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Abstract

Forward dissolution rates of Na–Montmorillonite (Wyoming) SWy-2 smectite (Ca0.06Na0.56)[Al3.08Fe(III)0.38Mg0.54] [Si7.93

Al0.07]O20(OH)4 were measured at 25 �C in a mixed-flow reactor equipped with interior dialysis compartment (6–8 kDa membrane) as
a function of pH (1–12), dissolved carbonate (0.5–10 mM), phosphate (10�5 to 0.03 M), and nine organic ligands (acetate, oxalate, cit-
rate, EDTA, alginate, glucuronic acid, 3,4-dihydroxybenzoic acid, gluconate, and glucosamine) in the concentration range from 10�5 to
0.03 M. In organic-free solutions, the Si-based rates decrease with increasing pH at 1 6 pH 6 8 with a slope close to �0.2. At
9 6 pH 6 12, the Si-based rates increase with a slope of �0.3. In contrast, non-stoichiometric Mg release weakly depends on pH at
1 6 pH 6 12 and decreases with increasing pH. The empirical expression describing Si-release rates [R, mol/cm2/s] obtained in the pres-
ent study at 25 �C, I = 0.01 M is given by
R ¼ 2:2 � 10�17 � a0:21
Hþ þ 1:0 � 10�20 þ 6 � 10�17 � a0:33

OH�
At circum-neutral pH, the Si-release-based dissolution is promoted by the addition of the following ligands ranked by decreasing effec-
tiveness: EDTA > 3,4-DHBA > citrate P oxalate. Phosphate, glucuronate, glucosamine, gluconate, alginate, and acetate act as inhibi-
tors of dissolution and HCO3

�, CO3
2� exhibit no effect on dissolution rate. Non-stoichiometric, non-steady-state Mg release was

very weakly affected by the presence of ligands. Analysis of reacted solid products using XRD, FT-IR, and XPS revealed no major
change in structure, surface chemical composition or specific surface area as a function of pH, ligand concentration, and duration of
experiments. Ligand-affected rates re-calculated to constant pH were interpreted using a phenomenological equation which postulates
the Langmurian adsorption of a ligand on surface sites. Overall, results of this study demonstrate that very high concentrations
(0.001–0.01 M) of organic ligands, whether they are originated from organic matter enzymatic degradation or bacterial metabolic activity
are necessary to appreciably affect smectite dissolution. As a result, the effect of natural organics on the weathering rate of smectite is
expected to be weak.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

It is known that the weathering of Ca- and Mg-bearing
silicates controls CO2 uptake from the atmosphere and
thus the climate of the earth at the long-term scale (Berner,
1992; Dupré et al., 2003). While the chemical weathering of
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‘‘basic’’ primary silicate minerals (olivine, pyroxenes, basal-
tic glass, and anorthite) was fairly well characterized during
the last 10 years (Sverdrup, 1990; Wogelius and Walther,
1991; Brady and Carroll, 1994; Lasaga, 1995; Brady and
Gı́slason, 1997; Berg and Banwart, 2000), the reactivity
of secondary silicate clays except, probably, kaolinite
(i.e., Carroll and Walther, 1990; Nagy et al., 1991; Wieland
and Stumm, 1992; Devidal et al., 1997; Huertas et al., 1998,
1999; Metz and Ganor, 2001; Cama et al., 1999, 2002;
Ganor et al., 2003) is still poorly known. Among these

mailto:oleg@lmtg.obs-mip.fr


Smectite dissolution in the presence of organic and inorganic ligands 4437
secondary clays, Ca-and Mg-bearing soil minerals (smectite
and illite) are the most important for the balance of carbon
dioxide consumption during rock weathering as follows
from the Högbom (1894) reaction.

This work is a part of concerted efforts aimed at the
quantitative characterization of physico-chemical factors
controlling the reactivity of major ‘‘basic’’ soil- and rock-
forming minerals in aqueous solutions at ambient temper-
atures. In previous works, we assessed the kinetics and
mechanisms of olivine Mg2SiO4, brucite Mg(OH)2, and
wollastonite CaSiO3 dissolution as a function of pH
and concentration of various organic and inorganic li-
gands, notably dissolved carbonate (Pokrovsky and Schott,
2000b; Pokrovsky and Schott, 2004; Golubev et al., 2004,
2005; Pokrovsky et al., 2004, 2005a). This paper addresses
the reactivity of smectite via experimental measurements of
its dissolution rate at far from equilibrium conditions in the
mixed-flow reactor in the wide range of pH and ligand con-
centrations. We attempted to assess, for the first time, the
separate effect of pH, inorganic, and organic ligand con-
centration on Si, Mg, and Al mobilization rates from the
reference sample of purified Na–montmorillonite.

Over the past 10 years, an extensive amount of informa-
tion has been collected on macroscopic (i.e., Furrer et al.,
1993; Zysset and Schindler, 1996; Bauer and Berger,
1998; Cama et al., 2000; Huertas et al., 2001; Metz et al.,
2005a,b; Amram and Ganor, 2005) and microscopic (Bos-
bach et al., 2000; Bickmore et al., 2001) observation of
smectite reactivity as a function of pH, temperature, and
chemical affinity. These studies developed a comprehensive
understanding of the phenomenological mechanisms that
control smectite dissolution in inorganic systems. It is
important to note that many previous works were per-
formed with non-purified SAz-1 bentonite which contains
around 8% of amorphous silica (Metz et al., 2005a,b; Am-
ram and Ganor, 2005). To avoid the uncertainties associat-
ed with multicomponent character of the solid and various
experimental artifacts related to the separation of <0.1 lm
smectite crystals from solution using conventional 0.22–
0.45 lm filters in earlier works, in this study we used spe-
cially purified endmember smectite SWy-2 separated from
solution via <0.01 lm dialysis membrane. It is anticipated
that results of the present study will enable a better descrip-
tion of smectite chemical weathering under naturally rele-
vant conditions and will allow estimation of its effect on
atmospheric CO2 mass balance.

