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Abstract—The dissolution of chlorite with intermediate Fe-content was studied macroscopically via mixed
flow experiments as well as microscopically via atomic force microscopy (AFM). BET surface area normal-
ized steady state dissolution rates at 25 °C for pH 2 to 5 vary betweett add 10 *3 mol/nm?s. The order

of the dissolution reaction with respect to protons was calculated to be about 0.29. For pH 2 to 4, chlorite was
found to dissolve non-stoichiometrically, with a preferred release of the octahedrally coordinated cations. The
additional release of octahedrally coordinated cations may be due to the transformation of chlorite to
interstratified chlorite/vermiculite from the grain edges inward.

In-situ atomic force microscopy performed on the basal surfaces of a chlorite sample, which has been
preconditioned at pH 2 for several months, indicated a defect controlled dissolution mechanism. Molecular
steps with height differences which correspond to the different subunits of chlorite, e.g. TOT sheet and brucite
like layer, originated at surface defects such or compositional inhomogenities or cracks, which may be due to
the deformation history of the chlorite sample. In contrast to other sheet silicates, at pH 2 nanoscale etch pits
occur on the chlorite basal surfaces within flat terraces terminated by a TOT-sheet as well as within the brucite
like layer. The chlorite basal surface dissolves layer by layer, because most of the surface defects are only
expressed through single TOT or brucite-like layers. The defect controlled dissolution mechanism favours
dissolution of molecular steps on the basal surfaces compared to dissolution of the grain edges. At pH 2 the

dissolution of the chlorite basal surface is dominated by the retreat of 14 A steps, representing one chlorite unit
cell.

The macroscopic and microscopic chlorite dissolution rates can be linked via the reactive surface area as
identified by AFM. The reactive surface area with respect to dissolution consists of only 0.2% of the
BET-surface area. A dissolution rate of 2510 ° mol/n?s was calculated from macroscopic and micro-
scopic dissolution experiments at pH 2, when normalized to the reactive surface @opgright © 2003
Elsevier Science Ltd

1. INTRODUCTION transport of contaminants (e.g., heavy metals, radionuclides)
through such a system (Arnold et al., 2001).

To unravel the mechanism for the dissolution of chlorite, a
detailed knowledge of the stoichiometry and the dissolution
rate as well as the reactive surface area involved with the
dissolution reaction is needed. Mixed-flow reactor experiments
can be used as a tool to quantify surface reaction controlled
dissolution. For chlorite, macroscopic dissolution rates in the
acid pH range obtained from such experiments are limited to a
few studies only (Ross, 1969; May et al., 1995; Rochelle et al.,
1996; Salmon and Malmsino, 2001; Lowson et al., 2002).
According to these studies, the BET-surface area normalized,
steady state dissolution rate obtained far from equilibrium
under acidic conditions varies between & mol/n?s for pH
3 and 10*® mol/nPs for the neutral pH range (May et al.,
1995; Lowson et al., 2002). In some studies, Chlorite dissolu-
tion in the acid pH range is reported to be incongruent, i.e., the
octahedrally coordinated cations Mg, Fe, Al are released at a
higher rate than Si (May et al., 1995).

Apart from the element release rate, which can directly be
determined from macroscopic dissolution experiments, the re-
active surface area, to which these rates should be normalized,
is a critical parameter with regard to the dissolution reaction.
*Author to whom correspondence should be addressed Macroscopic dissolution studies in general assume that the
(felix@ine.fzk.de). BET surface area is identical with the reactive surface area.
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In nature, primary chlorite, which has been formed under
metamorphic conditions, is unstable under acidic weathering
conditions (Barnhisel and Bertsch, 1989). Due to its structural
complexity and chemical variability, the dissolution of chlorite
involves several mechanisms (Coffman and Fanning, 1975;
Herbillon and Makumbi, 1975; Adams, 1976; Bain, 1977;
Adams and Kassim, 1983). Primary chlorites can transform
into regularly and irregularly interstratified vermiculite/smec-
tite as a consequence of preferential leaching of certain cations
from the chlorite structure (Banfield and Murakami, 1998). A
further consequence of the preferential cation release is the
potential precipitation of secondary phases on the primary or
altered chlorite phases. Because of their high specific surface
area and their high affinity for many contaminants (e.g., heavy
metals, radionuclides), hydrous ferrous oxide (HFO) phases are
important secondary precipitates which form coatings on min-
eral substrates (Hochella et al., 1999; Krawczykdsh et al.,
2001). The altered chlorite and the secondary HFO phases
control the chemical behavior of phyllite rocks with respect to
many geochemical processes in the environment including the
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Table 1. Chemical composition of the chlorite samples.

Chlorite CCa-2 Flagstaff =~ Chlorite Maln

Hill, California Mangalapur, India
SO, 26,15 26,83
Al,Oq4 21,13 21,64
Fe,0; 5,93 6,07
FeO 17,20 133
MgO 17,73 20,67
Loss on Ignition (LOI) 9.23 9,95
) 97,37 98,46

Determined by EMP except for FeO, determined by titration.

Often a linear relationship between the BET surface area and
the dissolution rate is assumed and that this relationship is
independent of pH and temperature (Ganor et al., 1995). How-
ever, there are numerous examples where there is no linear
relationship between the BET surface area and the dissolution
rate, indicating that the reactive surface areais not equivalent to
the BET surface area. Various recent studies have demonstrated
that the dissolution of sheet silicates is limited to small frac-
tions of the overall surface (Rufe and Hochella Jr., 1999;
Boshach et al., 2000; Bickmore et a., 2001). Here, we have
used the same chlorite samples in a combination of experiments
on the microscopic and the microscopic scale in order identify
the reactive surface area and the mechanisms controlling the
kinetics of cation release during chlorite dissolution in the acid
pH-range.

2. MATERIAL AND METHODS
2.1. Sample Description

Chlorite schists from (1) Flagstaff Hill, California, the source clay
standard CCa-2 from the Clay Minerals Society, and (2) from Man-
gadapur, India (Mal n), which was obtained from the mineral collection
of the Institut fir Mineralogie, Universitdt Munster (Germany), were
used to prepare chlorite suspensions for this study.

