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ABSTRACT: To ensure the viability of geologic CO, sequestration (GCS), we need a holistic understanding of reactions at
supercritical CO, (scCO,)—saline water—rock interfaces and the environmental factors affecting these interactions. This research
investigated the effects of salinity and the extent of water on the dissolution and surface morphological changes of phlogopite
[KMg, 57Si3.07Al; 230 10(F,0H),], a model clay mineral in potential GCS sites. Salinity enhanced the dissolution of phlogopite and
affected the location, shape, size, and phase of secondary minerals. In low salinity solutions, nanoscale particles of secondary minerals
formed much faster, and there were more nanoparticles than in high salinity solutions. The effect of water extent was investigated by
comparing scCO,—H,0(g) —phlogopite and scCO,—H,O(1)—phlogopite interactions. Experimental results suggested that the
presence of a thin water film adsorbed on the phlogopite surface caused the formation of dissolution pits and a surface coating of
secondary mineral phases that could change the physical properties of rocks. These results provide new information for
understanding reactions at scCO,—saline water—rock interfaces in deep saline aquifers and will help design secure and

environmentally sustainable CO, sequestration projects.

B INTRODUCTION

Carbon dioxide sequestration in deep saline formations is an
attractive option among geologic CO, sequestration (GCS)
strategies.”> However, dissolution of rocks and secondary miner-
al formation induced by CO, injection (Figure 1) could poten-
tially change the physical properties of the geological formations
and thus influence the transport and injectivity of CO,.>*
Although the injection phase of GCS could last as long as 25
years or more,” recent studies have shown that supercritical CO,
(scCO,)-induced dissolution and precipitation can change the
rock’s porosity and permeability after a short time.”® For
example, in our previous study, nanoscale precipitates appeared
on phlogopite surfaces after only 5 h reaction under simulated
GCS conditions.® Therefore, experimental studies on mineral—
fluid (scCO, and saline water) interactions for short time scales
are important to achieve better predictions of the short- and long-
term risks associated with GCS.

Salinity is one of the many environmental parameters that can
influence reactions among scCO,, water, and rocks.>*” The
salinity of brine in geologic formations can vary between several
mg/L to several hundred g/ L.%° For example, in the Michigan
basin, USA, the salinity is over 400 000 mg/L, whereas at Silurian,
Indiana, USA, a salinity of 500 mg/L was reported.8 Moreover,
salinity in sedimentary basins generally increases with depth, but
the rate of increase varies at different locations.” Therefore, for
different GCS sites, the salinity could vary significantly. The
effects of salinity on the dissolution of rock minerals are not well
understood yet, and most studies have been conducted in acid
solution without the presence of scCO, ”** (and references
therein). For example, in acid solutions without scCO,, the
dissolution rates of feldspars were significantly decreased by an
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increase of salinity at pH 3 at 25 °C,"'" whereas the dissolution
of forsterite (Mg,SiO,) was not influenced by ionic strength for
salinity up to 12 mol/kg over a pH range of 1—4 at 25 °C.” So far,
there is no report on the effect of salinity on the dissolution
and surface morphology changes of clay minerals under GCS
conditions.

Aqueous-phase-mediated chemical reactions with dissolved
CO, have been considered the principal process for interactions
between CO, and rocks in GCS systems. However, for GCS,
chemical interactions are also possible between water vapor
coexisting in the scCO,-rich phase (referred as scCO,—H,0(g)
hereafter) and rocks and between pure scCO, and rocks.” The
latter is less likely because the abundant water in deep saline
aquifers will allow a small extent of water (water vapor) to enter
the scCO, phase soon after CO, injection.'* Due to the buoy-
ancy of scCO,, the interactions between scCO,—H,O(g) and
rocks mainly occur at the upper portion of formation rocks and
the lower level of caprocks (regime A in Figure 1). McGrail et al.
reported that the small amount of water vapor in scCO, is quite
reactive toward both steel and silicate mineral surfaces under
simulated GCS conditions."> However, experimental data are
still very limited in this regime.’ The latter is less likely because
the abundant water in deep saline aquifers will allow a small
extent of water (water vapor) to enter the scCO, phase soon after
CO, injection."
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Figure 1. Schematic diagram of potential CO,—saline water—rock
interactions in GCS sites.