2. Materials and methods

2.1. Starting clay

The starting clay mineral for this experimental study
was purified homoionic montmorillonite obtained from
the SWy-1 source clay material (Clay Minerals Society,
Purdue University, http://www.clays.org/sourceclays/
SourceClays.html). In a first step the clay was conditioned
to remove soluble salts, sparingly soluble minerals, and
trace cation impurities following the procedure proposed
by Bauer and Velde (1999). The purified smectite was con-
verted into sodium form following Moore and Reynolds
(1997) and the <0.1 lm fraction of smectite was separated
via centrifugation and freeze-dried for storage. XRD and
chemical analysis for conditioned clay revealed montmoril-
lonite SWy-2 with a chemical formula of:

ðCa0:06Na0:56Þ½Al3:08FeðIIIÞ
0:38 Mg0:54�½Si7:93Al0:07�O20ðOHÞ4

and the specific surface area (SSA) was equal to 48 m2/g as
measured by BET method (see Section 2.9).

2.2. Dissolution kinetics experiments

Steady-state dissolution rates were obtained at distinct
solution compositions and pH using a mixed-flow reaction
vessel equipped with a dialysis bag held at a constant tem-
perature of 25.0 ± 0.5 �C by immersion in a thermostated
water bath. The input fluid was stored in a polyethylene
container protected against CO2 uptake from the
atmosphere. It was injected into the reaction vessel using
a Gilson� peristaltic pump at typical flow rates 0.05–
0.1 mL/min. The reactor consisted of a 250 mL Azlon�

plastic beaker which was continuously stirred with a float-
ing teflon supported magnetic stirrer. The reactive solution
left the reactor through a 2.5 lm pore size polycarbonate
filter. Between 0.3 and 0.8 g of smectite particles
(<0.1 lm) in the form of suspension were enclosed in 10-
mL dialysis bag (6–8 kDa, SpectraPor� 6). This dialysis
bag was sealed and fixed between the stirrer and the reactor
head. Similar design has been used by Kohler et al. (2005)
during their long-term study of illite dissolution. Dialysis
membrane does not allow the mineral particles or colloids
to clog the filter for the outlet solution while it insures the
identical composition of aqueous species inside the bag and
in the outlet solution. Over long-term dissolution experi-
ments, the equilibrium distribution of solutes between the
content of the dialysis bag and the external solution was
not a limiting factor for steady-state attainment: it takes
typically 24–48 h to establish the dialysis equilibrium while
the mechanical steady-state in the reactor system is
achieved only after 200 h. For most experiments lasting
30–40 days each, one sampling per day was performed.

Steady-state dissolution rates (RSi,Al, mol/cm2/s) given
in Table 1 were computed from measured solution compo-
sition using

Ri ¼ �q � 1=n � D½iðaqÞ�tot=s ð1Þ
where q(L/s) designates the fluid flow rate, D[i(aq)]tot (mol/
L) stands for the difference between the input and output
solution concentration of i-th element, n is the stoichiome-
tric coefficient of i-th element in smectite formula equal to 8
and 3 for Si and Al, respectively and s(cm2) refers to the
total mineral surface area present in reactor. The surface
area used to calculate the rates listed in Table 1 was
that measured on the fresh (unreacted) smectite powder
purified as described in Section 2.1. Uncertainties on the
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Table 1
Summary of smectite SWy-2 dissolution experiments performed at 25 �C in mixed-flow reactors equipped with dialysis cell

Exp.
Nos.

Duration,
h

SSA
final, m2/g

Mass,
g

Flow rate,
ml/min

Composition pH [Ca],
lM

[Mg],
lM

[Al],
lM

[Si],
lM

logRSi logRAl

S5-2 615 46 0.335 0.09 0.1 M HCl 1.1 N.D. 1.05 N.D. 11.2 �16.89
S5-1 832 0.335 0.09 0.01 M HCl 2.1 0.7 2.3 0.55 9.3 �16.97 �17.77
S1 1222 53 0.347 0.09 0.01 M NaCl 3.0 0.82 1.39 0.18 5.62 �17.20 �18.27
S2 1222 50 0.335 0.09 0.01 M NaCl 5.5 0.76 0.95 1.47 �17.77
S3 1222 49 0.331 0.09 0.01 M NaCl 10.5 N.D. 0.45 1.62 7.1 �17.08 �17.29

S4-1 832 0.349 0.09 10�5 M oxalate 4.1 0.88 0.96 <D.L. 1.5 �17.78
S4-2 500 0.349 0.09 0.0001 M oxalate 6.48 N.D. 0.84 <D.L. 1.4 �17.81
S4-3 325 0.349 0.09 0.001 M oxalate 7.05 N.D. 0.99 <D.L. 1.34 �17.83
S4-4 283 50 0.349 0.09 0.01 M oxalate 7.1 0.6 1.37 <D.L. 2.36 �17.58

S6-1 832 0.318 0.09 0.01 M NaCl + NaOH 11.7 0.3 0.12 2.64 8.25 �17.00 �17.06
S6-2 313 0.318 0.09 0.0001 M acetate 6.75 1.62 1.85 <D.L. 2.76 �17.47
S6-3 237 0.318 0.09 0.001 M acetate 6.28 0.98 1.79 <D.L. 2.27 �17.56
S6-4 283 54 0.318 0.09 0.01 M acetate 6.05 N.D. 1.28 <D.L. 1.29 �17.80

S7-1 832 0.35 0.08 0.01 M NaCl 7.1 0.88 1.16 <D.L. 1.19 �17.93
S7-2 500 0.35 0.08 0.0005 M NaHCO3 7.6 N.D. 0.8 <D.L. 0.85 �18.08
S7-3 325 0.35 0.08 0.003 M NaHCO3 8.4 N.D. 0.64 <D.L. 1.09 �17.97
S7-4 283 51 0.35 0.08 0.01 M NaHCO3 8.58 0.84 0.59 <D.L. 0.81 �18.10