2.1.1. Sample composition

Both samples were analysed for impurities intergrown with chlorite
using X-ray diffraction (XRD), electron microprobe (EMP) and scan-
ning electron microscopy (SEM). Within the detection limit of XRD
(~5%) both samples are pure chlorite. EMP revealed small amounts of
impurities (<1%) of illmenite and titanite (only CCa-2). The average
chlorite compositions (Table 1) were determined from electron micro-
probe analysis (EMP) and titration of each completely dissolved chlo-
rite sample for Fe?*/Fe** (method described in detail in Herrmann,
1975) as.

CCar2 (MOssiF€”" 5,00F€™" .04Al248)[Sis 33Al266020] (OH)1s (1)

Maln (Mgs 33F€" 527" 0.93Al48)[Sis 3Al266020] (OH)1s  (2)

In general, structural refinements based on XRD and Mossbauer
spectroscopy indicate a systematic ordering scheme for the distribution
of cations in the chlorite structure with its TOT and brucite-like layer
(Joswig et a., 1980; Rule and Bailey, 1987; Lougear et a., 2000).
According to this ordering scheme, Si exclusively occupies tetrahedral
sitesin the TOT sheet. The tetrahedral sites not occupied by Si arefilled
up with Al. Further Al is supposed to be octahedrally coordinated and
placed in the brucite-like layer (Steinfink, 1958a; Steinfink, 1958b;
Steinfink, 1961; Brindley and Brown, 1984). The symmetry of the Fe
distribution between the TOT and brucite-like layers (Table 2) can be
roughly estimated from the intensities of the (002), (003), (004) and
(005) XRD basal reflections (Brindley and Brown, 1984; Moore and

Table 2. Distribution of cations in the chlorite structure based on the
model presented in the text.

Number of atoms in

the TOT-layer s A Mg Fe(l)® Fe(ll1)®
CCa2 533 267 338 1.68 0.94
Maln 533 267 344 1.67 0.89
Number of atoms in
the brucite layer Alle Mg Fe(11)t® Fe(111)t®
CCa2 2.48 216 134 -
Maln 247 2.89 0.64 -

Reynolds, 1997). Mossbauer and molecular orbital studies indicate that
Fe?* ismost likely located in the octahedrally coordinated M1 and M2
positions of the TOT sheet (Lougear et a., 2000). Mg occupies those
octahedral sites left over after Fe and Al are distributed over the
structure.

According to this ordering scheme, one major crystal chemical
difference between the two chlorite samples used in this study isthat in
sample CCa-2 ~33% of the total Fe is located in the brucite layer, but
only 20% of the total Fe in the Maln. The TOT sheets of the two
samples are quite similar in their composition (Table 2).

2.1.2. Sample preparation

For the mixed flow reactor (MFR) experiments, chlorite powders
were prepared from chlorite schists. First the chlorite schists were
mechanically broken to pieces in the cm-range. These pieces were
subjected to heating-cooling cycles (—200°C to room temperature)
using liquid nitrogen. Compared to breaking down the sample with a
ball mill, this procedure should minimize mechanical and chemical
alteration of the sample due to the preparation. Mechanical and chem-
ical ateration could potentially affect the dissolution behaviour, e.g.,
the time until steady state is reached. The size fraction 63 to 200 um
was obtained by sieving and used for the macroscopic experiments. For
the microscopic experiments the size fraction 63 to 10 um was used
because it was less difficult to prepare for the AFM measurements.
After these preparation steps, no impurities were found in the final
chlorite samples with X-ray diffraction or electron microscopy. There-
fore, illmenite and titanite are enriched in a size fraction which is not
used for the experiments presented here.

2.1.3. The specific surface area

Surface reaction controlled mineral dissolution rates are afunction of
the number of the reactive sites at the mineral/sol ution interface. Within
the framework of transition state theory, the number of the reactive
sites depends on the density of activated complex sites on the mineral
surfaces (a function of pH) and the amount of surface area exposed to
solution that contains theses sites (Nagy, 1995). Therefore, the mineral
surface area represents an important parameter that is used to extrap-
olate from the atomic surface to the field scale (White and Brantley,
1995).

Various approaches have been used to determine the mineral surface
area. In studies, where the dissolution of single crystals was examined,
the geometric surface area (GSA) was determined from the lengths and
widths of individual crystal surfaces using light microscopy (e.g.,
Turpault and Trotignon, 1994) or electron microscopy. For powders,
the specific surface area is commonly determined by the BET gas
adsorption method (Brunauer et al., 1938).

Commonly macroscopic dissolution studies implicitly assume that
the dissolution rate is directly proportional to the BET surface area
(May et a., 1995; Mamstrom et a., 1996; Mamstrom and Banwart,
1997; Cama et al., 1999; Metz and Ganor, 2001). However, there are
numerous examples where no linear relationship between BET surface
area and dissolution rate exists, indicating that the reactive surface area
of some mineras is different from the total surface area as measured
with the BET method (several examples reviewed in Brantley and
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Table 3a. Chlorite steady state dissol ution rates and experimental conditions for the MFR experiments conducted in this study. All experiments were
performed at 25°C. The highlighted concentrations were used for the speciation calculations presented in table 3b.

Steady state Measured Steady state
Chlorite pH concentration Pump rate after rate [10~12

