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Abstract

A series of porous silica frameworks with different pore sizes (SSZ-59, MCM-41 and SBA-15) was studied by immersion
calorimetry in various solutions (water, ethanol, triethylamine, NaCl brine and Na2CO3/NaHCO3 buffer) at 25 �C to deter-
mine the interaction energies between inorganic silica frameworks and various small molecules which may be of importance in
the context of CO2 sequestration, carbonate mineralization, and environmental remediation. The enthalpies of immersion for
the calcined porous silica samples range from �0.7 to �9.6 kJ per mole of SiO2 in water, �3.4 to �10.5 kJ per mole of SiO2 in
ethanol, �5.7 to �15.1 kJ per mole of SiO2 in triethylamine, �1.5 to �11.4 kJ per mole of SiO2 in NaCl brine (1 M) and �0.5
to �8.0 kJ per mole of SiO2 in a Na2CO3/NaHCO3 buffer solution (1 M). The enthalpies of interaction between porous silicas
and water, ethanol and triethylamine vary from �0.3 to �2.3 kJ per mole of H2O, from �49.1 to �62.5 kJ per mole of ethanol
and from �65.5 to �95.6 kJ per mole of triethylamine. The enthalpies of interaction suggest that guest–host interactions in
silica-based porous media are governed both by pore size and concentration of surface hydroxyl groups. The generally hydro-
phobic surfaces of porous silica materials bond more strongly to organic molecules (ethanol and triethylamine) than to aque-
ous solutions and the energetics of such functionalized organic – rich silica surfaces could play a significant role in geologic
CO2 sequestration, enhanced oil recovery, and geochemistry in low-temperature diagenetic and sedimentary environments.
� 2013 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

Large sedimentary basins below depths of 800–1000 m,
having interlayered sedimentary rocks with large pore
space, have been explored as potential storage options for
supercritical CO2 (scCO2) (Bachu and Stewart, 2002; Ben-
son and Cole, 2008). The impermeable silica-rich shale or
fine-grained mudstone serves as seals or caprock to trap
the CO2 underground. Depleted oil and gas reservoirs, sal-
ine aquifers, and coal beds are also possible options for geo-
logical CO2 sequestration (Li et al., 2006; Benson and Cole,
2008). Reservoir formations are generally made up of sand-
stones, shales and sometimes feldspars and/or volcanic rock
fragments. These form a porous structure by connecting
gaps between these grains (Li et al., 2006). Quartz, clay
(mainly smectite and chlorite), dolomite, gypsum, anhy-
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drite, and halite are the common minerals found in these
shales and sandstones.

CO2 sequestration in geological formations is a complex
process that involves various geochemical reactions. The
principal mechanisms are initial trapping of CO2 below
impermeable caprocks (structural/hydrodynamic trapping),
adsorption or confinement of CO2 in porous structures and
at mineral surfaces in the storage sites (capillary/residual
phase trapping), dissolution of CO2 in fluids present in
the formation (solubility trapping), and finally carbonate
mineral formation (mineral trapping) (Benson and Cole,
2008). The nucleation and growth of carbonate phases in
nanoporous or mesoporous structures could vary with res-
ervoir temperature, pressure and pH conditions. Multi-
phase flow – reactive chemical transport models and
geochemical models have been used to calculate thermody-
namic, kinetic, and reaction paths for geologic sequestra-
tion (Schnaar and Digiulio, 2009; Cole et al., 2010;
Wurdemann et al., 2010). These modeling studies need ther-
modynamic data of minerals and solutions, including effects
of confinement in small (nanosized) pores, to constrain pos-
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sible geochemical reactions, including scCO2 solubility,
aqueous complexation, redox reactions, mineral dissolu-
tion, and precipitation of new secondary carbonate, silicate,
oxide, and hydroxide minerals (Marini, 2007).

Organic–inorganic interactions on mineral surfaces play
crucial roles in geological processes, particularly in environ-
ments where one can expect significant concentrations of a
complex mixture of organic compounds (Dove et al., 2003;
Weiner and Dove, 2003; Benson and Cole, 2008). Neverthe-
less, the molecular interactions that may affect mineral pre-
cipitation on organic–inorganic interfaces, especially in the
deep earth reservoir, are still poorly understood. In natural
environments, mineral surfaces and pores are generally cov-
ered by aqueous solutions and/or organic constituents from
both living and dead organisms. Consequently, before con-
tacting the mineral surfaces, the CO2 and carbonate species
introduced in sequestration must interact and compete with
molecules already adsorbed on the mineral surfaces or con-
fined in the pores (Bertier et al., 2006; Kharaka et al.,
2006a,b; Assayag et al., 2008). Hence, thermochemical data
for the interaction between inorganic frameworks and var-
ious guests (small organic molecules and aqueous solutions)
are important to properly model CO2 sequestration under
geologic conditions, oil recovery, and geochemical pro-
cesses at relatively low temperature.

In our earlier studies, various calorimetric techniques
have been designed to investigate small molecule–porous
media interactions. Piccione et al. (2002) studied the inter-
actions of four different zeolites with several quaternary
ammonium structure directing agents using hydrofluoric
acid (HF) solution calorimetry. The measured enthalpies
of interaction were �1.0 to �6.0 kJ per mole of SiO2. Mea-
surements for mesoporous silica phases (Trofymluk et al.,
2012) showed similar but slightly stronger interactions.
Measurements of the hydration enthalpies of a series of cat-
ion – exchanged aluminosilicate zeolite beta by Sun et al.
(Sun et al., 2006, 2007; Sun and Navrotsky, 2008a) suggest
that water is held more tightly in more aluminum – rich sys-
tems than in high Si:Al ratio zeolitic frameworks. The inter-
action energetics of water with ion – exchanged gallosilicate
zeolites were found to be similar to those in aluminosilicates
(Sun and Navrotsky, 2008b; Zhou et al., 2011).