S8-1 832 0.339 0.09 0.01 M NaCl 7.3 0.74 11.14 <D.L. 11.41 �17.79
S8-2 500 0.339 0.09 0.0005 M Na2CO3 10.05 N.D. 00.26 N.D. 33.94 �17.34
S8-3 325 0.339 0.09 0.001 M Na2CO3 10.5 N.D. 0.31 N.D. 44.21 �17.32
S8-4 283 42.5 0.339 0.09 0.0033 M Na2CO3 10.8 N.D. 0.17 N.D. 55.53 �17.20

S9-1 570 0.735 0.07 10�5 M citrate 6.3 0.3 2.00 N.D. 3.2 �17.88
S9-2 170 0.735 0.068 10�4 M citrate 6.7 N.D. 2.5 N.D. 3.43 �17.86
S9-4 210 50 0.735 0.07 0.01 M citrate 7.0 N.D. 9.5 N.D. 5.28 �17.66

S10-1 570 0.577 0.065 10�6 M EDTA 5.3 N.D. 2.17 N.D. 4.53 �17.66
S10-2 170 0.577 0.07 10�5 M EDTA 5.43 N.D. 1.51 N.D. 4 �17.68
S10-3 240 0.577 0.07 10�4 M EDTA 5.5 N.D. 5.25 N.D. 5.25 �17.56
S10-4 210 0.577 0.068 10�3 M EDTA 5.6 N.D. 12.7 N.D. 12.4 �17.20
S10-5 210 61 0.577 0.068 0.01 M EDTA 5.6 N.D. N.D. N.D. N.D. N.D.

S11-1 570 0.55 0.076 0.1 mg/L alginate 5.19 No
st.state

2.10 N.D. 3.1 �17.73

S11-2 170 0.55 0.075 2.0 mg/L alginate 5.32 N.D. 1.78 N.D. 2.6 �17.81
S11-4 210 45 0.55 0.075 100 mg/L alginate 5.42 N.D. 1.95 N.D. 2.00 �17.93

S12-1 528 0.85 0.07 10�6 PO4 5.86 0.9 2.42 <D.L. 3.58 �17.89
S12-2 240 0.85 0.07 10�5 PO4 6.01 0.8 2.44 <D.L. 3.27 �17.93
S12-3 264 0.85 0.07 0.0001 M PO4 5.83 0.7 2 <D.L. 3.45 �17.90
S12-4 288 0.85 0.07 0.001 M PO4 6.39 N.D. 1.7 <D.L. 2.03 �18.13
S12-5 288 0.85 0.07 0.01 M PO4 6.49 N.D. 1.92 0.86 N.D. �18.09
S12-6 369 45 0.85 0.07 0.03 M PO4 6.34 1 No

st.state
0.56 N.D. �18.27

S13-1 530 0.85 0.07 10�6 glucuronic 5.91 0.8 1.9 <D.L. 3.2 �17.94
S13-2 240 0.85 0.07 10�5 glucuronic 5.85 N.D. 1.82 <D.L. 3.1 �17.96
S13-3 260 0.85 0.07 0.0001 M glucuronic 5.81 0.7 1.68 <D.L. 2.8 �18.01
S13-4 290 0.85 0.07 0.001 M glucuronic 6.00 N.D. 1.71 <D.L. 1.8 �18.20
S13-5 290 0.85 0.07 0.01 M glucuronic 6.06 0.6 1.42 0.23 1.03 �18.45 �18.66
S13-6 370 49 0.85 0.07 0.03 M glucuronic 6.36 1.2 No

st.state
0.35 0.83 �18.56 �18.48

S14-1 530 0.85 0.07 10�6 M 3,4-DHBA 5.95 N.D. 1.8 <D.L. 2.9 �17.99
S14-2 240 0.85 0.07 10�5 M 3,4-DHBA 5.83 0.7 1.67 <D.L. 3.1 �17.96
S14-3 260 0.85 0.07 0.0001 M 3,4-DHBA 5.82 0.7 1.63 0.16 2.78 �18.02
S14-4 290 0.85 0.07 0.001 M 3,4-DHBA 5.88 0.5 1.54 0.656 1.78 �18.21 �18.21
S14-5 290 0.85 0.07 0.01 M 3,4-DHBA 6.04 0.6 1.41 2.3 2.45 �18.07 �17.76
S14-6 370 46 0.85 0.07 0.03 M 3,4-DHBA 6.74 2 3.7 2.66 6.1 �17.68 �17.60

S15-1 530 0.85 0.055 10�6 M glucosamine 6.25 0.7 2.07 <D.L. 4.05 �17.96
S15-2 240 0.85 0.055 10�5 M glucosamine 6.05 0.53 1.97 <D.L. 3.9 �17.97
S15-3 260 0.85 0.055 10�4 M glucosamine 6.11 0.8 1.93 <D.L. 3.2 �18.07
S15-4 290 0.85 0.055 0.001 M glucosamine 6.16 0.7 1.74 0.29 2.15 �18.26 �18.71
S15-5 290 0.85 0.055 0.01 M glucosamine 6.37 0.95 1.7 1.71 2.09 �18.28 �17.94
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Table 1 (continued )

Exp.
Nos.

