhard (5). Volumes of the micropores occupied by TCE
and water were calculated from their masses on the basis of
Gurvitsch’s rule by assuming their packing densities in
micropores were the same as those of bulk fluids (13).

Results and Discussion
Water Sorption and Dehydration on Zeolites. Figure 2a
shows the water sorption isotherms of the dealuminated Y
zeolites measured between 38% and 100% RH. Water sorption
of CBV-300 (surface cation density 2.07 sites/nm2) followed
a type I isotherm, with a limiting plateau at approximately

TABLE 1. Properties of the Dealuminated Y Zeolites and Natural Minerals Used in This Study

Zeolites
CBV-300 CBV-720 CBV-780

Si/Al mole ratioa 2.6 15 40
bulk density, g/cm3 1.01 1.01 1.01
theoretical micropore vol, mL/g 0.48 0.48 0.48
nominal cation forma ammonium hydrogen hydrogen
[Na2O],a wt % 2.8 0.03 0.03
unit cell size,a Å 24.68 24.28 24.24
BET surface area,a m2/g 925 780 780
monovalent cation density,b sites/nm2 2.07 0.42 0.16

Natural Minerals
Min-U-Sil 30c KGa-1d SWy-1d

composition 99.5% R-quartz,
0.2% alumina,
0.3% others

96% kaolinite,
3% anatase,
1% others

75% smectite,
8% quartz, 16% feldspar,
1% others

structure of the major mineral tectosilicate 1:1 dioctahedral 2:1 dioctahedral
BET surface area, m2/g 0.8e 10.0f 31.8f

particle size, µm 2 to 40 0.1-40g 0.1-0.4g

CEC,h cmol(+)/kg <3.0i 2.0 76.4
layer charge per unit cell [O20(OH)4] 0i -0.16 (Tet),j -0.52 (Oct)j

a From product data sheets of Zeolyst (Valley Forge, PA). b Estimated from the Si/Al mole ratios and the general molecular formula of faujasite
[(Mg,Na2,Ca)3.5[Al7Si17O48]‚32(H2O)] assuming monovalent cations only. c From product data sheet of U.S. Silica (Berkeley Springs, WV) unless
indicated otherwise. d From ref 36, unless indicated otherwise. e Measured by nitrogen gas adsorption in this study. f Values reported in ref 36.
g Apparent particle sizes reported in ref 37. h The cation exchange capacity (CEC) arises from the permanent charges produced by isomorphous
substitutions and/or the induced charges (pH-dependent) that originated from broken bonds at particle edges. i The CEC of Min-U-Sil 30, which
has a median diameter of 8 µm, should be much smaller than that (3.0 cmol(+)/kg) of Min-U-Sil 5 (median diameter 1.7 µm) (38). j Tet ) tetrahedral
and Oct ) octahedral, reported in ref 32.
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50% RH, indicating that the micropores were nearly filled.
Water sorption on CBV-720 and CBV-780 (surface cation
density 0.43 and 0.16 site/nm2) exhibited type III isotherms,
which are typical for sorbents with weak affinities for the
sorbates (water in this case) (13, 28). Water uptake at 100%
RH was 0.45 g/g in all three cases, in agreement with the
reported values for CBV-780 (0.46-0.47 g/g (3)). This value
is approximately 6% lower than the void volume fraction of
Y zeolites (0.48), probably caused by a slightly lower packing
density of water molecules in micropores (13, 18). These
findings agree with literature data obtained with dealumi-
nated Y zeolites (28) and confirm that pore volumes of Y
zeolites are independent of the Si/Al ratio and that water
sorption isotherms are influenced by the hydrophobicity (i.e.,
the density of hydrophilic centers). Similar findings were
reported for microporous carbon sorbents (19, 20). The fact
that water uptakes of all three Y zeolites at 100% RH are
equal to the pore volume of crystalline Y zeolites indicates
their structures were not significantly altered by the dealu-
mination process although the presence of small amounts
of amorphous mesoporous silica cannot be excluded. Small

amounts of amorphous silica would not alter the water
sorption isotherms, however.