The objectives of this research were to investigate the effects of
salinity and the extent of water on physical properties of rocks
under GCS conditions and to relate these two parameters to the
operation of GCS projects. Specifically, this study aimed to
understand the surface morphology change and/or dissolution
kinetics of phlogopite in three systems under 102 atm and 368 K:
scCO,—1 M NaCl, scCO,—H,O(l), and scCO,—H,0(g).
Phlogopite, a Mg-end member mica, was used in this work as a
model clay mineral because mica has been found to be widely
present in GCS sites.”"* Using both fluid chemistry and surface
analysis techniques, this work provides new and unique quanti-
tative and qualitative information on nanoscale multiphase
fluid—rock interactions under GCS conditions.

B EXPERIMENTAL SECTION

Chemicals and Minerals. All chemicals used in this study
were at least ACS grade. Deionized water was passed through
two 0.2 uM filters before use. Phlogopite [formula: KMg, g7
Siz07Al123010(F,OH),, based on sample characterization from
our previous work °] was obtained from Ward’s Natural Science,
NY. Phlogopite specimens were cleaved to thin samples (~20
um, {001} cleavage surface), cut into rectangular flakes with
dimensions of 2.5 cm x 0.8 cm, and cleaned.® Phlogopite powder
was prepared by grinding cleaned flakes and passing the powder
through a 90 um sieve. Powder samples were used only for
secondary mineral identification.

High Pressure/Temperature Reaction System and Disso-
lution Experiments. A high P/T reactor (300 mL, Parr Instru-
ment Company, IL) was used to study the interactions between
scCO, and phlogopite.® A phlogopite flake and 4 mL of water or
1 M NaCl was put in several PTFE tubes (the liquid/solid ratio
was 400:1 by weight) in the reactor before CO, was injected, and
the pressure and temperature were controlled to be 102 atm and
368 K, respectively. Although only water was added to the
scCO,—H,0(1)—phlogopite system, due to phlogopite dissolu-
tion, the aqueous solution had slight salinity (less than 50 mg/L,
based on the experimentally measured aqueous concentrations
(Figure 2)). For some experiments, 30 mL water was added in
the reactor outside the test tubes which contained only a
phlogopite flake but no water. In these experiments, the phlo-
gopite flakes in the test tubes were actually in contact with scCO,
saturated with water vapor (scCO,—H,0(g)). Under our ex-
perimental conditions (102 atm and 368 K), the fugacity of water
vapor in scCO, is estimated to be around 1.5 atm.'” The
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Figure 2. Dissolution of Mg (a), Al (b), Si (c), and K (d) from
phlogopite in water and in 1 M NaCl at 102 atm and 368 K. In e and
f the concentrations are normalized with the stoichiometry of the
phlogopite formula [KMg, ¢7Si3 07Al; 230 10(F,OH),]. The inset in f is
an enlarged figure for Si, Mg, and Al in 1 M NaCl solution. Error bars
correspond to the standard deviation of the means of three measure-
ments for triplicate samples.

pressure, temperature, and salinity were chosen because they
are relevant to GCS conditions based on reported parameters for
GCS sites,' " and they allow obtaining experimental results
within a reasonable time period. Separate reactor runs were made
for each of the desired elapsed times (3, 5, 8, 22, 43, 70, 96, 120,
and 159 h), after which the liquid samples were analyzed with
an inductively coupled plasma-mass spectrometer (ICP-MS)
(7500ce, Agilent Technologies, Santa Clara, CA). The phlogo-
pite samples were washed with water and dried under high purity
N, to measure the surface morphology with AFM (Nanoscope V
Multimode SPM, Veeco). The in situ pH of the reaction system
with the same liquid/solid ratio for phlogopite flakes was
measured as described previously.