Experiment No. sample Element (effluent) lonic strength [pemol/1] [ml/min] [hours] mol/m?s]
1 Maln S 1.99 not adjusted 0.93 0.84 = 0.008 70.25 3.00 = 0.45
1 Maln Si 1.89 not adjusted 0.86 0.84 = 0.008 380480 270 £ 041
1 Maln Fe 1.89 not adjusted 0.90 0.84 = 0.008 431-521 4.87 =073
1 Maln Mg 1.89 not adjusted 177 0.84 = 0.008 431-521 5.36 = 0.80
1 Maln Al 1.89 not adjusted 167 0.84 = 0.008 431-521 5.60 + 0.80
2 CCa-2 Si 210 not adjusted 0.78 0.73 = 0.007 408473 321035
2 CCa2 Fe 2.10 not adjusted 091 0.73 = 0.007 300473 518 + 0.78
2 CCa-2 Mg 210 not adjusted 142 0.73 = 0.007 473 5.36 = 0.80
2 CCa2 Al 2.10 not adjusted 1.26 0.73 = 0.007 473 5.60 + 0.84
3 CCa-2 Si 1.95 0.1 mol/l NaClO, 0.50 0.96 = 0.01 90-200 275+ 042
3 CCa2 Fe 1.95 0.1 mol/l NaClO, 0.64 0.96 = 0.01 90-200 471+ 071
4 CCa2 Fe 1.96 0.1 mol/l NaClO, 091 0.82 = 0.01 112-140 532 +0.80
4 CCa2 Mg 1.96 0.1 mol/l NaClO, 1.26 0.82 = 0.01 112-140 5.88 = 0.88
4 CCa2 Al 1.96 0.1 mol/l NaClO, 1.26 0.82 = 0.01 112-140 5.94 + 0.89
5 CCa2 S 297 0.1 mol/l NaClO, 0.45 0.79 168-220 2.00 = 0.30
6 CCa2 Si 311 0.1 mol/l NaClO, 0.63 0.67 170-453 247 + 037
5 CCa-2 Fe 297 0.1 mol/l NaClO, 0.37 0.79 168-220 227 +034
6 CCa2 Fe 311 0.1 mol/l NaClO, 0.76 0.67 170-453 391 + 059
7 CCa-2 Fe 3.01 0.1mol/l NaClO, 0.59 0.80 146-190 3.77 £ 0.56
7 CCa2 Mg 3.01 0.1mol/l NaClO, 1.01 0.80 146-190 2.85+ 043
7 CCa-2 Al 3.01 0.1mol/l NaClO, 0.90 0.80 146-190 2.80 = 0.30
8 CCa2 Si 3.98 0.1mol/l NaClO, 0.21 054 160-200 0.65 + 0.10
8 CCa-2 Fe 3.98 0.1mol/l NaClO, 0.33 054 160-200 1.33+0.20
9 CCa2 Mg 4.05 0.1mol/l NaClO, 0.42 0.93 117-168 172 + 0.26
9 CCa-2 Al 4.05 0.1mol/l NaClO, 0.38 0.93 117-168 1.88 + 0.28
10 CCa2 Si 5.30 0.1mol/l NaClO, 0.23 0.83 98-145 110 + 0.17
10 CCa-2 Fe 5.30 0.1mol/l NaClO, 0.20 0.83 73-145 1.30 + 0.20
11 CCa-2 Fe 5.10 0.1mol/l NaClO, 0.48 0.60 73 123+ 0.25
11 CCa-2 Fe 5.10 0.1mol/l NaClO, 0.36 0.91 170-194 145+ 0.17
11 CCa-2 Mg 5.10 0.1mol/l NaClO, 0.22-0.40 0.60-0.91 70-170 141+ 0.16
11 CCa-2 Al 5.10 0.1mol/l NaClO, 0.29-0.57 0.60-0.91 120-194 1.64 + 0.25

Chen, 1995). Therefore we have determined not only the BET surface
area, but also the GSA and the surface roughness of some of the
chlorite samples used in this study. The surface roughness can be
characterized quantitatively as the ratio BET surface area/geometric
surface area (Helgeson et al., 1984).

The BET surface area was determined by a single point N,-BET
method as. CCa-2: 1.1 (+ 0.1) m?g, Maln: 1.6 (+ 0.16) m?g. The
geometric surface area (GSA) of the chlorite CCa-2 sample was deter-
mined from SEM observations of representative particles of the 63 to
200um grain size fraction and varies between 0.06 m?/g for large
particles and 0.19 m%g for small particles. An average GSA was
calculated to be 0.12 (+ 0.05) m?/g. Thisindicates a surface roughness
of around 9 (+ 3) for this sample. Microscopic examination of the fresh
chlorite sample with the atomic force microscope indicates that the
basal surfaces are very smooth except for cracks within the basal
surfaces. However, these cracks amount to no more than ~1% of the
total basal surface area. Therefore, the high surface roughness can very
likely be attributed to the rugged edges of the chlorite crystals.

Recent studies have utilized AFM for the in-situ study of phyllosili-
cate dissolution to quantify the reactive surface area (Rufe and Hoch-
ella Jr., 1999; Bosbach et a., 2000; Bickmore et a., 2001). For small
clay particles such as hectorite and nontronite and for micas such as
phlogopite, the basal surfaces are nearly inert during dissolution,
whereas the edge surfaces are highly reactive during dissolution. For
the chlorite CCa2 sample used in this study, SEM observations indi-
cate that the edge surfaces make up ~20% of the GSA, whereas the
basal surface area (BSA) makes up ~80% of the GSA.

2.2. Macroscopic Mixed-Flow Reactor Experiments

To obtain a bulk dissolution rate, experiments were performed in
mixed-flow reactors (MFR). The experimental set up consists of a

polyacryl reactor with a volume of 45 mL and a peristaltic pump.
Typicaly MFR experiments were run for 200 h at pump rates between
0.5 (*+0.005) and 1 (*0.01) mi/min. Dissolution experiments were
carried out in solutions comprised of Milli-Q water (18.2 m(}), HCI
(ultrapure, Merck), and high purity NaClO, (99,9%, Merck) as back-
ground electrolyte. No additional additives or buffers were used. Sam-
ples of 50 mL were collected periodically in PTFA containers and
immediately preserved for further analysis. The pH of each sample was
measured with an accuracy of 0.04 pH units at the time it was sampled
using a WTW inoLab 3 pH-meter equipped with a WTW Sentix 21
electrode.

The concentrations of Si and Fe were determined with a UV/VIS
photometer using commercially available colorimetric methods (Merck
product numbers 1.14764.0001, 1.14761.0001). Mg, Al and control
measurements for Fe concentrations were performed using ICP-MS
(Perkin EImer Elan 5000). Within the experimental error of ~5% the
Fe ICP-MS and colorimetric measurements were in good agreement.

During the MFR experiments, solution was pumped through the
reactor at 0.5 to 1 mL/min. The solution entered and left the reaction
vessel through 0.45 um teflon filters (Millipore HVLP type). For each
experiment 0.5g of chlorite powder were placed in the reactor. During
the experiment the reactor was kept at 25+1°C by a thermostat. The
chlorite suspension was continuously stirred by a suspended magnetic
teflon stirring bar. Similar studies with biotite have shown, that the
reaction history may alter the dissolution rate (Acker and Bricker,
1995). Therefore our dissolution experiments were conducted as single
pH experiments starting with fresh chlorite samples.