In the present study, we selected silica with different well
– controlled pore sizes as a simple model for geological sil-
ica-rich systems with small pores. We picked zeolite SSZ-59
and mesoporous silica MCM-41 and SBA-15 to study the
interaction of porous silica structures with small organic
molecules and with different aqueous solutions, including
water, ethanol (99.5+% purity, Sigma–Aldrich), triethyl-
amine (99.5+% purity, Sigma–Aldrich), NaCl brine and
Na2CO3/NaHCO3 buffer. MCM-41 and SBA-15 are two
families of mesoporous silicas having amorphous silica
walls separating periodic two dimensional arrays of hexag-
onally-arranged pores with a narrow pore size distribution.
Their tunable pore size, in the range 2–30 nm, scarce defect
sites, and a relatively hydrophobic surface make them
potentially suitable materials for gas separation, drug deliv-
ery and catalysis (Glinka et al., 1996; Corma, 1997; Zhao
et al., 1998; Kruk et al., 2000; Hoang et al., 2005). Even
though SBA-15 has a similar symmetry and structure as
MCM-41, the microstructure of its pores is significantly dif-
ferent. It has a significant amount of microporosity inter-
connecting its mesopores. Such microporosity is not
present in MCM-41 (Ryoo et al., 2000; Trofymluk et al.,
2005). SSZ-59 is a synthetic 14-membered ring pure silica
zeolite with a pore diameter of 0.8 nm (Burton et al.,
2003, 2004).

These three silica frameworks provide ordered nanopore
systems as idealized analogues to more complex porous
rocks. The enthalpies of immersing these calcined (anhy-
drous) porous silicas in water, ethanol, triethylamine and
two aqueous solutions (1 M NaCl brine and 1 M Na2CO3/
NaHCO3 buffer) were measured at room temperature. The
water, brine, and buffer solution are obviously relevant to
the sequestration environment. The ethanol and triethyl-
amine were chosen as model polar molecules showing
potentially stronger interactions than water with mineral
surfaces. Because they can be used as pure liquids, one
can focus on their interaction with silica rather than on a
competition between the interaction of the organic mole-
cule and water. Thus, this is a good starting point for the
study of pore size effects and sets the stage for investigations
of more complex systems, with many organics in dilute
aqueous solution, encountered in natural environments.
The enthalpy of absorbing the liquid into the initially empty
pores provides a measure of the strength of interaction be-
tween the silica and the guest molecules. These results are
discussed in terms of interactions potentially important to
the CO2 sequestration environment.

2. EXPERIMENTAL METHODS

2.1. Materials

SSZ-59 was prepared at the Chevron Energy and Tech-
nology Center, Richmond, California and its synthesis and
characterizations are described elsewhere (Burton et al.,
2003, 2004).

MCM-41 was synthesized at room temperature and
ambient pressure according to the method reported by Gal-
lis and Landry (1997) using n-hexadecyltrimethylammoni-
um bromide (CTAB, 99+% purity, Alfa Aesar) as
structure directing agent (SDA). NaOH (5.0 g, 2 M in
H2O) was mixed with an aqueous solution of CTAB
(39.2 g H2O/0.8 g CTAB) and the mixture was stirred until
CTAB was totally dissolved. Subsequently, 3.85 g of tetra-
ethoxysilane (TEOS, 99+% purity, Sigma–Aldrich) was
added to the clear solution of CTAB as a silicate source.
After 3 h of reaction under stirring, the precipitate was col-
lected, filtered and washed with deionized water. The
MCM-41 samples synthesized by this method have uniform
cylindrical mesopores around 2 nm in diameter.

SBA-15 samples were synthesized hydrothermally in an
autoclave using BASF Pluronic P123, (a triblock poly(eth-
ylene oxide) (PEO) and poly(propylene oxide) (PPO)-based
copolymer system, (PEO)20(PPO)70(PEO)20, with a molecu-
lar weight of 5800 g/mol) as structure directing agent
(SDA) (Zhao et al., 1998; Fusco et al., 2006). In a typical
synthesis, 4.0 g of Pluronic P123 was dissolved in 30.0 g
of water and 120.0 g of 2 M HCl solution under stirring.
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Subsequently, 8.5 g TEOS was added to the clear solution.
The autoclave was transferred into an oil bath, maintained
at 35 �C for 12 h and then another 48 h at 60 �C. The mix-
ture was then aged at 120 �C for 48 h under static condition
in a Teflon-lined autoclave. The solid product was triple
washed with deionized water and dried in air at room tem-
perature. The SBA-15 synthesized by this method has uni-
form pore sizes from 5 to 10 nm, it can be expanded up
to 30 nm by an organic co-solvent such as 1,3,5-trimethyl-
benzene (TMB, 99+% purity, Alfa Aesar). In this work,
the SBA-15 samples with pores larger than 10 nm were
made using TMB.

All synthesized porous silica samples were calcined in a
Lindberg/blue tube furnace by heating at 1 �C/min from
room temperature to 500 �C. The samples were calcined
at this temperature for 8 h under N2 and another 8 h under
O2. The silica furnace tube was then sealed under dry nitro-
gen, the furnace cooled, and the samples transferred into a
nitrogen-filled glove box to prevent adsorption of moisture.
Prior to each calorimetric measurement, 3–7 mg sample pel-
lets were hand-pressed and sealed in small plastic vials in
the glove box, then transferred to the calorimeter. Exposure
to laboratory air was limited to about 10 s.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns of all por-
ous silica samples were collected using an Inel X-ray diffrac-
tometer (XRG 3000) operated at 30 kV and 30 mA, with
Cu Ka radiation (k = 0.15406 nm) with a Ni – filter. Data
were acquired in the 2h range 0.5–50�, where diffraction
peaks from the periodic pore arrangement can be seen
and are indicative of a well ordered pore structure. At high-
er angles, because the mesoporous silica walls are amor-
phous, no further diffraction peaks are seen.