Duration,
h

SSA
final, m2/g

Mass,
g

Flow rate,
ml/min

Composition pH [Ca],
lM

[Mg],
lM

[Al],
lM

[Si],
lM

logRSi logRAl

S15-6 370 44 0.85 0.055 0.03 M glucosamine 6.56 No
st.state

No
st.state

2.52 No
st.state

N.D. �17.79

S16-1 528 0.85 0.06 10�6 M gluconate 6.16 1.1 2.47 <D.L. 4.50 �17.86
S16-2 240 0.85 0.06 10�5 M gluconate 5.88 1 2.43 <D.L. 4.28 �17.90
S16-3 264 0.85 0.06 0.0001 M gluconate 5.58 1.1 2.35 <D.L. 3.70 �17.91
S16-4 290 0.85 0.06 0.001 M gluconate 5.48 0.8 2.27 <D.L. 3.52 �17.95
S16-5 290 0.85 0.06 0.01 M gluconate 5.26 1.1 2.43 <D.L. 3.33 �18.00
S16-6 370 53 0.85 0.06 0.03 M gluconate 6.50 No

st.state
No
st.state

<D.L. 2.10 �18.19

The units of R are mol/cm2/s. Background electrolyte is 0.01 M NaCl. pH is adjusted by HCl/NaOH addition. N.D. = not determined. D.L. = detection
limit. All experiments except S7 and S8 are CO2-free. Initial SSA is equal to 48 ± 4.8 m2/g.
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steady-state rate constants given in Table 1 are 15–20% and
are dominated by the uncertainty on BET surface area
measurements (±10%) and the standard deviation on
average Si concentration at steady-state (±10% and
±15%, respectively). Uncertainties on Mg release are
twice as large because steady-state with respect to Mg
was not always achieved. In many experiments, rigorous
analyses of Ca were not possible due to its very low
concentrations.

Reacting fluids were comprised of deionized degassed
H2O, Merck reagent grade HCl, NaOH, NaHCO3,
Na2CO3, and NaCl. Experimental conditions for all disso-
lution experiments are listed in Table 1. Most experiments
were performed at an ionic strength of 0.01 M maintained
by a mixture of NaCl, HCl, and NaOH. In CO2-free exper-
iments, fresh input solution was purged of CO2 by bub-
bling with pure nitrogen for 10–12 h; this bubbling was
repeated once every two days during long-term dissolution
experiments. Regular control of alkalinity and pH in inlet
solutions for CO2-free experiments did not reveal any
detectable dissolution of atmospheric CO2 via diffusion
through polyethylene walls of the container in the course
of experiments. Investigated inorganic and organic ligands
were in the form of sodium salts or pure acids of analytical
grade purchased from Fluka and Aldrich. All solutions
were prepared from 18 MX ultrapure water (MilliQ Plus
system) having a blank of dissolved organic carbon
<0.05 ppm.

2.3. Solution analysis

All output solutions were analyzed for magnesium
([Mg]tot), silica ([SiO2(aq)]tot), calcium ([Ca]tot), and pH
as a function of time. NBS buffers (pH = 4.008, 6.865,
and 9.180 at 25 �C) were used for calibration of a combina-
tion pH-electrode (Schott Geräte H62). Precision of pH
measurement was ±0.01 U. Alkalinity was determined fol-
lowing a standard HCl titration procedure with an uncer-
tainty of ±1% and a detection limit of 5 · 10�5 M.
Magnesium and calcium concentrations were measured
by flame atomic absorption spectroscopy (Perkin-Elmer
5000PC) with an uncertainty of 1% and a detection limit
of 1 · 10�7 and 3 · 10�7 M, respectively. Total silica con-
centration was determined using Technicon automatic ana-
lyzer by the molybdate blue method (Koroleff, 1976) with
an uncertainty of 2% and a detection limit of 3 · 10�7 M.
For several selected runs, analysis of dissolved aluminum
was performed using atomic absorption with graphite fur-
nace (Perkin-Elmer 5000PC) with an uncertainty of 5% and
a detection limit of 3 nM. The concentration of organic li-
gands was measured as total dissolved organic carbon
using a TOC Shimadzu 5000 analyzer with an uncertainty
of 5% and a detection limit of 0.2 mg Corg/L.

Homogeneous solution equilibria were calculated for
each solution composition using the MINTEQA2 code
and MINTEQA2 thermodynamic database (Allison et al.,
1991). The activity coefficients of free ions and charged
complexes were calculated using the Davies equation which
is standard in MINTEQA2. In the absence of a specific
Keq value for smectite sample SWy-2, the solubility
constant of the MINTEQA2 thermodynamic database for
Mg-endmember smectite (Mg0.48Fe0.22Al1.71Si3.81O10(OH)2,
log K = �2.67) was used in the calculation, consistent with
those of SWy-1 used by Amram and Ganor (2005) and Metz
et al. (2005a). Besides, additional calculations of saturation
degree were performed with respect to (1) Na–montmoril-
lonite Na0.35Mg0.35Al1.65Si4O10(OH)2 (Wilson et al., 2006),
and (2) three different smectites (Ca, H, Na, K, and Na–
montmorillonites) of the PHREEQC and EQ3NR (Wolery,
1983) database. Stability constants for Mg2+(aq) and
Ca2+(aq) complexation with organic ligands were taken
from the Critical Database (Martell et al., 1997).

2.4. Solid phase preparation for the analyses

At the end of an experimental run the reactors were
opened. Smectite particles in the form of gel were collected
from the dialysis bag and washed carefully twice with
150 ml of DI water. After washing the material, the smec-
tite was divided in two parts. One part was used to prepare
the XRD slides. For this, the smectite was resuspended five
times for 1 min in an ultrasonic bath in 150 ml of 1 M SrCl2
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solution. Saturation with Sr2+ was used to ensure the pres-
ence of two water layers in the expandable layers under
XRD data collection conditions. To promote complete cat-
ion exchange, the suspensions were stored after the ultra-
sonic treatment for 4 h at 50 �C. After this procedure the
sample was washed five times with 150 ml of DI water.
The second part of the sample was freeze dried for SEM-
EDX observations, microwave digestion, XPS measure-
ments, Infra-red, and SSA analysis.