To avoid affinity effects on the dissolution rate or the precipitation of
secondary phases, al experiments were conducted far from equilibrium
with respect to chlorite by adjusting the amount of chlorite and the
pump rate (effluent concentrations of each element are presented in
Table 3). The saturation index of the solution with respect to other
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Table 3b. Saturation indices for selected phases cal culated with the speciation program PHREEQC (Parkhurst & Appelo, 1999) for the experimental

steady state concentrations of each element.

Saturation index = 10g10 (ion activity product/solubility product)

Phase Chemical composition pH 2 pH 3 pH 4 pH 5
Beidellite Mo 165212 3351 3.67010(OH)» -29.11 —23.05 —18.47 -11.17
Boehmite AlO(OH) -8.07 -5.33 —2.73 021
Brucite Mg(OH), —18.40 —16.64 —15.02 —13.08
Chamosite Fe,AlLSiO5(OH), —58.38 —48.22 —40.68 -3213
Clinochlore MgsAl,Si30;4(OH)g —96.76 —82.98 -71.11 —55.44
Fe(OH), Fe(OH), -2317 —20.75 —19.34 —18.02
Fe(OH); () Fe(OH),4 —6.61 —4.18 —2.78 —1.46
Goethite FeOOH —1.50 0.93 2.33 3.65
Kaolinite Al,Si,Og(OH), —19.83 —14.69 -10.43 —4.49
Nontronite Mo 165F €Al 5 33515 67H2012 -12.82 —7.39 —-521 —-114
SO, (a SO, -3.29 —3.46 -394 -3.90

phases which potentially precipitate (Table 3) was calculated for the
respective steady state conditions with the speciation program PHRE-
EQC (Parkhurst and Appelo, 1999). The speciation calculations were
performed using the database from ‘thermo.com.V8.R6.230" prepared
by Jim Johnson at Lawrence Livermore National Laboratory.

Dissolution rates for mixed-flow reactor experiments can be calcu-
lated according to the following equation (Chou and Wollast, 1984;
Knauss and Wolery, 1988; Knauss and Wolery, 1989; Nagy et a.,
1991; Nagy and Lasaga, 1992):

F

e T

AC; (©)
where Ac; represents the concentration difference between the inlet and
the outlet concentration of the ith element in solution, F for the fluid
flow rate, v; represents the stoichiometric number of moles of the i™"
element in one mole of chlorite, A is the specific surface area of the
chlorite sample, m the mass of chlorite present in the reactor.

Thetotal error of the rate is estimated to be around 15%, considering
the uncertainties in the determination of A, Ac; and the fluid flow rate.
Thisvaueisin the range of the standard deviation of dissolution rates
calculated from repetitive experiments at pH 2 and pH 4.

2.3. Microscopic Experiments

In contrast to earlier studies, where the sample was preetched for
in-situ dissolution experiments (Rufe and Hochella Jr., 1999), we have
used a sample which was preconditioned under steady state conditions.
This enabled us to study the dissolution of a chlorite basal surface with
a surface topography equilibrated to the conditions of the dissolution
experiment. Microscopic dissolution experiments were performed on
the chlorite CCa-2 sample from a 3 month steady state dissolution
experiment performed at pH 2 and 25°C. The dissolution of this
chlorite (001) surface was studied in-situ on a molecular scale using a
Digital Instruments Nanoscope |lla Multimode atomic force micro-
scope (AFM) with acommercially available fluid cell. All images were
obtained with the AFM operating in tapping mode (TM-AFM) using Si
single crystal high aspect-ratio tips.

A suspension of chlorite (~0.15 g/L, grain size 10 to 63 um) was
mounted onto a sample holder which was coated by a thin layer of
Tempfix® (Neubauer Chemicals, Germany. Technique described in
detail by Bickmore et a., 1999). Tempfix® is a thermoplastic adhesive
polymer that has similar properties as PE and is completely inert in the
acid pH-range (Neubauer Chemikalien, personal communication). The
chlorite particles were allowed to sediment from suspension. Asaresult
of this sedimentation technique the chlorite grains were firmly attached
with their basal (001) surface to the Tempfix®.

During the in-situ dissolution experiments, dissolution of the (001)
surface proceeds via removal of material from molecular steps. AFM
can be used to directly measure the step retreat rates. The step retreat
rate was determined from a sequence of images using the WSxM
(Nanotech electronica, Spain) and imagetool analysis (UTHSCSA,

Texas) software. Dissolution rates were derived from a sequence of two
images of dissolving chlorite as (Rufe and Hochella Jr., 1999):

AVIV,,

rate = ) 4

where AV is the volume of chlorite removed from respective feature on
the chlorite surface, V., is the molar volume of the chlorite (based on
a complete formula unit), t is the time interval, and SA is the surface
area determined as length x height of the steps. Dissolution rates were
normalized to the edge surface area (ESA) of the {hk(0} edges of the
respective surface feature in the first image of each sequence.

Microscopic dissolution experiments were performed at pH 2 and 29
°C. The temperature of 29°C is due to minor warming up of the AFM
fluid cell by the electronic devices of the AFM during the in-situ
experiments. The original dissolution rates were recalculated to 25 °C
assuming an dependency of the rates with temperature following the
empirical Arrhenius equation:

a

rate = A exp (ﬁ) 5)

where A designates a preexponentid factor, E, refers to the activation
energy, R is the gas congtant and T is the temperature in K. For the
dissolution of sheet silicates, depending on pH an activation energy of 45
to 88 kI/moal has been reported (Nagy, 1995). For the recalculation of our
rates to 25°C we have assumed an activation energy of 60 kdmol.

3. RESULTS AND DISCUSSION
3.1. Macroscopic Studies
3.1.1. Initial rate vs. steady state rate

The evolution of the dissolution rate with time (Fig. 1) for all
our experiments shows the typical behaviour observed for
mixed-flow experiments with sheet silicates (e.g., Mamstrom
and Banwart, 1997; Metz and Ganor, 2001): (1) After aninitial
dissolution phase of ~50 h with a higher rate follows; (2) a
steady state with a time independent rate.