A Micromeritics ASAP 2020 instrument was employed
to measure the adsorption/desorption isotherms of nitrogen
on all porous silica samples at �196 �C. Prior to isotherm
analyses, all samples were degassed at 200 �C overnight to
maximize H2O removal. The Dubinin–Astakhov equation
(Astakhov and Dubinin, 1971) and the Barrett–Joyner–
Halenda (BJH) method (Barrett et al., 1951; Joyner et al.,
1951) were used to calculate the pore properties of micropo-
rous and mesoporous silicas, respectively.

2.3. Immersion calorimetry

The enthalpies of immersion of the porous silicas in var-
ious solutions (water, ethanol, triethylamine, 1 M NaCl
brine and 1 M Na2CO3/NaHCO3 buffer solution) were
determined at 25 ± 0.5 �C using a Setaram C-80 twin
microcalorimeter equipped with a custom – made dropping
tube. Loosely hand-pressed pellets of porous silica samples
weighing between 5 and 10 mg were dropped from room
temperature (22 ± 0.5 �C) into a solution maintained at
25 �C. In our measurement, the heat effect due to this tem-
perature difference is less than the experimental error of the
measurements and can be neglected. The drop generates the
heat effect associated with the interaction of the anhydrous
silica with solution. The normal return of the calorimetric
signal to its initial value (baseline) indicated the rapid com-
pletion of reaction. Typically, a measurement takes 45–
90 min. The reproducibility of these measurements is docu-
mented as error bars in the calorimetric data figures and as
errors (2 standard deviations of the mean) in Tables.

2.4. Thermogravimetric analysis (TG) and differential

scanning calorimetry (DSC)

TG–DSC experiments were performed using a Netzsch
STA 449 system (Netzsch GmbH, Selb, Germany) to inves-
tigate the thermal behavior of each silica sample containing
the adsorbed solution and to obtain the amount of ad-
sorbed solution. After each immersion calorimetry experi-
ment, the solid sample was collected and dried at room
temperature until the sample mass did not change. Subse-
quently, 10–20 mg samples were hand-pressed into pellets,
placed into a Pt crucible and heated from 30 to 800 �C in
argon at 10 �C/min. Buoyancy correction was performed
for all experiments by running TG–DSC on empty Pt cru-
cibles under the same experimental conditions. Calcined
porous silicas were also heated similarly to estimate the
concentration of hydroxyl groups on their surfaces (Mueller
et al., 2003).

2.5. Fourier transform infrared spectroscopy

(FTIR) for evolved gas analysis (EGA)

The gases evolved during thermal analysis were analyzed
by a FTIR spectrometer (Bruker Equinox 55), directly cou-
pled to the Netzsch STA 449 system by a transfer line kept
at 150 �C. FTIR spectra of evolved gases were scanned
from 400 to 4000 cm�1 at a resolution of 4 cm�1.

3. RESULTS

3.1. Structure

The powder X-ray diffraction patterns of mesoporous
silica samples confirmed that all samples were two dimen-
sional hexagonal ordered structures. The XRD patterns
(Fig. 1) after calcination (500 �C) and TG–DSC (800 �C)
indicate that all porous silica samples (SSZ-59, MCM-41
and SBA-15) maintained their structure without significant
degradation or phase transformation.

Nitrogen adsorption/desorption isotherms and pore size
distribution curves of calcined mesoporous silica samples
are presented in Fig. 2. A type I isotherm is observed for
nitrogen adsorption on microporous silica (zeolite SSZ-
59) whose pore size is not significantly larger than the
molecular diameter of nitrogen. The complete filling of its
micropores only needs a single adsorbed nitrogen layer.
This also explains why the desorption and adsorption
curves of SSZ-59 follow the same path. All the mesoporous
silicas (MCM-41 and SBA-15) present typical type IV
adsorption curves with sharp rising hysteresis loops, indi-
cating that the desorption is distinct from the adsorption
process due to nitrogen condensation. These hysteresis
loops are signature evidence of mesoporosity in materials
(Ball and Evans, 1989). The measured properties are listed



Fig. 1. Powder X-ray diffraction patterns of all porous silica phases
in this work (before and after calcination at 800 �C).

Fig. 2. Nitrogen adsorption/desorption isotherms and pore size
distribution curves of all porous silicas used in this work.
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in Table 1. All analyzed porous silica samples have uniform
pore structure and narrow pore size distribution.

3.2. Immersion calorimetry

The enthalpies of immersion of porous silica in various
solutions were measured at 25 �C. The immersion process
is represented by the equation:

SiO2 ðcalcinedÞþ solution! SiO2 ðimmersedÞ DHimmð25 �CÞ
ð1Þ

The final state of this experiment is a sample that has ab-
sorbed the solution into its pores and is in contact with the
solution.

Two experiments were designed to confirm that the
immersion calorimetry experiments (45–90 min) were car-
ried out long enough to attain equilibrium (or at least stea-
dy state on a timescale of days) with respect to the amount
of absorbed solution. In the first experiment, a loosely
hand-pressed pellet of porous silica sample (SBA-15,
12.5 nm) was dropped from room temperature
(22 ± 0.5 �C) into ethanol maintained at 25 �C in the calo-
rimeter. The calorimetric signal of this drop was recorded
for 4 days. There was no detectable calorimetric signal after
the sharp, well resolved peak recorded in the first 90 min of
the drop. The extremely stable baseline signal, identical to
that before the experiment, shows that there is no signifi-
cant additional heat generated at long times (up to 4 days
in this experiment). In the second test, two SBA-15
(12.5 nm) pellets were hand-pressed. They were then
dropped: the first into the calorimeter containing ethanol,
the second into a glass vial of ethanol kept at room temper-
ature. The first pellet was taken out for equilibration in air
after the calorimetric signal returned to the initial baseline
(about 90 min). The second pellet was kept in the glass vial
for 4 days to maximize pore – filling before equilibration in
ambient air. When the weight of the post – immersion silica
was stable (the sample weight did not change by more than
0.5 wt.% during 48 h), each pellet was subjected to thermo-
gravimetric analysis. TG analysis showed total weight loss
(�7.04% (first pellet) and 6.78% (second pellet)). The vari-
ation is within the experimental error of the methodology.
Thus, we conclude that no additional pore – filling is seen
in the 4-day experiment. In addition, if any molecules from
inside the pores or on the particle surfaces are easily re-
moved during air drying, those molecules would have weak
interactions with the framework and thus not contribute
significantly to the immersion enthalpy. Thus, attributing
the immersion enthalpy to the molecules which remain
associated with the silica matrix after air drying focuses
on those molecules that are strongly bound and have
enthalpies significantly different from those of molecules
in the solution. Moreover, X-ray diffraction patterns before
and after immersion calorimetry experiments also con-
firmed that the silicas maintained their structures.