2.5. X-ray photoelectron spectroscopy (XPS)

XPS was employed to monitor the fine changes in sur-
face elemental ratio of the samples subjected to dissolution
experiments and to verify the stoichiometry of the most
surficial (�60–80 Å) layer. XPS analyses were performed
using a Physical Electronics Inc. PHI 5600ci spectrometer
equipped with a hemispherical capacitor analyzer and mul-
tichannel detector. Si 2s, Al 2p, and Mg 2s elemental lines
were recorded by Al Ka X-ray excitation (1486.6 eV) with a
source power of 200 W, source—sample distance of 10 mm
and source—analyzer angle of 54�. The angle between sam-
ple surface normal and analyzer was 45�. Atomic concen-
trations were calculated from peak areas of elemental
lines after Shirley background subtraction, by use of sensi-
tivity factors and the analyzer transmission function was
determined at the same acquisition parameters. Calibration
of the Si, Al, and Mg analyses was performed using synthe-
sized SiO2, Al2O3, and MgAlO4 samples. The SiO2 (30 nm
SiO2 layer on silicon wafer), Al2O3 (sapphire single crystal,
TBC-Kelpin Co., Neuhausen), and MgAlO4 (99.985%
MgAlO4 powder, Alfa Aesar) samples were purified with
ethanol and afterwards sputtered with Ar ions for 10–
80 s. Based on the measurements of the ultra-pure solids,
the PHI Multipak sensitivity factors were refined for the
Al Ka X-ray excitation. The detection limit of the Si, Al,
and Mg analyses is 0.5 mol%.

2.6. Microwave digestion

The elemental composition of the initial and the reacted
smectite was determined following digestion with analytical
grade aqua regia and boric acid in a microwave oven
(Sawhney and Stilwell, 1994). The Na content was analysed
by flame emission spectrometry. All other elements, includ-
ing Si, Al, Fe, and Mg were determined by atomic adsorp-
tion spectrometry. Because the amount of reacted clays was
limited no replicates were made.

2.7. Infra-red spectroscopy

IR spectroscopy was employed to follow the changes of
water composition after the reaction and to assess the ad-
sorbed organic ligands on the surface. The IR spectra were
recorded with a Bruker IFS66/S spectrometer over the
range 4000–400 cm�1 (optical resolution, 2 cm�1). The pel-
lets were prepared by diluting 1 mg of sample in 100 mg of
KBr. The contribution of atmospheric water was always
subtracted from the spectra.

2.8. X-ray diffraction

The evolution of clay mineral structure and the forma-
tion of secondary phases were monitored by XRD. Orient-
ed slides were prepared by pipetting a slurry of Sr-saturated
samples on a glass slide and drying it at room temperature
for a few hours to obtain an air-dried preparation. Ethyl-
ene glycol solvation was achieved by exposing the oriented
clay slides to ethylene glycol vapor at 60 �C for 12 h. XRD
scans were recorded on a Bruker D5000 diffractometer (Cu
radiation at 40 kV and 40 mA). The measuring range was
from 2� to 50�2h with a step size of 0.04� and 6 s counting
time. The divergence slit, the two Soller slits, the antiscatter
slit, and the resolution slit were 0.5�, 2.3�, 2.3�, 0.5�, and
0.06�, respectively.

2.9. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to ob-
serve the morphological changes in smectite particles in
the course of dissolution reaction and to characterize the
material whose amount was insufficient for structural
XRD analysis. The SEM photographs were obtained using
a CanScan FE44 SEM equipped with a Noran EDS unit.
SEM-EDS measurements were performed at an accelerat-
ing voltage of 20 kV and a current of 1 nA. ZAF correc-
tions were made using the Noran evaluation software for
the CamScan FE44 instrument. Raw powders of all sam-
ples and powders after pretreatment and after dissolution
experiments of smectites SWy-2 were examined. Generally,
average results of 15 SEM-EDS replicate measurements
per sample are used for the Al/Si and Mg/Si ratio calcula-
tions. A detailed description of the calibration procedure
can be found in Metz et al. (2005a).

2.10. Specific surface area measurements

Specific surface area (SSA) was determined by measure-
ment of N2 isotherm having nine points of adsorption at
partial pressure ranging from 0.01 to 0.3 p/p0 at 77 K using
a Quantachrome Autosorb1-MP instrument. The cross sec-
tion of adsorbed N2 was assumed to be 0.162 nm2. Prior to
adsorption the samples were degassed in vacuum at 110 �C
overnight. SSA was calculated with the BET method (Bru-
nauer et al., 1932). The accuracy of the BET technique was
±10%.

3. Results and discussion

3.1. Solid phase characterization

All reacted solid with solutions of prescribed composi-
tion (Table 1) were characterized by XRD, Infra-red spec-
troscopy, XPS, chemical analysis after microwave



Fig. 1. Molar Al/Si and Mg/Si on the surface and in the bulk of initial and
reacted smectites determined by XPS, SEM-EDX and total chemical
analysis. The literature data are from Stucki et al. (1984) and Mermut and
Cano (2001). The list of experiments is given in Table 1.
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digestion, and SEM-EDX observations. The total amount
of smectite dissolved during any single experiment was less
than 5% of the initial solid. All XRD patterns were identi-
cal and very close to the initial non-reacted material. In
none of them were secondary minerals detected. No de-
crease in intensity of the 00l reflections nor a peak broad-
ening was observed (not shown).

The molar Al/Si and Mg/Si ratios determined by SEM-
EDX and by chemical analysis after microwave digestion
were close to the initial (unreacted) sample SWy-2, in good
agreement with the literature data (Stucki et al., 1984; Mer-
mut and Cano, 2001), Fig. 1. The ratios determined by
XPS were always slightly higher.

SEM images did not reveal the presence of secondary
minerals. SEM images of initial and post-experiment smec-
tite were indistinguishable at the resolution of scanning
electron microscope used in this study (Fig. 2A–D).