The higher rates measured at the beginning of the experi-
ments are due to dissolution of high energy surface sites, highly
strained areas on large grains and ultrafine particles (Chou and
Wollast, 1984; Knauss and Wolery, 1989; Wherli, 1989; Casey
and Bunker, 1990). Within this study, steady state is defined to
be reached, when the dissolution rate as a function of time
remains constant within the experimental error. In general,
steady state dissolution was reached during our experiments
within the first 48 h with BET-surface area normalized rates
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Fig. 1. Temporal evolution of the dissolution rate during a mixed-
flow experiment with chlorite CCa2 at pH 2 and 25°C with 0.1n
NaClO, background electrolyte. All macroscopic dissolution rates are
normalized to the chemical composition and to the BET-surface area of
chlorite sample.

ranging in the order of 10~*2 to 10~ ** mol/m?s (Fig. 2, Table
3).
The steady state rates as determined in this study are dightly
higher than the chlorite dissolution rate calculated from multi
minera batch experiments by Salmon and Malmstrom (2001;
Table 4) at pH 3.5. Lowson et a. (2002) obtained avery similar
dissolution rate as in this study for pH 5, but slightly higher
rates for lower pH values. This may be due to the experimental
conditions. In contrast to our study, Lowson et a. (2002) used
a potassium hydrogen phthalate buffer for the pH range 3to 5

-1

log rate

-12

Fig. 2. Average steady-state dissolution rates of chlorite sample
CCa2 as a function of pH calculated from the release rate of the
specific cation at 25°C with 0.1n NaClO, background electrolyte .

to maintain constant pH conditions during the MFR experi-
ments. Furthermore, the differences between the dissolution
rates generated in this study and in those of previous workers
may be due to aqueous solution compositional effects of one or
more of the constituent metals, which are also dependent on the
experimental conditions such as pump rate and/or use of a
buffer.

3.1.2. Soichiometry of the dissolution reaction

In addition to the absolute dissolution rate, element release
rates can be used to gather information about the stoichiometry
of the dissolution reaction. For most sheet silicates congruent
dissolution is reported for steady state conditions (Caroll and
Walther, 1990; Nagy et a., 1991; Cama et d., 1994; Metz and
Ganor, 2001). Incongruent dissolution is typical for the initial
dissolution phase of many silicates (Caroll-Webb and Walther,
1988; Nagy, 1995; Oelkers, 2001a). Under steady state condi-
tions incongruent dissolution of biotite was found to coincide
with the formation of vermiculite (Mamstrom and Banwart,
1997). However, Malmstrom and Banwart (1997) hypothesized
that the incongruent dissol ution observed within the time frame
of their experiments will eventually lead to a congruent disso-
lution. For a Mg-rich chlorite, May et a. (1995) report incon-
gruent steady state dissolution at pH 3 to 5 and 25°C.

In our experiments, Si was released at a lower rate than the
other cations (Al, Mg, Fe) from both chlorite samples, even
when steady state was reached at pH 2. The Si release rates
normalized to the chemical composition and specific surface
area are only ~50 to 60% of the other cations normalized
release rates (Table 3). The normalized cation release rates
follow the sequence Al > Mg > Fe > Si, which is similar to
the relative content of each cation in the brucite-like layer. In
both samples, amost 50% of the total Al is located in the
brucite-like layer. Only 20% of the total Fein sample Maln and
33% of the total Fe in sample CCa-2 are located in the brucite-
like layer. Based on the assumption, that al cations of the
TOT-sheet are released at the same rate as Si, and taking into
account the cation distribution presented above, the brucite-like
layer dissolves ~2 to 2.5 times faster than the TOT sheet.

Our macroscopic experiments with chlorite CCa-2 indicate a
similar preferential release of octahedrally coordinated cations
for the pH range up to pH 4. For pH 3 and 4 (0.1mol/L
NaClO,), S dissolution rates are ~60 to 70% of the other
cations. For pH 5 no significant difference in the steady state
rates of Si and the other cations was observed.

Long term experiments with CCa-2 have shown, that disso-
lution remains incongruent with respect to Si. Chemical anal-
ysisof Feand Si of samples taken from along term steady state
dissolution experiment at pH 2, 25°C indicate incongruent
dissolution even after 2000 h and a similar degree of non-
stoichiometry as in the short term experiments. We hypothe-
size, that the brucite-like layer is leached from the grain edges
inward

For the acid chlorite weathering a preferred dissolution of the
brucite-like layer was also observed for Mg-chlorites (May et
a., 1995). In fact, several studies (Table 4) indicate that chlo-
rite dissolves incongruently under all pH conditions except for
the near neutral pH-range (May et al., 1995; Malmstrom et al.,
1996; Rochelle et ., 1996). For the basic pH range, apreferred
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Table 4. Chlorite steady state dissolution rates as determined in earlier studies.
pH Sample Dissolution rate [10~*?mol/m?s]
Si Al Mg Fe Reference
35 Chlorite (chemical composition not specified) 0.14 - - - Salmon et al. 2001
5 Mg-clinochlore 0.3 - - - May et al. 1995
(M gQ.BAl 1.8Fez+0.2Fe3+0.2)[S| GOAI 2.0020] (OH)16
8.2 Mg-chlorite 26 - 5.8 - Malmstrom et al.
(M gQ.BAl 1.4Fez+0.2Fe3+0.2)[S| 70A| 1.0020] (OH)16 1996
7.7 Fe-chlorite (source clay) 0.35 - 0.25 - Rochelle et al.
(M5 36A12,62F€3.04) [ Sis 56 2.46020] (OH) 16 050 1996
9.9 Fe-chlorite (source clay) 1.00 - 0:50 - Rochelle et al.
(Mgs 56Al 2.62F%.9_4) [Siss6Al12.46020] (OH)16 1996
125 Fe-chlorite (source clay) 6 1.50 - 0.20 Rochelle et al.
(M0s.36A2.62F€3.04)[Sis 56 2.46020] (OH) 16 1996

dissolution of the TOT sheet has been reported (Rochelle et a.,
1996).

Experiments with and without 0.1mol/L NaClO, indicate
only small effects of ionic strength (Table 3). The dissolution
rate of CCa-2 at pH 2 is dightly lower in the presence of the
background electrolyte, but remains incongruent with a rate
derived from Si measurements that is only 50% of the rate
calculated for the other cations.