Figure 2b shows the water losses of the wet zeolites in
response to stepwise heating to 105, 200, 300, and 375 °C in
24-72 h increments. As expected, water retention decreased
with surface cation density in the order CBV-300, CBV-720,
and CBV-780, with the latter two showing only a small
difference. The weights of the three zeolites at 375 °C were
taken as their dry weights because their water losses at higher
temperatures were insignificant. Heating at 105 °C for 48 h
removed 92.9% and 94.7% water from CBV-720 and CBV-
780, respectively, but only 54.0% from CBV-300. This fraction
presumably consists of loosely bound and zeolitic water (14,
16). The amount of water remaining after heating to 105 °C
correlates with the surface cation density (R2 ) 0.994),
indicating that the residual water was probably coordinated
to surface cations. Coordinated water was removed at
temperatures above 105 °C; only 3-4 mg/g water remained
in the zeolites at 300 °C.

TCE Sorption on Zeolites. Parts a and b of Figure 3 show
the TCE breakthrough curves for the three partially dehy-

FIGURE 2. Hydration and dehydration characteristics of three dealuminated Y zeolites: (a) water sorption isotherms at room temperature
(24 ( 1 °C); (b) water contents following stepwise thermal dehydration treatment (Supporting Information). Literature data indicate that
Y zeolites lose water continuously in the temperature range of 100-400 °C, and the structure is stable up to 760 °C (7, 9). The zeolite dry
weights were based on those after dehydration at 375 °C.
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drated and wet Y zeolites, respectively, and Table 2 sum-
marizes the amounts of water and TCE sorbed. TCE uptakes
calculated from the breakthrough curves on partially dehy-
drated CBV-300, CBV-720, and CBV-780 were 2.27, 3.71, and

3.13 mmol/g, corresponding to TCE volumes of 0.20, 0.33,
and 0.28 mL/g, respectively. Adding the respective volumes
of water indicates the total volumes of TCE and water
in CBV-300, CBV-720, and CBV-780 are 0.41, 0.36, and 0.30

FIGURE 3. Breakthrough curves of TCE on (a) partially dehydrated and (b) wet CBV-300, CBV-720, and CBV-780 (normalized to 0.2 g of dry
solid) at 24 °C, with the inset showing a magnified view for wet CBV-300. The partially dehydrated zeolites had been oven dried at 105
°C for 48 h, while the wet zeolites had been equilibrated at 100% RH. Dry (for partially dehydrated zeolites) or humidified (100% RH, for
wet zeolites) helium with TCE vapor (C0 ) 5.05 × 10-1 mmol/L or P/P0 ) 0.136) was passed through the column at 1.00 mL/min (∼1.4 pore
volumes/min) during sorption.

TABLE 2. Summary of Volumes of TCE (at P/P0 ) 0.136) and Water Sorbed in Micropores of the Partially Dehydrated and Wet
Dealuminated Y Zeolites

sorbent ) CBV-300 sorbent ) CBV-720 sorbent ) CBV-780

partially
dehydrated wet

partially
dehydrated wet

partially
dehydrated wet

water content, g/g 0.21 0.45 3.2 × 10-2 0.45 2.4 × 10-2 0.45
water vol,a mL/g 0.21 0.45 3.2 × 10-2 0.45 2.4 × 10-2 0.45
amt of TCE sorbed, mmol/g 2.27 1.7 × 10-3 d 3.71 0.85 3.13 0.93
TCE vol,a mL/g 0.20 1.5 × 10-4 0.33 7.6 × 10-2 0.28 8.4 × 10-2

TCE + water vol,b mL/g 0.41 0.45 0.36 0.53 0.30 0.53
amt of water displaced,c mL/g 1.5 × 10-4 7.6 × 10-2 8.4 × 10-2

a Volumes of micropores occupied by TCE and water were calculated by assuming they resided in micropores at the same densities as the bulk
fluids. b Calculated as the sum of the water volume and TCE volume assuming no water displacement. c Calculated as the differences between
the total pore volume filled and the water volume for the wet zeolites. d Calculated from the mass of TCE desorbed in the slow-desorbing fraction
(data not shown).
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mL/g, respectively, corresponding to 91.3%, 81.1%, and 68.0%
pore filling. In calculating the total filled pore volumes, it
was assumed that TCE (and helium) did not displace
coordinated water. In partially dehydrated zeolites, TCE
presumably interacts mainly through dispersion interactions
with pore wall surfaces and dipole interactions with surface
cations that were not fully hydrated. CBV-720 (3.71 mmol/g)
sorbed a larger amount of TCE than CBV-780 (3.13 mmol/g),
possibly because cations with unfilled coordination shells
attracted additional TCE molecules.