The host–guest interactions in these mesoporous and
microporous silicas are chemically and structurally com-
plex, as are the interactions among the guest molecules
themselves. The internal surfaces may not be uniformly
coated with guest molecules, and not all guest molecules
are bound to a surface. Thus, we do not believe that calo-
rimetric measurements should be normalized to the surface
area of the solids. Alternatively, in our analysis and inter-
pretation of enthalpies of immersion and interaction, we
present thermochemical data both per mole of solid and
per mole of liquid, the latter focusing on the number of
guest molecules inside the pores.

The enthalpies of immersion are shown in Table 2. Fig. 3
shows the enthalpies of immersion of porous silica in water,
ethanol and triethylamine as a function of pore size. The
enthalpies of immersion in triethylamine are more exother-
mic than those in ethanol and water. They vary from �5.7
(SSZ-59) to �15.1 (MCM-41) kJ/mol SiO2. Immersion
enthalpies in water are least exothermic and range from
�0.7 (SSZ-59) to �9.6 (MCM-41) kJ/mol SiO2. For each
solution, the silica zeolite sample SSZ-59 shows the least



Table 1
Properties of porous silica samples studied.

Sample
ID

Pore size
(nm)

Pore volume
(cm3/g)

Micropore volume
(cm3/g)

Specific surface area
(m2/g)

Calculated concentration of OH
(molecules/nm2)

SSZ-59 0.8a 0.13a 0.13a 440.3 0.8
MCM-41 2.9 0.52 N/A 1403.9 1
SBA-15_1 7.4 1.30 0.03 710.9 3.3
SBA-15_2 12.5 1.92 0.05 740.4 4.8
SBA-15_3 16.4 2.44 0.04 662.5 5.2

a Values reported by Burton et al. determined by the t-plot method using density functional theory (DFT) analysis (Burton et al., 2003).
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exothermic enthalpy of immersion per mole of SiO2 and
MCM-41 gives the most exothermic value. The samples
with primary pore size 2.9 nm (MCM-41) to 16.4 nm
(SBA-15) exhibit a roughly linear correlation of immersion
enthalpy with pore size. Mesoporous silica samples with
larger pores tend to generate less exothermic heat effects
than those with smaller pore size.

To better simulate the geologic carbonate mineralization
environment, immersion enthalpies of porous silicas were
also measured in two concentrated aqueous solutions,
1 M NaCl brine and 1 M Na2CO3/NaHCO3 buffer (see Ta-
ble 2 and Fig. 4). Immersion enthalpies in brine are most
exothermic and range from �1.5 (SSZ-59) to �11.4
(MCM-41) kJ/mol SiO2. For SSZ-59 and MCM-41, the
immersion enthalpies in the Na2CO3/NaHCO3 buffer solu-
tion show the least exothermic values. The enthalpies of
immersion of all porous silicas in aqueous solutions are less
exothermic than those in triethylamine.

3.3. Thermal analysis

After immersion calorimetry, the porous silica samples
were collected and equilibrated at room temperature until
there was no weight loss. TG–DSC analyses were then car-
ried out on these “solution-absorbed/confined” porous sil-
ica samples. Fig. 5 shows the TG–DSC traces of SSZ-59,
MCM-41 and SBA-15 with absorbed/confined water, etha-
nol or triethylamine molecules. A positive DSC signal indi-
cates an exothermic heat effect (releasing energy in the form
of heat). All water-containing porous silica samples show
one-step weight loss slightly above 100 �C with large endo-
thermic DSC peaks. The FTIR spectra (not shown) of the
gases evolved at this temperature range confirm the re-
moval of H2O. Similar H2O removal between 100 and
150 �C was also observed in aluminosilicate and gallosili-
cate zeolites (Sun et al., 2006, 2007; Sun and Navrotsky,
2008a,b; Zhou et al., 2011).

The thermograms for silica containing ethanol or trieth-
ylamine exhibit two-step desorption. The various porous
silica samples with ethanol show different thermal behavior.
The first endothermic peak at about 125 �C, due to loss of
ethanol is common to all samples. This temperature is sig-
nificantly higher than the boiling point of ethanol (78.4 �C),
supporting energetically favorable confinement. Ethanol-
containing MCM-41 shows a second endothermic peak
slightly above 500 �C, associated with the second step of
weight loss on the TG curve. Desorption and partial
decomposition of tightly absorbed ethanol molecules is
responsible for this heat effect, as confirmed by FTIR
(not shown) which indicates the evolution of various car-
bon-containing fragments near 500 �C. The DSC trace of
ethanol-containing SSZ-59 and SBA-15 show well resolved
exothermic peaks at 500 �C and are very different from that
of MCM-41. The TG curve of ethanol-containing SBA-15
has a distinct second weight loss step, similar to that of
MCM-41, whereas there is no step-like slope change on
the TG trace of ethanol-containing SSZ-59. Ethanol could
not be removed from mesoporous silica frameworks even
after heating at 120 �C under vacuum. Our recent FTIR
and solid-state MAS NMR results, to be published sepa-
rately, provide further evidence that ethanol interacts
strongly with mesoporous silicas.