3.1.3. Deviation from equilibrium

The saturation index for relevant phases that might precipi-
tate during the mixed-flow reactor experiments was calculated
for the experimental conditions using the speciation program
PHREEQC (Parkhurst and Appelo, 1999). Our calculations
indicate (Table 3), that some experiments were supersaturated
with respect to several iron phases, which are not likely to
precipitate within the time scale of our experiments. The amor-
phous Fe-phases, which may precipitate very quickly when
supersaturated, were undersaturated. Although the solubility of
these amorphous Fe-phases is not well defined, calculations
with the PHREEQC database (log K, for Fe(OH); (am) =
—12.56) indicate that all experiments were undersaturated with
respect to amorphous iron phases.

Solubility data for hydrous aluminium silicate phases (HAS)
are not available within the databases used in this study. There-
fore we cannot definitely exclude the fact, that secondary
phases may have formed. Even if Hematite and Goethite or
HAS were formed, these particles would very likely be smaller
than the filter pore size of 450 nm (Schwertmann and Cornell,
2000). Therefore these particles may have been small enough to
leave the mixed-flow reactor through the filter.

3.1.4. Effect of pH

The dependency of surface reaction controlled dissolution
rates far from equilibrium as afunction of pH is often described
by an empirical rate law (Blum and Lasaga, 1988; Stumm and
Wollast, 1990)

R =ky[H]™ + ko + kou[H]" (6)

where k,,, ko and kg, are the rate constants and n and m the
reaction orders. The reaction order m as determined by linear

regression from our experimental data (0.1 mol/L NaClO,
background electrolyte, HCI) in the pH range between 2 and 4
is ~0.29 + 0.05 for al cations (Fig. 2). This is considerably
lower than what has been reported for the acid dissolution of
Mg-rich chlorites (m = 0.5; May et al., 1995) in H,SO, and Fe
chlorites (m = 0.6 Lowson et a., 2002), which were dissolved
in buffered potassum hydrogen phthalate/HCl solutions.
Therefore, the presence of an organic buffer may influence the
dependency of the dissolution rate as a function of pH. Also,
the differences in the hydrogen reaction orders may be an
artefact due to solution compositional effects, which may be
generated by variation of experimental conditions such as the
pump rate and/or the use of a buffer.

3.2. Microscopic Studies
3.2.1. Seady state particle morphology and topography

To characterize the morphology and topography of achlorite
sample CCa-2 after steady state dissolution, macroscopic long
term experiments were performed at pH 2 and 25°C using the
grain size 10 to 63um. We expect the most substantial effects
on particle morphology at pH 2, because dissolution was fastest
under these conditions within the pH-range of the macroscopic
experiments. The chlorite sample was examined with field-
emission scanning electron microscopy (FE-SEM) and TM-
AFM before the dissolution experiment and after 3 months of
steady state dissolution.

The fresh chlorite sample was characterized by grains with
an irregular shape and smooth basal surfaces (Fig. 3a). The
edges of these particles were broken and stepped. This mor-
phology may be due to the heating and cooling preparation
technique, where chlorite aggregates were mechanically sepa-
rated into small particles. Within the basal surfaces we com-
monly observed cracks (Fig. 3a, indicated by arrows). TM-
AFM observations indicate that the basal surfaces were very
smooth, with steps limited to the cracks and to the edges of the
particles.

Compared to the initial chlorite CCa-2 morphology, only
minor changes were observed after the 3 month steady state
dissolution experiments. However, within the basal surfaces of
the chlorite sample subjected to the dissolution experiment, we
find channel like features, which may originate from the cracks
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b)

Fig. 3. 8) FE-SEM image (carbon coating, 3kV) of a chlorite CCa-2
particle before the dissolution experiment. The arrow indicates a crack
in the basal surface; b) FE-SEM image of a CCa-2 chlorite particle
weathered at pH 2, 25°C. For this experiment the grain fraction 10 to
63 wm was used. The arrows in indicate the formation of dissolution
channels. ¢) Tapping mode AFM image of a chlorite (001) surface of
one of the particles weathered at pH 2, 25 °C at the beginning of an
in-situ AFM dissolution experiment at pH 2.

of theinitial sample. These features were also observed in early
studies during chlorite dissolution in the acid pH-range at much
higher acidity and temperature (2n HCI, 97°C), where they
were described as solution channels (Ross, 1969). Based on his
observations, Ross (1969) suggested that dissolution of chlorite
was not just simply a process happening at the grain edges, but
occurs primarily at cracks and structural defects.

On the molecular scale, TM-AFM observations of the CCa-2

0 100 200
[nm]

b)

60 nm
N —

Fig. 4. In-situ tapping mode AFM dissolution sequence at pH 2 and
29+1°C taken on the surface shown in Figure 3c. The profile in Figure
4b was taken along the dotted line in Figure 4a. The height difference
A corresponds to one TOT layer, whereas the height difference B
corresponds to one brucite-like layer. Figure 4c taken 250 and Figure
4d taken 830 s after Figure 4a.

chlorite sample basal surface after the dissolution experiment
support Ross  hypothesis. In contrast to the original sample,
isolated etch pits were observed, which are typically only afew
nanometers in depth and therefore not visible with SEM (Fig.
3c, 4). The maximum height difference between the highest and
the lowest point on the weathered chlorite surface within a
scanning area of 2.6 X 2.6um istypicaly ~7 nm. In addition,
the entire surface is covered with molecular steps of different
step heights, which mainly originate at the solution channels.
After dissolution at pH 2 under steady state conditions, repet-
itive TM-AFM measurements of step heights and lengths in-
dicate that the molecular steps contribute to ~2% of the basal
surfaces.

Steps with a height difference of 3, 4, 7, 10 and 14A were
observed. A height difference of 14A corresponds to the (001)
lattice plane distance of one chlorite unit cell. Steps with a
height difference of 14 A or a multiple of 14A are by far the
most frequently observed steps. Repetitive TM-AFM measure-
ments of step heights and lengths indicate, that ~90% of the
molecular step edge surface area is associated with the 14A
steps. The 10A height difference is very similar to the lattice
plane distance of a TOT-sheet parallel to the chlorite (001)
surface, a 7A step height to the lattice plane distance of one
tetrahedral sheet and one octahedral sheet; the 4A step height is
similar to the lattice plane difference of one brucite like layer,
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Table 5. Chlorite CCa-2 dissolution rates as determined with AFM and macroscopic experiments for pH 2. The microscopic rates were corrected
to 25 °C using the Arrhenius approach and an activation energy of 60 kJmol.