Transmission FT-IR and Diffuse Reflectance (DRIFT)
spectra of reacted powders did not reveal any significant
changes in the intensity and band positions of characteris-
tic vibration peaks of smectite and the adsorbed ligands
could not be resolved within the presicion of technique
(not shown). The BET surface area of post-experiment
smectite varied between 43 and 54 m2/g (Table 1). These
values are within the uncertainty of the measurement of ini-
tial value (48 ± 5 m2/g). Only in the experiment S10-5
(210 h in 0.01 M EDTA) the BET surface area increased
to 61 m2/g, likely due to expanding the surface layers and
the increase of the interfoliar space and microporosity or
disintegration of grains. Such an increase in specific surface
areas has been reported in recent studies of smectite reac-
tivity (Metz et al., 2005b).

3.2. Steady-state attainment and the stoichiometry of

dissolution reaction

Examples of the variation of measured outlet Si, Mg,
Ca, and Al concentrations during smectite SWy-2 dissolu-
tion as a function of elapsed time are illustrated in the
Appendix A. Steady-state for Si was typically reached after
200–500 h depending on the flow rate. For each experi-
ment, at least five data points at steady-state conditions
were collected. It can be seen that within the uncertainty
of ±15–20%, outlet Si and Al concentrations remain con-
stant once the steady-state is attained. Note that for many
experiments, steady-state with respect to Mg was not
achieved and low Ca concentration prevented its
quantification.

Results of 65 steady-state dissolution experiments per-
formed in CO2-free and CO2-bearing solutions at pH from
1 to 12 and ionic strength from 0.01 to 0.1 M are listed in
Table 1. Included in this table are reacting mass of solid,
fluid flow rates, inlet fluid composition (or blank concen-
trations), outlet fluid pH, [Mg]tot, [SiO2(aq)]tot, [Ca]tot,
and [Al]tot (for some experiments), and steady-state smec-
tite dissolution rates computed using Eq. (1). For all exper-
iments listed in Table 1, the outlet solutions were strongly
undersaturated with respect to smectite, brucite, quartz and
amorphous silica, and kaolinite (saturation indices are be-
low 0.02). For some experiments performed in alkaline
solutions (i.e., Nos. S3, S6-1, S8-4), supersaturation with
respect to chrysotile, talc, and brucite was found. All outlet
solutions were strongly undersaturated with respect to four
types of smectite whose solubility products were available
(see Section 2.3): the saturation indices were below 10�3

corresponding to DGr = �20 ± 10 kcal/mol. For assessing
aAl3+ in these calculations, we used both measured [Al]outlet

and calculated [Al]outlet assuming (i) stoichiometric Al vs.
Si release or (ii) equilibrium with gibbsite. Accordingly,
stoichiometric Fe(III) vs. Si release and calculated goethite
solubility as a function of pH were used as proxies for aFe3+.
At these degrees of saturation, the dissolution is not affect-
ed by DGr as it is the case for kaolinite (Nagy et al., 1991;
Cama and Ganor, 2006).

The relative stoichiometry of Al, Mg, and Si as a func-
tion of pH can be assessed from the comparison of elemen-
tal ratios in the outlet fluid and in mineral structure as
depicted in Fig. 3. The dissolution is strongly non-stoichi-
ometric in acid to weakly alkaline solution with RAl < R-

Si < RMg (Fig. 4). In basic solutions, at pH � 10.5,
aluminum, silica, and magnesium-release-based rates are
very close. At 4 < pH 6 10, Al concentration in solution
could not be resolved even on nanomolar level using GF-
AAS and the outlet Al/Si ratio was much lower than that
of the dissolving smectite. This observation is consistent
with results of solute speciation calculations showing that
these solutions are close to equilibrium or supersaturated
with gibbsite. The quantity of thus precipitating gibbsite
was calculated from smectite stoichiometry and [Si]outlet,
experiment duration and the flow rate and was found to
vary from 0.1% to 1% of the initial mass of smectite. These
quantities could not be detected by microscopic and spec-
troscopic techniques used in our study. At pH below 4 in
solutions undersaturated with respect to Al hydroxides,
the Al/Si ratio in the outlet fluid is still lower than that
in the solid. This is consistent with results of Zysset and
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Fig. 2. SEM photomicrographs showing the smectite aggregates used in this study: (A) initial grains, (B) after dissolution at pH 10.8–10.5 during 1222 h,
(C) after dissolution at pH 5.5 in the presence of 0.001 M EDTA during 210 h, and (D) after dissolution at pH 1.1 during 615 h.
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Schindler (1996), who reported, for K–montmorillonite at
25 �C and 1.5 < pH 6 4 in 0.03 M KCl, the solution ratio
Al/Si being significantly lower than that of the solid phase.
These authors attributed this feature to the adsorption of
dissolved Al(III) on cation exchanger (interlayer) sites as
also reported by Charlet et al. (1993). It is possible that
similar reaction occurs in our rather diluted (0.01 M NaCl)
solutions reacting with Na–montmorillonite that provides
apparent Al/Si non-stoichiometry in acidic solutions.

Magnesium is released stoichiometrically with silica only
at pH = 1.1 and pH = 10.5–10.8. (exp # S5-2 and S8-3, S8-
4, respectively, Table 1). At pH around 11, a preferential
retention of Mg in the solid is observed (exp No. S6-1)
which can be explained by supersaturation with respect
to brucite and chrysotile as calculated using MINTEQA2.
A rather surprising result is the non-stoichiometric Mg vs.
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Si release after 1000–1500 h in all experiments having pH
below 10.5–11. This cannot be explained by precipitation
of any secondary Mg-bearing silicate phases because outlet
solutions were undersaturated with respect to any such sol-
id phase. While the ion-exchange processes responsible for
rapid release of loosely bound Ca of the interlayer sites are
very well known (Ferrage et al., 2005; Metz et al., 2005a),
non-stoichiometric Mg release cannot be explained by
removal of exchangeable ions since there is no Mg in the
interlayer positions of the SWy-2 Na–montmorillonite.
Therefore, we evoke the cation–proton exchange of the
octahedral-layer structural component in the way it is ob-
served for feldspars (Casey et al., 1988; Blum and Stillings,
1995), pyroxenes (Casey et al., 1993b; Oelkers and Schott,
2001) and orthosilicates (Wogelius and Walther, 1991;
Pokrovsky and Schott, 2000a,b). Note that this incongru-
ent dissolution cannot be detected by spectroscopic tech-
niques used in this study as only 0.1–1% of initial Mg is
removed due to this structural cation–proton exchange
reaction. As such, our Mg-based rates do not correspond
to the steady-state mineral dissolution and smectite reactiv-
ity will be quantified in terms of silica release.