The DSC traces of triethylamine-containing porous sili-
cas show two endothermic peaks. The first broad peak be-
tween 30 and 300 �C indicates removal of loosely bound
triethylamine on the surfaces or in the silica mesopores.
The second endothermic peaks for MCM-41 and SBA-15
appear slightly above 300 �C and almost merge with the
first peak. In contrast, the second endothermic peak of tri-
ethylamine-containing SSZ-59 at about 420 �C is well sepa-
rated from the first peak. These results suggest stronger
interactions between microporous zeolite SSZ-59 and tri-
ethylamine than between mesoporous silicas (MCM-41
and SBA-15) and triethylamine. The thermogravimetric
data are summarized in Tables 3a and 3b.

3.4. Enthalpy of interaction

The interaction enthalpies of porous silicas with water,
ethanol and triethylamine versus pore size are plotted in
Fig. 6a and b. Enthalpy of interaction is defined here as
the immersion enthalpy per mole of absorbed/confined
molecules (from TG–DSC analyses). Table 4 shows the
interaction enthalpies of porous silicas with water, ethanol
and triethylamine calculated using weight loss data from
TG–DSC (Table 3a). Porous silica with pore size from 0.8
to 16.4 nm has interaction enthalpies from �0.3 to
�2.3 kJ per mole of H2O, �49.1 to �62.5 kJ per mole of
ethanol and �65.5 to �95.6 kJ per mole of triethylamine.
The enthalpies of interaction of SSZ-59 with both ethanol
and triethylamine are more exothermic than that of
MCM-41 (see Fig. 6a). In the mesoporous region, the inter-
action enthalpies of porous silicas with ethanol and trieth-
ylamine tend to be more exothermic as the pore size



Fig. 3. Enthalpies of immersion for porous silicas per mole of SiO2

vs. pore size in water, ethanol and triethylamine.

Fig. 4. Enthalpies of immersion for porous silicas per mole of SiO2

vs. pore size in water, NaCl brine (1 M) and Na2CO3/NaHCO3

buffer solution (1 M).
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increases. Considering only the primary pores, this weak
linear correlation contradicts the trend from SSZ-59 to
MCM-41. These results suggest that interaction enthalpy
of porous silica with various solutions is related to the pore
structures as well as the pore size of the silica hosts.

4. DISCUSSION

4.1. Porosity and guest–host interactions

One of the most appropriate measures of molecular size
is the critical molecular diameter which is defined as the
diameter of the smallest cylinder that can just circumscribe
the molecule in its equilibrium configuration (Ruthven,
2011). Zeolite SSZ-59 has elliptical 14-member ring microp-
ores with 0.85 � 0.65 nm dimensions (Burton et al., 2003,
2004), which are nearly the same size as the largest mole-
cule, triethyamine (critical diameter 0.78 nm), (deCarvalho
et al., 1996) and larger than the critical diameter of ethanol
(0.44 nm), (Lalik et al., 2006). The confinement of ethanol
and triethylamine molecules in micropores of SSZ-59 re-
sults in strong exothermic interaction enthalpies, in part be-
cause the molecules can probably interact simultaneously
with a number of locations on the pore walls because they
are a “tight fit” into the pores.

The mesoporous silica phases MCM-41 and SBA-15
have hexagonal symmetry (p6mm) (Zhao et al., 1998), with
honeycomb arrays of non-intersecting primary channels
(Rathousky et al., 1994; Glinka et al., 1996). SBA-15 also
contains a significant number of micropores (0.5–1.5 nm),
(Galarneau et al., 2003; Pollock et al., 2011) interconnecting
the primary mesopore channels (Kruk et al., 2000; Ryoo
et al., 2000; Che et al., 2003; Hoang et al., 2005; Trofymluk
et al., 2005). The use of the Pluronic P123 polymer as struc-
ture directing agent imparts this unique microstructure to
SBA-15 (Ryoo et al., 2000; Trofymluk et al., 2005). In
SBA-15, the presence significant microporosity may pro-
vide strong overall steric effects to guest molecules. A previ-
ous study (Hoang et al., 2005) suggests that SBA-15
samples having high microporosity show high activation
energies for diffusion and relatively low diffusivities for n-
heptane. Decreased microporosity, on the other hand, ren-
ders diffusion faster and activation energies lower. Interest-
ingly, the diffusion behavior of water into the SBA-15
framework is very similar to that in zeolites (Hong et al.,
2008) at 30 �C, due to the presence of complementary
micropores. The enthalpies of interaction further confirm
that porous silicas with significant microporosity, such as
Table 2
Enthalpies of immersion (per mole of SiO2) for porous silica samples in

Sample ID DHimm (kJ/mol SiO2)

Water Ethanol Triethylam

SSZ-59 �0.72 ± 0.19(7)a �3.37 ± 0.18(4) �5.74 ± 0
MCM-41 �9.62 ± 0.44(6) �10.54 ± 0.22(6) �15.14 ± 0
SBA-15_1 �5.12 ± 0.26(4) �6.24 ± 0.09(8) �10.55 ± 0
SBA-15_2 �4.54 ± 0.16(4) �5.94 ± 0.07(4) �9.26 ± 0
SBA-15_3 �4.15 ± 0.14(4) �5.14 ± 0.14(4) �7.04 ± 0

a The value in () represents number of measurements performed.
zeolites and SBA-15, inflict great confinement to small or-
ganic molecules, as reflected in strongly exothermic interac-
tion enthalpies. Thus, micropores may strongly confine
molecules and provide both thermodynamic and kinetic
various liquids or solutions at 25 �C.