Identification of Secondary Mineral Phases. Because the
identity of nanoscale secondary minerals on phlogopite flakes
was not able to be detected due to their small quantity (for more
detailed information, refer to ref 6), we conducted experiments
with phlogopite powder to facilitate the formation of secondary
minerals. Phlogopite powder (0.4 g) was added to test tubes
containing 4 mL water or 1 M NaCl (the liquid/solid ratio
was 10:1 by weight) or no water/solution at all. After reaction
(159 h), the solid phase separated by centrifuging was dried and
analyzed with diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS, Thermo Scientific, Nicolet Nexus
470) and synchrotron-based high-resolution X-ray diffraction
(HR-XRD) at the Advanced Photon Source. The superna-
tant was analyzed with high resolution transmission electron

1738 dx.doi.org/10.1021/es1034975 |Environ. Sci. Technol. 2011, 45, 1737-1743



Environmental Science & Technology

microscopy (HR-TEM, JEOL JEM-2100F field emission). One
caveat of this experimental approach, however, is that the
products from phlogopite powder might be different from those
observed in AFM images for phlogopite flake samples.

B RESULTS AND DISCUSSION

Effects of Salinity on the Dissolution of Phlogopite. With-
in 1 h after 102 atm CO, was introduced, the in situ pH of the
scCO,—H,0(1)—phlogopite system at 368 K dropped from
6.15 &£ 0.05 to 3.19 &£ 0.05, and it remained in that range during
the following 159 h. This pH was slightly higher than that in the
scCO,—1 M NaCl—phlogopite system, where the stabilized pH
was 3.08 & 0.05.°

The kinetics of phlogopite dissolution in water and 1 M NaCl
were significantly different, especially at the later reaction time
(Figure 2). In NaCl solution, the concentrations of Mg, Al S,
and K increased almost linearly over 159 h, suggesting that the
reaction rate remained constant, whereas in water, the reaction
rate started to decrease after 70 h. To determine whether the
dissolution of phlogopite was congruent, we normalized the
concentrations of Mg, Al, Si, and K, based on phlogopite
stoichiometry [KMg, g7Si307Al123010(F,OH),]. The results
(Figure 2e,f) suggest that the dissolution of phlogopite was
incongruent in both water and NaCl solutions. Preferential
dissolution of elements was observed in this order: K > Mg ~
Si > Al in water, K > Mg ¢ Si & Al before 70 h in NaCl solution,
and K >Mg =~ Si > Al after 70 h in NaCl solution. Potassium
dissolved preferentially from the interlayers in both water and
NaCl solution, but the high concentration of Na' in 1 M NaCl
solution facilitated ion exchange between Na™ and K' in
phlogopite interlayers'® and thus made the dissolved K con-
centration around 30 times higher than that in water at 159 h.
The different dissolution patterns of phlogopite in pure water
and NaCl solution suggest that salinity does influence the
reaction mechanisms.

So far, most studies on the effect of salinity on mineral
dissolution have been conducted without the presence of scCO,.
Kuwahara and Aoki reported that phlogopite dissolved prefer-
entially in the order of K > Mg ~ Al > Si within 96 h in 0.01 M
HCl + 0.1 M NaCl solution at elevated temperature (323—
393 K)."> Another study of phlogopite in water at 1 atm CO, and
room temperature regorted that Mg dissolution was preferred
over Si dissolution,'® while the present work shows similar
dissolution rates of Mg and Si. The different behavior of phlo-
gopite at low CO, pressure (1 atm) or in acid solution, and under
GCS conditions (this work), suggests that the reaction mechan-
isms between rock minerals and CO,-saturated saline water
could differ from changes in ambient conditions. Therefore,
further investigations are needed to resolve the reaction pathway
differences.

Effects of Salinity on the Morphological Changes of Phlog-
opite Surfaces. AFM analysis of phlogopite (Figure 3) showed
that solution salinity influenced the size of dissolution pits and
the location, size, and shape of secondary mineral phases. For
all the samples in water (low salinity) and in 1 M NaCl (high
salinity), dissolution pits were the predominant surface feature,
which is consistent with our aqueous solution analysis results
(Figure 2) that indicate the dissolution of species from phlogo-
pite surface. However, in 1 M NaCl solution, the dissolution
pits were much deeper than those in water at the same reaction
time.