3.3. Effect of pH on smectite dissolution rates

Smectite steady-state dissolution rates measured at
25 �C in CO2-free and CO2-bearing solutions at ionic
strengths ranging from 0.01 to 0.1 M are depicted as a
function of pH in Fig. 4. For comparison, SAz-1 dissolu-
tion rates determined by Amram and Ganor (2005) at
I = 0.32 M are shown in the same figure. It can be seen that
the rates measured in the present study are not consistent
with the stoichiometric adsorption of protons following
the Langmuir isotherm (Amram and Ganor, 2005), there-
fore, an empirical expression for Si-release rates can be
used (Kohler et al., 2003). This expression is generated by
adopting an empirical rate equation describing the isother-
mal variation of rates with pH of the form (cf. Murphy and
Helgeson, 1987; Blum and Lasaga, 1988; Wieland and
Stumm, 1992; Zysset and Schindler, 1996)

R ¼ kH � anH
Hþ þ kH2O þ kOH � anOH

OH� ð2Þ

Where kH, kOH, and kH2O refer to rate constants, ai signifies
the activity of subscribed aqueous species, and nH and nOH

stand for the apparent order of the dissolution reaction
with respect to H+ and OH�, respectively. Apparent smec-
tite dissolution rates obtained in the present study were re-
gressed using Eq. (2) to obtain kH, kOH, kH2O, nH, and nOH.
The results of this regression yield the following empirical
expressions describing the apparent SWy-2 smectite long-
term, steady-state dissolution rates [mol/cm2/s] for the
main constituent of the mineral:

RSi ¼ 2:2 � 10�17 � a0:21
Hþ þ 1:0 � 10�20 þ 6 � 10�17 � a0:33

OH� ð3Þ

We observe an invariability of Ca release vs. pH which im-
plies that interlayer Ca cation exchange is pH independent
at 2 6 pH 6 8 (not shown). Mg-based rates could not be
assessed due to strong non-stoichiometry with respect to
Si and the absence of true chemical steady-state (see Sec-
tion 3.2). The degree to which Eq. (3) can describe the
apparent smectite dissolution rate obtained in the present
study can be gauged with the aid of Fig. 4, where the solid
curve represents the result of regression calculation and the
symbols correspond to measured rates. It can be seen that,
within the experimental reproducibility of rate measure-
ment (i.e., ±0.2–0.3 log R units which is typical for such
slow-dissolving minerals attaining the steady-state over
long period of time, see Amram and Ganor, 2005), Eq.
(3) adequately reproduces apparent smectite dissolution
rates at 1 < pH < 12. The reaction orders with respect to
aH+ and aOH� for Si-release rates observed in the present
study (�0.2 and �0.3, respectively) are slightly lower than
the values reported for other clay minerals (see compilation
and discussion in Kohler et al., 2003), although the order
nH < nOH is met and the absolute values of Si-based rates
are comparable, within a half an order of magnitude, with
those of Zysset and Schindler (1996) and Amram and Ga-
nor (2005) in acidic solutions, and Huertas et al. (2001) in
neutral solutions. Quantitative comparison of our data
with those of Metz et al. (2005a,b) and Amram and Ganor
(2005) is not straightforward because of different methods
of rate normalization: per gram of solid in those studies
and per cm2 in this work. It has been widely argued that
the BET surface area cannot serve as a proxy for the reac-
tive surface area (Metz et al., 2005b), however, for consis-
tency with earlier studies and because the BET surface area
did not vary significantly in the course of dissolution reac-
tion (Table 1), we used surface area rate normalization in
this work.

3.4. Effect of ligands on smectite dissolution rates

We tested several families of organic compounds that
represent both individual organic acids identified in soil
solutions and groundwaters and chemical analogs of
microbial exometabolites, functional groups of cell surface
envelopes and various specific binding ligands. For this,
mono and di(tri)carboxylic acids (acetate, gluconate, oxa-
late, and citrate), chelates (EDTA) and most important
inorganic ligands (phosphate and carbonate) were retained.
Aromatic compounds used in the present study can be con-
sidered as analogs of aromatic groups of natural polymers
or extracellular microbial chelates, 3,4-dihydroxybenzoic
acid (3,4-DHBA, Rogers and Bennet, 2004). Apart of these
simple synthetic compounds, natural ligands such as algi-
nate from brown algae, glucosamine, and glucuronic acid
as analogs of microbial extracellular polysaccharides and
bacterial peptidoglycan were also tested with respect to
their effect on smectite dissolution.

Ligands investigated in this study can be distributed
among two groups according to their influence on dissolu-
tion rates. The addition of ‘‘catalysts’’ at neutral pH leads
to an increase of the dissolution rate with the following
effectiveness: EDTA > 3,4-DHBA > citrate P oxalate.
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This is illustrated in Fig. 5 where smectite Si-based dissolu-
tion rates are plotted as a function of ligand concentration
in solution. The addition of ‘‘inhibitors’’ leads to a decrease
of the dissolution rate with the following effectiveness: glu-
curonate P phosphate P acetate > glucosamine > gluco-
nate � alginate. This classification takes into account
relative effect of each ligand depending on ligands concen-
tration. Increasing of bicarbonate (5 · 10�4 to 0.01 M) and
carbonate concentrations (5 · 10�4 to 0.0033 M) has no ef-
fect on smectite dissolution within the uncertainties of rate
measurements. Indeed, the rates measured in the presence
of HCO3

� and CO3
2� match those calculated using Eq.