Na2CO3/NaHCO3 buffer (1 M)

ine NaCl brine (1 M)

.21(4) �1.54 ± 0.27(5) �0.52 ± 0.26(6)
.36(4) �11.35 ± 0.30(4) �8.01 ± 0.36(5)
.21(4) �8.04 ± 0.29(6) �7.33 ± 0.31(8)
.13(4) �7.52 ± 0.28(5) �6.33 ± 0.24(5)
.10(5) �6.72 ± 0.25(4) �5.43 ± 0.30(6)



Fig. 5. TG–DSC curves (under argon at 10 �C/min) of SSZ-59, MCM-41 and SBA-15_3 after immersion calorimetry experiments with water,
ethanol and triethylamine.
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hindrance to their removal, even in the presence of mesop-
ores. Such effects may be important in the geologic environ-
ment, where a broad distribution of pore sizes is expected
(Burdine et al., 1950; Warren and Root, 1963; Peng et al.,
2012; Tanino and Blunt, 2012).

The interaction enthalpies between porous silicas and
water do not show any obvious correlation with pore size,
probably due to the predominantly hydrophobic nature of
pure silica surfaces (Fig. 6b). The enthalpies of interaction
per mole of H2O are weakly exothermic, and range between
�0.3 and �2.3 kJ per mole of H2O. The small absolute val-
ues of interaction enthalpies indicate that the H2O mole-
cules in these porous silica samples are energetically and
structurally similar to bulk water, in accord with water loss
near 100 �C in thermal analysis. Fig. 6b indicates that
MCM-41, without microporosity, has the most exothermic
enthalpy of interaction per mole of H2O, the silica samples
with micropores exhibit enthalpy of interaction values near
zero. This distinct thermodynamic behavior implies that
most of the H2O molecules either stay on the surface or
are very loosely confined due to limited accessibility of
the micropores of SSZ-59 and SBA-15. The enthalpies con-
firm the generally hydrophobic nature of the silica surface.
Interestingly, the hydration enthalpies of aluminosilicate
zeolites were found to be �5.0 to �45.0 kJ per mole of
H2O (Sun et al., 2006). In these cases, both aluminum in
the frameworks and alkali cations in the channels provide
stronger interaction with H2O, and the surfaces (internal
and external) are considered to be much less hydrophobic
than those of pure silica. Coupled with previous results
(Sun et al., 2006; Sun and Navrotsky, 2008b; Zhou et al.,
2011), the present thermodynamic data further indicate that
inorganic hosts with hydrophobic pore surfaces show weak
interactions with water. It is possible that the water mole-
cules, more strongly bonded to each other than to hydro-
phobic surfaces, form clusters which have little
thermodynamic driving force and possible steric hindrance
to enter micropores. In contrast, more hydrophobic mole-
cules (organics) may preferentially enter the micropores.

4.2. Role of surface hydroxyl groups

The interaction enthalpies of porous silicas with various
liquids versus the concentration of hydroxyl groups of por-
ous silica are plotted in Fig. 7a and b. The concentration of
hydroxyl groups on the silica surface was calculated accord-
ing to Mueller et al. (2003), using TG–DSC and nitrogen
adsorption data and are given in Table 1. This trend is sim-



Table 3a
Weight loss (wt.%) from TG–DSC experiments (to 800 �C) of liquid absorbed/confined porous silica samples and calculated weight loss
(mole) of liquid molecules per mole of porous silica.

Sample ID Total weight loss (wt.%) Total weight loss (mole liquid per mole SiO2)

Water Ethanol Triethylamine Water Ethanol Triethylamine

SSZ-59 38.98 4.60 9.52 2.13 0.06 0.06
MCM-41 55.45 14.14 28.03 4.15 0.22 0.23
SBA-15_1 66.29 8.54 18.84 6.56 0.12 0.14
SBA-15_2 58.35 7.09 14.88 4.68 0.10 0.10
SBA-15_3 55.67 5.93 11.03 4.19 0.08 0.07

Table 3b
Percent of total weight loss for each TGA event from TG–DSC experiments of liquid-containing porous silica samples.

Sample ID Water Ethanol Triethylamine

TG1 (%) TG2 (%) TG1 (%) TG2 (%) TG1 (%) TG2 (%)

SSZ-59 100.00 (about 100 �C) 0.00 86.52 (125 �C) 13.48 (500 �C) 64.60 (30�300 �C) 35.40 (420 �C)
MCM-41 100.00 (about 100 �C) 0.00 75.39 (125 �C) 24.61 (500 �C) 99.50 (30�300 �C) 0.50 (slightly above 300 �C)
SBA-15_3 100.00 (about 100 �C) 0.00 72.18 (125 �C) 27.82 (500 �C) 98.10 (30�300 �C) 1.90 (slightly above 300 �C)
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ilar to that observed in Fig. 6a and b and could be attrib-
uted to the inaccessibility of microporosity to water clus-
ters. In the mesoporous region (MCM-41 and SBA-15),
higher surface hydroxyl concentration leads to stronger
adsorption/confinement for ethanol and triethylamine.

An earlier study showed that for the same SBA-15
framework, increasing hydroxyl concentration resulted in
a larger amount of grafted amine, greatly enhancing the
CO2 adsorption capacity (Wang and Yang, 2011). Our re-
sults are consistent with this finding and suggest that the en-
thalpy of interaction of porous silicas with various polar
liquids becomes more exothermic with increasing concen-
tration of hydroxyl groups on the porous silica surface as
long as the pore size is easily accessible to the guest organic
molecules. The SSZ-59 framework with the lowest hydroxyl
group concentration (0.8 nm�2) is an exception and shows a
highly exothermic interaction enthalpy with triethylamine.
This may be due to a strong confinement effect of triethyl-
amine molecules (0.78 nm) in pores (0.8 nm) only margin-
ally larger than the molecular diameter. This
interpretation is supported by the high desorption temper-
ature of triethylamine from SSZ-59 (420 �C) observed in
the TG–DSC profile compared to MCM-41 and SBA-15
(300 �C).