The different behavior of phlogopite dissolution in low and
high salinity solutions can be explained by the layered structure of
phlogopite as a 2:1 sheet silicate. The ion-exchange between
aqueous Na™ and phlogopite interlayer K™ caused a swelling of
the phlogopite (Figure 3D)."” Thus, an increase in the interlayer
distance allowed more interlayer surfaces to come in contact with
the aqueous solution, increasing the reactive surface area, and
consequently enhancing phlogopite dissolution. Evidence for
this explanation was obtained from the change of phlogopite
layer thicknesses after reaction (Figure 3C—E). The layer
thicknesses in NaCl solution were in the range of 1.20—
1.60 nm. The nearer the layer is to the surface, the greater the
layer thickness, suggesting that the swelling is more pronounced
for surface layers than inner layers. Furthermore, in NaCl
solution, the dissolution pits that formed on the interlayer
surfaces, as observed by Aldushin et al,'® could serve as defects;
thus, when the upper layer was penetrated and the lower layer
was exposed to the bulk acid solution, the pits facilitated the
dissolution of the lower layer. In water, however, the layer depth
was generally in the range of 1.0—1.2 nm (Figure 3E), which was
only slightly larger than unaltered phlogopite (1 nm).'® The
different layer thicknesses in water and NaCl solution also indicate
that layer expansion was not a manifestation of pulling pressure off
the sample during CO, release at the end of an experiment, because
all experiments followed the same procedures.

The formation of secondary mineral phases was observed in
both water and NaCl solutions. However, the morphology of
new solids in the two reaction systems differed in several ways.
First, the new solid phases in water appeared after only 3 h, which
was faster than in NaCl solution (S h, Figure 3A1,B1). This
phenomenon could be explained by the low aqueous species
activity in NaCl solution due to the high ionic strength. Thus, as
the dissolved species accumulated in the aqueous solution,
supersaturation may first occur in water, although the concentra-
tion in NaCl solution may be higher. Thus, precipitation in water
could occur earlier than in NaCl solution. Our thermodynamic
calculations for the activity of the dissolved species confirmed
that the activities of Mg>" and AI*" in water were higher than in
NaCl solution through the entire reaction period, while K"
activity in water was higher in NaCl solution due to ion-exchange
(Figure S2, Supporting Information).

Second, the location of the new solid was different: in 1 M
NaCl solution, the new particles first appeared near the edges of
dissolution pits, whereas in water, nanoparticles formed on both
terraces and pit edges (Figure 3A1,B1). This effect of salinity can
be related to the system’s supersaturation ratio of secondary
minerals. In water, the higher supersaturation ratio of the poten-
tial secondary mineral phase(s) on phlogopite surfaces makes
nucleation on terraces the predominant process, compared with
that at steps.'” In 1 M NaCl, the lower supersaturation favored
nucleation near steps or kinks to compensate for the free energy
barrier. Consequently, we observed that in NaCl solution, the
precipitates were initially located near the dissolution pit edges,
whereas in water, early stage precipitation formed randomly on
the phlogopite surface (A2 in Figure 3). In addition, the changes
of surface tension in high salinity solution could also affect the
location of secondary mineral phases.

Third, the growth and aggregation of new particles were
different: as the reaction time increased, new particles in NaCl
solution grew and started to aggregate after 22 h, whereas
in water, the particle size did not increase significantly before
70 h. At 3, 8, 22, and 43 h in water, the average particle heights
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Figure 3. Formation of secondary mineral phases (A1 —3 and B1—3) and dissolution pits (C, D, and E) on the phlogopite surface after reaction in water
and in 1 M NaCl at different times. The inset in A3 is an amplitude image for the area framed with the dashed line, and the white arrow indicates the
alignment of the triangular apexes. Image D is enlarged from the small area of image C. The height cross-sections under images C, D, and E correspond to
the white dotted lines in the images. The cartoons at the left corner of D and E height cross-section panels schematically illustrate the phlogopite layer
swelling. The blue diamonds and red dots correspond to the ion exchanged Na* and K™ in the original layer, respectively.