For wet CBV-300, the amount of TCE that resided in the
interparticulate void spaces, sorbed on external surfaces, and
partitioned in the water film was no longer negligible
compared to that sorbed in the micropores. Consequently,
TCE sorbed in micropores of wet CBV-300 was quantified
from the slow-desorbing fraction (data not shown). TCE
sorption increased with decreasing surface cation density
from 1.72 × 10-3 to 0.85 and 0.93 mmol/g for CBV-300, CBV-
720, and CBV-780, respectively. Compared to partially
dehydrated conditions, TCE sorption was much smaller in
all cases, which was apparently caused by the strong
competition from water for sorption space. On CBV-720 and

CBV-780, the sums of the volumes of TCE after TCE sorption
and the volumes of water before TCE sorption exceeded the
total micropore volumes. The fact that TCE is taken up by
water-filled micropores can only be explained by TCE
displacing water. Alternative explanations include expansion
of the crystalline framework of zeolites and compression of
TCE and water, which appear unlikely. At 24 °C and a relative
pressure of 0.136 (5.05 × 10-1 mmol/L), TCE occupied only
0.034% of the total micropore volume in wet CBV-300, but
16.9% and 18.6% in wet CBV-720 and CBV-780, respectively.

Taken together, these results indicate that the absence of
hydrophilic sites, i.e., the hydrophobicity of the micropores,
is a controlling factor in the uptake of organic compounds.
CBV-720 and CBV-780 have relatively low densities of
hydrophilic centers (cation density 0.42 and 0.16 site/nm2)
and the pore water is largely loosely bound, allowing
significant TCE adsorption. In contrast, very little water was
loosely bound in the micropores of wet CBV-300 (cation
density 2.07 sites/nm2), and the amount of TCE adsorbed
was much smaller. These findings agree with the molecular
simulation results of carbon micropores, which show that
sorption of methane increases while that of water

FIGURE 4. Desorption of TCE from three natural minerals under (a) dry and (b) wet conditions, along with the model-fitted desorption
profiles. Stepwise increases in desorption temperature were made to accelerate the desorption rate, with the model-fitted desorption
profiles at 50 °C also shown.
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decreases with increasing density of hydrogen-bonding sites
(17, 20).

TCE Desorption from Silica Sand, Kaolinite, and Smec-
tite. Figure 4 shows TCE mass remaining profiles from dry
and wet Min-U-Sil 30, KGa-1, and SWy-1, along with the
model fits for differentiation of the fast- and slow-desorbing
fractions. TCE was sorbed on the external surfaces and to a
smaller extent in the micropores on the dry solids. Inflection
points were noted on the mass remaining profiles of dry
Min-U-Sil 30 and KGa-1 (Figure 4a), suggesting the onset of
slow desorption from micropores. In contrast, no clear
transition from fast to slow desorption was observed on dry
SWy-1. It is possible that TCE adsorbed on the external
surfaces also contributed significantly to slow desorption
(5), making quantification of the flux desorbed from mi-
cropores difficult on dry SWy-1. Nonetheless, it is reasonable
to assume that most of the TCE desorbed after 100-1000
min originated from the micropores. From the approximate
transition points, the amounts of TCE sorbed in the mi-
cropores of dry Min-U-Sil 30, KGa-1, and SWy-1 were
estimated to be 0.34 (at 15 min), 6.1 × 10-4 (at 75 min), and
2.67 × 10-2 (at 1000 min) to 1.54 × 10-1 (at 100 min) mmol/g,
corresponding to (total) micropore volumes of 3.0 × 10-2,
5.5 × 10-2, and 2.4-13.9 µL/g, respectively.