Hence, all the immersion calorimetric data suggest that
the enthalpy of interaction of water, ethanol and triethyl-
amine with porous silica is governed both by the framework
porosity and concentration of hydroxyl groups on the por-
ous silica surfaces. Overall, the strength of bonding under
confinement increases in the order of water, ethanol and
triethylamine.

4.3. Solution–porous media interactions: possible structural

interpretation

The one-step weight loss of TG curves and weakly exo-
thermic interaction enthalpies both suggest that the water
confined in the porous silicas might not fill the whole pore
space close to the pore walls. Instead, H2O may only inter-
act with the hydroxyl groups on the pore surface through
hydrogen bonding, leaving cavities or gas bubbles close to
the hydrophobic parts of the silica walls (Kocherbitov
and Alfredsson, 2007). In other words, the confined water
in porous silica frameworks may have a cluster-like struc-
ture, with only a few H2O molecules at the “cluster” surface
responsible for the overall interaction with the solid surface.
This would also explain why our interaction enthalpies are
lower than the values measured by gas adsorption methods
(Matsumoto et al., 2001, 2002; Bolis et al., 2006). In con-
trast, ethanol and triethylamine may not only wet the
hydrophilic sites but also the hydrophobic regions, which
form the majority of the area of the silica surface, microp-
ores, and mesopores. Results from the TG–DSC experi-
ments with two-step desorption support this hypothesis.
The detailed weight loss percentage of each TG event is
listed in Table 3b. As the dimension of the guest molecule
approaches the smallest pore size of a given framework,
the overall energetic confinement effects from the host be-
come stronger. As a result, a larger fraction of guest mole-
cules is desorbed in the second (higher temperature) step of
TG weight loss. The amount of triethylamine desorbed in
the second step of weight loss of SSZ-59 (35.40%) and
SBA-15 (1.90%) is greater than that for MCM-41 (0.50%)
which only has mesoporous pores, whereas the enthalpies
of interaction become less exothermic in the same sequence
(see Fig. 6a). Table 5 summarizes the calculated pore – fill-
ing in terms of the percentage of solution by volume. For
water-containing SSZ-59, the calculated volume of ab-
sorbed water is more than its pore volume. This may occur
because, after heating at high temperature, the elimination
of hydroxyl groups of the SSZ-59 framework also signifi-
cantly contributes to the total amount of desorbed water.
Ethanol and triethylamine molecules partially fill the pores
of nanoporous silicas (see Table 5). In addition, IR mea-
surements (not shown) confirm that ethanol and amine-
containing species are absorbed directly through hydrogen



Fig. 6. (a) Enthalpies of interaction for porous silica samples per
mole of liquid vs. pore size in water, ethanol and triethylamine. (b)
Enthalpies of interaction for porous silica samples per mole of
liquid vs. pore size in water.

Table 4
Enthalpies of interaction (per mole of absorbed/confined liquid) for
porous silica samples with water, ethanol and triethylamine at
25 �C.

Sample ID DHint (kJ/mol solution)

Water Ethanol Triethylamine

SSZ-59 �0.33 ± 0.08 �52.48 ± 2.39 �91.24 ± 0.21
MCM-41 �2.32 ± 0.11 �49.11 ± 1.01 �65.47 ± 1.58
SBA-15_1 �0.78 ± 0.06 �51.27 ± 2.07 �76.53 ± 1.91
SBA-15_2 �0.97 ± 0.04 �59.79 ± 0.07 �89.24 ± 1.29
SBA-15_3 �0.99 ± 0.04 �62.52 ± 0.14 �95.64 ± 1.08

Fig. 7. (a) Enthalpies of interaction for porous silica samples per
mole of liquid vs. concentration of hydroxyl group per nm2 in
water, ethanol and triethylamine. (b) Enthalpies of interaction for
porous silica samples per mole of liquid vs. concentration of
hydroxyl group per nm2 in water.
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bonding onto the silica surfaces. Based on these observa-
tions, we propose a structural model for the interactions
of water, ethanol and triethylamine with all three porous
silicas, reflecting the molecular size of the guest molecules,
as shown in Fig. 8. In this model, water tends to fill the
pores, leaving air bubbles on the hydrophobic area, whereas
ethanol and triethylamine tend to only coat the pore sur-
faces. These proposed structures might serve as the basis
to analyze and understand guest–host interactions in geo-
logic CO2 sequestration and carbonate mineralization con-
ditions. Clearly, a next step of experimentation, now in
progress, is to measure the energetics of scCO2 confinement
as a function of pore size in the same systems.

Interestingly, quite similar phenomena have been dis-
covered and reported by Stipp et al. (Andersson and Stipp,
2012; Bohr et al., 2010; Cooke et al., 2010; Pasarin et al.,
2012; Sand et al., 2008) in their study of the molecular inter-
action of ethanol and/or water with the surface of calcite.
They have demonstrated, both experimentally and theoret-
ically, that ethanol molecules are able to form two types of
interactions with both Ca–O and O–H functional moieties
of the calcite surface to build a highly ordered, strongly



Table 5
Pore filling calculated from weight loss (wt.%) of TG–DSC
experiments (800 �C) of post-immersion calorimetry porous silica
samples.

Sample ID Pore filling (% by volume)

Water Ethanol Triethylamine

SSZ-59 >100 42.86 92.86
MCM-41 95.46 34.62 75.00
SBA-15_1 50.77 8.46 20.00
SBA-15_2 30.21 4.69 10.94
SBA-15_3 22.95 3.28 6.15

* Hydroxyl groups in initial porous silica may also contribute to
weight loss.