were 3.1 +1.0,3.0 + 0.9, 3.6 + 0.6, and 3.1 & 0.5 nm (based on
measurements of 30 particles, uncertainties are the standard
deviation), respectively, and the horizontal dimensions (in the
longest direction) were 29.4 & 8.1, 37.9 & 6.6, 34.8 & 8.4, and
30.1 & 6.4 nm, respectively. This result suggests that, nucleation,
rather than growth, was the dominated process at the early stage
of particle development in low salinity solution.”® Only after 70 h,
particle aggregation was observed in water (A3 in Figure 3). The
early development of aggregation in NaCl solutions might be the
result of the compressed electric double layer.”® Furthermore,
after 70 h, while the irregular shaped precipitates (amorphous
phases) formed at the same surface without any general trend
(Figure 3A3), some triangular particles appeared on the surface

and lined up in one direction. This observation suggests that
some secondary mineral phases become more crystallized and
grow heteroepitaxially (i.e., following the substrate’s crystal struc-
ture) compared with those particles initially formed.

Effects of the Extent of Water on scCO,-Induced Morpho-
logical Changes of Phlogopite. When phlogopite contacted
scCO,—H,0(g), the formation of dissolution pits and second-
ary mineral phases resulted in significant changes of surface
morphology (Figure 4). Similar to the condition where phlogo-
pite was in contact with scCO,—H,O(1), dissolution pits were
the predominant surface feature in the scCO,—H,O(g) system.
However, the dissolution pit depths in scCO,—H,O(g) were
generally in the range of 1.2—2.0 nm, and a few reached as deep
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Figure 4. Formation of dissolution pits and secondary mineral phases
on phlogopite surfaces after reaction with scCO,—H,O(g) at 102 atm of
CO, and 368 K for different times. Image A, B, and C are in height mode.
The insets in the left bottom corner of A and B are the corresponding
phase mode images for A and B; image D is the corresponding phase
mode image for C. The height cross-sections (i, iii, and v) and the phase
shift cross-sections (ii, iv, and vi) under the images correspond to the
white dotted line in the AFM images. The phase mode can detect
variations in chemical and mechanical properties such as friction and
adhesion. The cartoons at the right bottom corner of A, B, and C
schematically illustrate the dissolution pits and the position of secondary
mineral phases (with yellow and green color).The brown color corre-
sponds to unaltered phlogopite.

as S nm (data not shown). Those pits are deeper than in the
scCO,—H,O(1) system, suggesting that the scCO,—H,0(g)
system is more reactive than the scCO,—H,O(1) system.

The formation of different mineral phases can be detected
based on differences in contrasts in AFM phase image. AFM
analysis showed that the secondary phase formed after only 8 h
and were first observed on the bottom of dissolution pits
(Figure 4B). After a longer reaction time (159 h), the secondary
phase covered larger surface areas (Figure 4C,D), which is
evident by the similar phase shift values (15—20°) for the new
phases at pit bottom at 8 and 159 h. This new layer (or surface
coating) could consist of a thin film of the newly formed phase or
aleached layer as a result of incongruent dissolution. At the same
time, isolated nanoscale precipitates also formed on both the
unaltered surface and the new layer (Figure 4C and 4D). The
nanoparticles were different from the surface coating, indicated
by the higher phase shift values (Figure 4 cartoons and the phase
cross-section panels).

McGrail et al. stated that in a scCO,—H,0O(g) system, water is
present as a gas, and there is no liquid phase.13 However, Lin et al.
proposed that a thin water film may be adsorbed on mineral

surfaces, and because CO, diffused into this thin water film more
easily than the bulk water in the scCO,—H,0(1) system, the
scCO,—H,0(g) system should have higher reactivity.”' Our
result suggests that a thin water layer is indeed present, and it can
accommodate the dissolved species from phlogopite, as evident
by the formation of dissolution pits, new phase layers, and
nanoparticles.

Identification of the Secondary Mineral Phases. DRIFTS
spectra of powdered samples (Figure SA) showed peaks in the
900—1200 cm ™' range, attributed to Si—O bands.** For the
scCO,—H,0(1)—phlogopite system, the peak area was 2.2 times
larger than that of unreacted phlogopite and 1.3 times larger than
that of scCO,—NaCl—phlogopite. The area of the small peak at
815 cm %, attributed to AI—O bands,** was 1.4 times larger for
scCO,—H,0(1)—phlogopite than for unreacted phlogopite and
1.2 times larger than for scCO,—NaCl—phlogopite. Therefore,
in water, more secondary mineral phases containing Si—O bands
and, to a lesser extent, AI—O bands formed than in NaCl
solution. In the scCO,—H,0(g) system, after 159 h reaction,
the Si—O bands only slightly increased, compared with un-
reacted phlogopite, suggesting that the reaction is limited by the
extent of water on the phlogopite surface.