Under wet conditions, the fast to slow desorption transi-
tion was distinct in all cases (Figure 4b), and the desorption
data were evaluated similarly. Removal of the fast-desorbing
TCE occurred in less than 10 min, and the contribution from
micropore desorption was negligible. The slow-desorbing
TCE masses were 1.5 × 10-4, 3.0 × 10-4, and 1.8 × 10-4 mmol/
g, corresponding to hydrophobic micropore volumes of 1.4
× 10-2, 2.7 × 10-2, and 1.7 × 10-2 µL/g in Min-U-Sil 30,
KGa-1, and SWy-1, respectively. The hydrophobic micropores
are believed to exist in the micropore spaces surrounded by
uncharged siloxane surfaces (5, 26). Such hydrophobic
micropores may play an important role in hydrophobic
contaminant sorption. For example, for low organic carbon
(<0.1%) aquifer materials from the Borden site, important
fractions of their sorption capacities and the slow sorption
kinetics have been attributed to micropores (30). Strong
uptake of phenanthrene from water by smectites has also
been attributed to capillary condensation into the network
of micropores created by the quasicrystals or tactoids of clay
(31).

The above results indicate that the organic sorption
capacity of microporous sorbents is determined by both the
total volume and hydrophobicity of the micropores, con-
sistent with the observations made on zeolites. Min-U-Sil 30
exhibited the lowest micropore sorption capacities for TCE
sorption under dry (3.4 × 10-4 mmol/g) and wet (1.5 × 10-4

mmol/g) conditions, as expected on the basis of its low
microporosity and mostly uncharged surfaces. KGa-1 sorbed
a relatively small amount of TCE (6.1 × 10-4 mmol/g) under
dry conditions because kaolinites have relatively low total
microporosity (23, 24); the relatively large amount of TCE
(3.0 × 10-4 mmol/g) sorbed under wet conditions is explained
by uncharged siloxane surfaces creating hydrophobic mi-
cropore spaces. Under dry conditions, micropores of SWy-1
sorbed the highest amount of TCE (2.68 × 10-2 to 1.54 × 10-1

mmol/g), but only a relatively small amount (1.8 × 10-4

mmol/g) under wet conditions. This can be explained by its
predominantly hydrophilic micropores caused by the high
layer charge (-0.68 per unit cell) (32). Taken together, these
results suggest that minerals can contribute substantially to
the microporosity of geosorbents. For a low organic carbon
(0.11%) sediment composed of quartz, albite, smectite, and
kaolinite, we previously determined that 5.17 × 10-2 and 3.0
× 10-4 mmol/g TCE sorbed in its micropores under dry and
wet conditions, corresponding to total and hydrophobic
micropore volumes of 4.65 and 2.7 × 10-2 µL/g, respectively

(5). These values are consistent with microporosity contrib-
uted mostly from geosorbent minerals.

Implications on VOC Sorption in Geosorbents. Results
of this study suggest that TCE adsorbs in hydrophobic mineral
micropores through displacing loosely bound water and that
the total uptake is controlled by the volume and hydropho-
bicity of micropores. These conclusions are consistent with
and support experimental, thermodynamic, and modeling
results presented by others (3, 17, 20, 21, 26). Further
corroboration of the displacement mechanism requires a
mass balance for water, which was outside the scope of this
study. Results also indicate that hydrophobic micropores in
silicate minerals of geosorbents alone can cause substantial
sorption of VOCs. The estimated apparent partitioning
coefficients of TCE in the micropores of Min-U-Sil 30, KGa-
1, and SWy-1 are 0.13, 0.27, and 0.16 L/kg (Supporting
Information), which are equivalent to organic carbon con-
tents of 0.10%, 0.20%, and 0.12%, respectively. These results
support the conclusion from previous studies that the mineral
matrix can play an important role in VOC sorption on
geosorbents with low (<0.1%) organic carbon contents (33-
35). Therefore, characterization of the geosorbent mineral
matrix is necessary for understanding organic contaminants
transport in subsurface soils and groundwater aquifers having
geosorbents with low organic carbon contents.
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