Macroscopic Dissolution Rates [mol/m?s]

RSA-normalized
BET normalized GSA-normalized
Si-Rate (mol/m?s) 321-10 % 417-10°1 261-10°°
Mg-Rate (mol/m?s) 560- 10 %2 7,28-10" 1 455-10°°
step retreat rates [nm/min] RSA-normalized microscopic Rates [mol/m?s]
a 29 °C a 29 °C corrected to 25 °C
14 A steps 0.05-0.3 25(+13)-107° 25-107°
10 A steps 0.4-1.2 43(+x21)-10°8 31-10°8
4 A steps 1.8-3 29(+15)-1077 21-1077
7 A steps 0.4-1.2
3A steps 04-1.2

BET = BET surface area; GSA = geometric surface area; RSA = reactive surface area

whereas the 3A match the lattice plane distance of just one
tetrahedral sheet.

Although steps with various height differences were ob-
served with TM-AFM, after 3 month steady state dissolution
under acidic conditions, most of the chlorite (001) surface is
terminated by terraces which are limited by steps with a height
difference of 10A, i.e., almost the complete chlorite basal
surface is terminated by Si and Al tetrahedrons.

3.2.2. Dissolution kinetics on a molecular scale

The dissolution process was monitored in real time in mi-
croscopic in-situ dissolution experiments, which were per-
formed on the (001) surface of the chlorite CCa2 sample
described in section 3.2.1 a pH 2 and 29°C. Under these
conditions the dissolution of the chlorite basal surface primarily
occurs via the retreat of molecular steps. The molecular step
edges are the most reactive surface area during the dissolution
process. The surface area of the molecular steps represents
~2% of the total surface area of the chlorite basal surface. The
step density remains constant during our in-situ AFM experi-
ments at pH 2.

During the pH 2 in-situ dissolution experiment we observed
different retreat velocities for molecular steps, depending on
the step height. The 14 A steps retreat at velocities of 0.05 to
0.3 nm/min, whereas the 10 A TOT steps of chlorite retreat
with velocities of ~0.4 to 1.2 nm/min (hectorite: 0.15 to 1.2
nm/min, Bosbach et al., 2000; phlogopite 0.02 nm/min; Rufe
and Hochella Jr., 1999). The 7 A steps retreat at similar
velocities asthe TOT steps. The 4 A brucite-like layer dissolves
at much higher rates, with step velocities of 1.8 to 3 nm/min
(Fig. 4).

A dissolution rate was calculated from the step retreat ve-
locities (Table 5). For the 14 A steps we calculated a dissolu-
tion rate of 2.5 (+1.3)xX10~° mol/m?s (recalculated to 25°C).
This dissolution rate is in the range of the ESA- normalized
dissolution rate of phlogopite, 3.7x10~° mol/m?s (Rufe and
Hochella Jr., 1999) and hectorite, 7.3 10~ ° mol/m?s (Bosbach
et a., 2000). However, the ESA-normalized dissolution rates of
phlogopite and hectorite were calculated from the dissolution
of 10 A TOT steps. An ESA-normalized dissolution rate (re-
calculated to 25°C assuming an activation energy of 60 kJ/mol)

of 3.1x10~8 mol/m?s was calculated for the dissolution of 10
A TOT steps, which amount to less than 10% of the all stepson
the (001) surface. An ESA-normalized dissolution rate of the
brucite-like layer was calculated to be 2.1x10™ ‘mol/m?s (re-
calculated to 25°C, using the activation energy of 60 kJ/mol as
determined by Jordan and Rammensee, 1996 for the mineral
brucite). Thisrateisone order of magnitude higher than therate
determined for the TOT-sheet. Compared to the observations of
studies on the dissolution of single crystals of the minera
brucite at pH 2.7 and 21°C (Jordan and Rammensee, 1996) the
step velocities and the dissolution rate of the brucite-like layer
of chlorite at pH 2 is about two orders of magnitude slower.
This difference may be due to the substitution of Al and Fe for
Mg in the brucite-like interlayer may also affect its dissolution
rate compared to pure Mg(OH),. The minera gibbsite
(AI(OH),) dissolves several orders of magnitude slower than
the mineral brucite (Nagy, 1995).

3.2.3. Formation of etch pits on the chlorite (001) surface

The formation of etch pits was observed within flat terraces
on the (001) chlorite surface during the in-situ experiments at
pH 2. Etch pits were observed through both, the TOT layer and
the brucite like layer. However, no etch pits were observed,
which run continuously through more than one TOT or brucite
like layer.

The formation of etch pits within the TOT sheet (square in
Fig. 5a and 5b) on the (001) chlorite surface is a process that
involves several individual steps. At first a pit of ~7 A depth
is formed. Apparently, one tetrahedral sheet (3 A) and one
octahedral sheet (4 A) are dissolved at the same time. However,
it is also possible that within the time frame of an AFM scan of
~2.5 min/image, first a tetrahedral sheet and then the octahe-
dral sheet dissolves. About 30 min after the opening of the etch
pit a new etch pit with a depth of 3 A, corresponding to one
tetrahedral sheet, opens within the first etch pit (arrow in Fig.
5a). Apparently, single tetrahedral sheets are temporarily stable
and more stable than the octahedral sheet. The 3 A steps retreat
with velocities of ~2 to 3 nm/min until they close up with the
border of the 7 A step etch pit (Fig. 5b).

Etch pits within the brucite-like layer can be observed when
the brucite-like layer is not covered by a TOT sheet. This
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Fig. 5. @ In-situ tapping mode AFM dissolution sequence at pH 2
and 29+1°C taken on the surface shown in Figure 3c showing the
opening of an etch pit within a TOT layer. b) The same surface 1200s
after Figure 5a. The etch pit marked by the square is now 10 Angstroms
in depth, corresponding to one TOT sheet.

observation indicates, that the brucite-like layer aso is tempo-
rarily stable to acid attack. As soon as etch pits are formed, the
4 A steps retreat rapidly at step velocities of 1.8 to 3 nm/min.

3.3. The Reactive Surface Area

The reaction rate of surface controlled mineral dissolution is
a function of the number of reactive sites at the mineral/water
interface, e.g., aluminol groups (Al-O-H) or silanol groups
(Si-O-H). To be able to be able to extrapol ate to the field scale,
macroscopic dissolution rates are commonly normalized to
some surface area which is assumed to be proportiona to the
number of reactive sites: the reactive surface area. Thus, the
reactive surface areais used to link the microscopic dissolution
mechanisms and the bulk dissolution rate.