The HR-TEM analysis showed that a significant amount of an
amorphous material, indicated by the electron diffraction pattern, was
present in the scCO,—H,O(1)—phlogopite system (Figure SB).
Combining the result from DRIFTS (significant amount of Si—O
bands were formed after reaction) and a previous study providing the
morphology of synthesized amorphous silica,”® we concluded that the
particles in Figure SB are likely to be amorphous silica. Kaolinite
[ALSi,O5(OH),], diaspore [0-AIO(OH)], boehmite [y-AlO-
(OH)], and gibbsite [Al(OH);] were identified with HR-TEM
based on the electron diffraction patterns and their morphologies, but
their abundance was much less than that of amorphous silica, which is
consistent with our findings in DRIFTS. These crystallized minerals
are likely to correspond to the facet structures that we found on AFM
images (Figure 3A3). In our previous study, we demonstrated that
amorphous silica (major) and kaolinite were the products of a
scCO,—NaCl—phlogopite system.® Compared with a 1 M NaCl
system, more amorphous silica and aluminum-containing minerals
were observed on the HR-TEM grids for the scCO,—H,O(l)—
phlogopite system, suggesting that low salinity allowed more second-
ary mineral phases to remain in the bulk solution. Although
synchrotron-based HR-XRD analysis was also conducted, no new
peaks other than phlogopite were identified. This result suggests that
either the amount of crystalline minerals was too small to be detected
or that the main secondary mineral phase was amorphous.

Environmental Implications. Salinity, an important envir-
onmental factor, was found to influence both phlogopite dis-
solution and secondary mineral formation under GCS con-
ditions. In this work we demonstrated that low salinity solutions
can enhance the formation of nanoscale secondary mineral
phases. Although the amount of new particles was not significant,
compared with the preexisting minerals, it may significantly
change the permeability of the reservoir rocks or caprocks by
clogging the nanoscale pore throats.>®

Furthermore, we reported that scCO,-induced reactions occur
not only with rocks in contact with acidified saline water but also
with those in contact with scCO,—H,O(g). The formation of
spreading secondary minerals, which are less soluble than the
original rock, will change the chemical and physical properties of
rocks that contain clay minerals. First, as a surface coating, they
will decrease the reactivities of reservoir rocks, as Nugent et al.
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Figure 5. DRIFTS (A) and TEM (B) results for secondary mineral phase identification. DRIFTS spectra are for phlogopite powder before and after
reacting in scCO,—H,0(1), scCO,—1 M NaCl solution, and scCO,—H,0(g) under 102 atm and 368 K, respectively for 159 h. The TEM image is for
amorphous silica particles in the supernatant of powdered phlogopite after reaction with CO, in water for 159 h. The inset in B is the electron diffraction

pattern collected from the area pointed by the dashed lines.

suggested.24 So far, all the modeling work assumes that the
minerals dissolve with constant reaction rates; however, this
work suggests that rocks initially in contact with scCO,—
H,0(g), and later in contact with saline water due to the
dissolution of scCQO,, will have different reactivities from unal-
tered minerals (regime A — regime B in Figure 1). Second, the
formation of a surface coating will change the wettability of
reservoir rocks and caprocks and consequently influence the
transport of scCO,. Under our experimental conditions, forma-
tion of surface coatings on phlogopite occurred less than a week
after CO, injection. While scCO,’s transport in the formation
rock can be hindered by the formation of surface coatings, the
coating can also beneficially contribute to sealing the caprock at
the host rock/cap rock interfaces. Therefore, the surface coatings
or nanoparticle formation can be an important consideration in
designing a safer GCS site.

B ASSOCIATED CONTENT

© Ssupporting Information. Descriptions of the experimen-
tal methods, three figures (experimental setup, activity of metal
ions in different salinity solutions, and HR-TEM results), and
two tables (experimental parameters and the result from N,
control experiments) are available free of charge via the Internet

at http://pubs.acs.org.
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