Fig. 8. Proposed structures of water (top), ethanol (middle) and
triethylamine (bottom) in pores of SSZ-59 (left), MCM-41 (center)
and SBA-15 (right). Dimensions are approximate.
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adsorbed layered structure. Whereas, a single water mole-
cule can only interact with one type of these sites. As a re-
sult, a less stable adsorption layer was obtained with water.
The interaction of ethanol and water with the calcite sur-
faces is mirrored in our observations from the silica system
with ethanol having muti-type stronger interactions and
water showing a less strong single-type interaction with
the surface. In view of this similarity between calcite and sil-
ica, analogous molecular behavior of ethanol and other
organics at the mineral–fluid interface may be a more gen-
eral phenomenon.

4.4. Implication for carbonate mineralization environments

Despite the significant amount of hydroxyl groups in
porous silica, most of its surfaces are not hydroxylated,
hence it is classified as a hydrophobic framework (Kocher-
bitov and Alfredsson, 2007). For subsurface carbonate min-
eralization and CO2 sequestration, it is generally believed
that the surfaces of caprocks sealing the reservoir are cov-
ered by strong electrolyte solutions such as brines (Liu
et al., 2012). Our immersion calorimetry studies suggest
that polar organic liquids bond more strongly than aqueous
solutions to silica-based porous media. Therefore, for silica-
rich reservoir rocks such as sandstones, organic species,
especially amines, produced by subsurface organisms, the
presence of petroleum, or the introduction of an impure
sc-CO2 fluid and/or contaminants from drilling may play
an active role in determining the surface chemistry, espe-
cially in the availability and nature of mineral surfaces for
carbonate precipitation. Organic liquids such as low molec-
ular weight alcohols and amines have very low viscosity and
surface tension, and their molecules diffuse rapidly. Their
functional groups can form hydrogen bonds with silanol
groups and interact with the major hydrophobic part of sil-
ica surfaces (Curthoys et al., 1974; Child et al., 1982; Kuhn
et al., 2010). The adsorption of these molecules could
potentially change the energetic barriers of carbonate disso-
lution and/or mineralization by changing silica surface
properties (e.g. surface charge and hydrophibility/hydro-
phobility) or by helping transport and concentrate carbon-
ate species into the limited dimensions of pore structures
(Etienne and Walcarius, 2003; Huang et al., 2003; Navrot-
sky, 2004; Harlick and Sayari, 2007; Zelenak et al., 2008).
Moreover, at the elevated temperature of subsurface geo-
logical CO2 reservoirs (60–120 �C) and at high pressure
(above 100 bars) (Diefenbacher et al., 2011), the organic
guest molecules may even act as structure directing agents
similar to those used in the hydrothermal/solvothermal syn-
thesis of zeolites (Mann and Ozin, 1996; Kuhn et al., 2009;
Ren et al., 2011). Such strong interactions may help deter-
mine carbonate precipitation pathways and rates, including
through possible amorphous carbonate precursors.

Furthermore, a silica surface with adsorbed amine may
create a favorable site for CO2 adsorption, perhaps acting
as natural functionalized CO2 capture sorbents analogous
to synthetic amines used for this purpose industrially
(Zheng et al., 2005; Su et al., 2010; Mello et al., 2011; Panda
et al., 2011; Yang et al., 2012), increasing the probability for
carbonate species to contact and stick to the silica-rich rock
surfaces, further promoting carbonate precipitation (Nav-
rotsky, 2004). Such amine-functionalized silica surfaces
may also be useful for other environmental remediation
strategies, such as regulation and removal of organic or
inorganic contaminants from water resources, soil and sub-
surface sedimental environments (Bertsch and Seaman,
1999; Aguado et al., 2009; Walcarius and Mercier, 2010;
Khin et al., 2012). The measured enthalpies of immersion
per mole of SiO2 (see Table 2) indicate that the water, brine
and sodium carbonate/bicarbonate buffer solutions interact
weakly with the hydrophobic surface of porous silicas.
Rather, more hydrophilic porous media must be sought
to tailor systems that have stronger interaction with car-
bonate-containing aqueous solutions. Such environments
could be found in clays and other aluminosilicates. Unlike
silica, which has no charge-balancing cations, these nega-
tively charged hosts associate with a wide variety of cations
such as alkali and alkaline earth ions (Na+, Mg2+ and
Ca2+) and even transition metal cations. In these cation –
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exchanged, aluminum – enriched hosts, water or aqueous
solutions are held more tightly than in pure silica porous
materials (Sun et al., 2006, 2007; Sun and Navrotsky,
2008a). This tighter binding suggests aqueous solutions
containing carbonate may bind preferentially with alumino-
silicates (zeolites, clays) than with SiO2 (quartz or amor-
phous silica). The adsorption of these carbonate ions may
also result in further carbonate precipitation on the surfaces
or in the pores of host frameworks. In rocks containing
both silica and aluminosilicates, especially in the presence
of organics, the chemical reactions at the surfaces may be
quite different, the silica favoring CO2 adsorption and the
aluminosilicate favoring carbonate adsorption and precipi-
tation. At these surfaces, the local pH may differ from that
of the bulk brine. These phenomena deserve further careful
study.

5. CONCLUSIONS

Enthalpies of immersion for calcined porous silica with
different pore sizes were measured at 25 �C. Combined with
TG–DSC and nitrogen adsorption data, these measure-
ments allowed interaction enthalpies of water, ethanol
and triethylamine with inorganic porous silica matrices of
different pore size to be calculated. These thermochemical
results suggest that amines preferentially bond to porous
silica with relatively hydrophobic surfaces. Silica with smal-
ler pores and higher surface hydroxyl group density yield
stronger guest–host interactions. The role of organic inter-
actions at silica surfaces may be important in the CO2

sequestration environment, potentially influencing CO2

capture and carbonate precipitation. Future thermochemi-
cal studies should be extended to other organics, including
aliphatic and aromatic hydrocarbons and carboxylic acids.
Studies in which both water and organic molecules compete
for binding in the pores are also needed. A major point of
this paper, which is a pilot study for such future work, is
that relatively straightforward calorimetric measurements
can provide accurate and useful information on the interac-
tion of molecules with mineral surfaces in confined
geometries.
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