Depending on the mineral, different models for a reactive

surface area have been proposed: (1) the reactive surface area
isequal to thetotal surface area(e.g., BET surface area); (2) the
reactive surface area is limited to certain crystal faces; or (3)
the reactive surface area is dominated by surface defects such
as compositional inhomogenities (Nagy, 1995).The reactive
surface area of minerals during dissolution is commonly as-
sumed to be the BET surface area or to be proportional to the
BET surface area (e.g., Ganor et d., 1999). However, in some
studies on the dissolution of sheet silicates almost constant
element release rates were measured, although the BET surface
area changed significantly (up to 90%) during the experiment
(Cama et d., 2000).

For phyllosilicates, such as hectorite, nontronite and phlogo-
pite, the edge surfaces of the respective mineral were identified
as the only reactive surfaces, whereas the basal surfaces were
nearly inert (Rufe and Hochella Jr., 1999; Bosbach et al., 2000;
Bickmore et al., 2001). AFM studies on nontronite and hecto-
rite have also shown (Bosbach et a., 2000; Bickmore et a.,
2001), that the reactive surface area is not a constant, but
changes as dissolution proceeds. Therefore for these mineras
the reactive surface area is not proportional to the BET or
geometric surface area.

For the chlorite used in this study, we have proposed two
different, independent mechanisms of dissolution: dissolution
at defects at the basal surfaces and dissolution of the brucite
layer from the grain edges inward. For the dissolution of the
brucite like layer, it is difficult to determine a reactive surface
area, as this process very likely involves diffusion within the
chlorite structure.

On the chlorite (001) basal surfaces, molecular steps which
originate at structural defects, were identified as the most
reactive sites during dissolution. These defects are usually only
expressed through a single TOT or brucite like layer and it is
therefore very unlikely to find defects which alow the simul-
taneous dissolution of several layers. Earlier studies on mus-
covite suggested, that compositional impurities might control
this kind of pit nucleation with very shallow depths (Johnsson
et a., 1992). The defect controlled dissolution mechanism
favours dissolution of molecular steps compared to dissolution
of macro steps on the basal surfaces. If fast dissolution were
initiated at a single layer in amacro step, it would soon have to
slow down, because the reactants and products would have to
diffuse between the layers above and below the fast dissolving
one. Therefore, the reactivity of (hkQ) molecular steps is much
higher compared to the reactivity of (hk0) crystal faces.

The reactive surface area, i.e., the step edges surface area,
was determined from their height and length and related to the
corresponding area of the basal surface. During in-situ disso-
Iution experiments at pH 2 this surface area remains constant.
Thisindicates a constant step density which might be afunction
of pH. For pH 2, aratio reactive surface area/lbasal surface area
of 0.02 was determined from repetitive experiments. For the
macroscopic chlorite crystals we calculate a reactive surface
area of ~2x1073 m?qg for the defect controlled dissolution
mechanism, considering that the basal surfaces make up ~80%
of the GSA of 0.12 m?/g.

Normalizing the macroscopic dissolution rate to this reactive
surface area, from the steady state Si release rate (pH 2, 25°C)
we calculate a dissolution rate of 2.61x10° mol/m?s. This
corresponds well with the microscopic ESA normalized disso-
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lution rate of 2.5 (+1.3)x 10~ ° mol/m?s determined for the 14
A molecular steps.

4. CONCLUSIONS

The dissolution of chlorite with intermediate Fe content was
examined using a combined microscopic and macroscopic ex-
perimental approach. Our results indicate that two mechanisms
seem to control chlorite dissolution at low pH: (1) defect
controlled dissolution of molecular steps on the basal surfaces;
and (2) transformation of parts of the chlorite structure into
interstratified vermiculite/smectite.

In contrast to studies on nontronite and hectorite dissolution
(Bosbach et al., 2000; Bickmore et al., 2001), in-situ micro-
scopic observation indicate that surface defects such as cracks
or compositional inhomogenities control the dissolution of the
chlorite basal surfaces. The formation of nanoscale etch pits
within flat terraces terminated by the TOT sheet was observed
in-situ. The defects at which these etch pits originate are only
expressed through single TOT or brucite like layers, favoring a
layer by layer dissolution of molecular steps compared to
dissolution at macro steps or the chlorite edge surfaces. Mo-
lecular steps which originate at these surface defects are the
most reactive surface sites during acid dissolution. The disso-
lution 14 A steps, which retreat at velocities of 0.05 to 0.3
nm/min, control the dissolution of the basal surface.

BET surface area normalized dissolution rates were deter-
mined from macroscopic steady state experiments in the pH
range 2 to 5. The reaction order of the dissolution reaction with
respect to protons was determined to be ~0.29. The macro-
scopic dissolution and the microscopic dissolution rate can be
linked via normalization to the reactive surface area. The re-
active surface normalized dissolution rates from the macro-
scopic (Si release rate) and microscopic approach are in good
agreement (Table 5). A reactive surface area of 2.4X10~3 m?/g
was determined for the dissolution of chlorite at pH 2 compared
to a BET surface area of 1.6 m?/g.

Within the scope of our macroscopic experiments, for pH 2
to 4 a non-stoichiometric steady state dissolution with a pref-
erential release of octahedrally coordinated cations was ob-
served. Because dissolution on the basal surfaces is stoichio-
metric, we hypothesize that incongruent dissolution is due to
selective leaching of Mg, Al and Fe from the brucite like layer
from the grain edges inward. Studies on the dissolution of
mulioxide silicate minerals (Oelkers, 2001b) suggest that the
rate of Mg for H or Al for H exchange resctions is orders of
magnitude faster than the breaking of Si-O bonds, which very
likely involves H,O adsorption rather than an Si for H ex-
change reaction. In the long run, this process may lead to the
transformation into regularly and irregularly interstratified ver-
miculite/smectite, and because of increasing diffusion path
length, to congruent dissolution. This observation is consistent
with earlier studies on chlorite dissolution/weathering which
indicate atransformation of chlorite into interstratified chlorite/
vermiculite or chlorite/smectite (Adams and Kassim, 1983;
May et d., 1995; Banfield and Murakami, 1998).
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