(3) in ligand-free systems. All studied ligands only weakly
affect Mg release up to [Ligand]tot < 0.01 M and provoke
the increase of Mg outlet concentration at [Li-
gand]tot > 0.01 M (Fig. 6). In the presence of high concen-
trations of organic ligands, able to complex Al3+ in
solution and thus to prevent the precipitation of secondary
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Fig. 6. Rates of non-stoichiometric magnesium release from SWy-2
smectite in organic-bearing solutions at 25 �C, I = 0.01 M and
pH = 6.08 ± 0.45. The symbols represent the experimental data and the
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Al-bearing phases, the Al-release-based rates (RAl) were
similar, within 0.2 log R units, to those of silica-release-
based (Rsi) as seen from comparison of runs S15-5; S14-
4,5,6; S13-5, 6 (Table 1).

Only a few studies addressed the effect of complex-form-
ing ligands, such as low-molecular-weight organic acids
and fulvic acids, on the dissolution of phyllosilicates,
Schnitzer and Kodama (1976) showed that the decomposi-
tion of mica is not significantly enhanced in the presence of
fulvic acid. Complex-forming ligands (e.g., aspartic, citric,
salicylic, tartaric, and tannic acids) promote the dissolution
of clay minerals and change the stoichiometry of Al and Si
release (Huang and Keller, 1971). Carroll-Webb and
Walther (1988) reported that long-term dissolution of
kaolinite was not affected by organic ligands such as phth-
alate, succinate, malonate, and TRIS whereas Cama and
Ganor (2006) observed the effect of oxalate at
[Oxalate2�] P 10�3 M.

The effect of ligands on smectite dissolution can be mod-
eled conceptually as surface adsorption assuming the over-
all dissolution rate is the sum of all the different parallel
dissolution reactions promoted at active centers (presum-
ably, Mg–O–Si and/or Al–O–Si bonds) by various reac-
tants/ligands which compete for available surface sites
(Stumm, 1992). The effectiveness of ligands depends both
on the nature of their functional groups, molecular struc-
ture and thermodynamic stability of the surface complexes
they form. It is known that especially efficient are ligands
whose functional groups contain two or more oxygen do-
nors and which can form bi or multidentate mononuclear
surface chelates (Stumm, 1992, 1997). In contrast, ligands
forming bi or polynuclear complexes, that can bridge two
or more metal centers at the mineral surface are known
to retard dissolution.

At the experimental conditions of this study, most li-
gands were present in the form of �1 or �2 charged species
(Table 2). The edges of the smectite particles are positively
charged in solutions at pH below 7.5–8 (i.e., Stadler and
Schindler, 1993; Huertas et al., 2001). Therefore, in the
pH range used to study the ligand effect on smectite disso-
lution, the simplest surface reaction between positively
charged surface groups ({>Sx+}*, presumably, >Al–O+–
Si or >AlOH2

+, Zysset and Schindler, 1996, or >MgOH2
+

groups as for other Mg-bearing multiple oxides) and nega-
tively charged ligands can be considered. According to this
scheme, the rate of ligand-controlled dissolution is propor-
tional to the concentration of the surface center–ligand
complex >S–Lx�n (S = Si, Al, and Mg) which can be de-
duced from the reaction (4a) stability constant:

>Sxþ þ Ln� ¼> S–Lx�n þH2O;K�S–L ð4aÞ

K�S–L ¼
f> S–Lx�ng
f> Sxþg � ½Ln�� ð4bÞ

In the presence of a ligand at neutral pH, the smectite for-
ward dissolution rate is thus the sum of H2O- (k*

H2O) and
ligand-controlled dissolution, similar to that of brucite



Table 2
Parameters of Eq. (8) for ligand-affected dissolution rate of smectite at constant pH

Ligand pKa Speciation pH K�S–L k#
Si k#

L

Acetate 3.75 100% acetate� 6.41 150 ± 50 (3.4 ± 0.1) Æ 10�18 (2.0 ± 0.5) Æ 10�20

Oxalate 1.25; 4.27 100% oxalate2� 6.78 200 ± 50 (1.53 ± 0.05) Æ 10�18 (3.2 ± 0.2) Æ 10�18

Citrate 3.13; 4.76; 6.40 23% HCitr�, 77% Citr2� 6.63 500 ± 50 (1.2 ± 0.1) Æ 10�18 (2.5 ± 0.1) Æ 10�18

Gluconate 3.46 100% gluconate� 5.81 200 ± 20 (1.35 ± 0.05) Æ 10�18 (6.5 ± 0.5) Æ 10�19

EDTA 2.0; 2.7; 6.3; 10.9 22% H3EDTA-, 78% H2EDTA2� 5.46 1000 ± 100 (1.93 ± 0.05) Æ 10�18 (1.15 ± 0.1) Æ 10�17

Phosphate 2.15; 7.20; 12.38 11% HPO4
2�, 89% H2PO4

� 6.15 700 ± 50 (1.15 ± 0.1) Æ 10�18 (1.0 ± 0.2) Æ 10�19

3,4-DHBA 4.5; 9.0 100% H-DHBA� 6.04 75 ± 5 (9.0 ± 0.1) Æ 10�19 (2.9 ± 0.2) Æ 10�18

Glucuronate (12.04) 100% glucuronate� 6.00 600 ± 50 (1.1 ± 0.1) Æ 10�18 (2.7 ± 0.2) Æ 10�19

Glucosamine 7.58 100% glucosamineo 6.25 500 ± 50 (1.0 ± 0.1) Æ 10�18 (4.2 ± 0.3) Æ 10�19

Alginate (30,000 g/mol) 3.46 100% alginate� 5.32 150 ± 30 (1.8 ± 0.1) Æ 10�18 (1.0 ± 0.5) Æ 10�18
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(Pokrovsky et al., 2005a) and dolomite (Pokrovsky and
Schott, 2001):

R ¼ k�H2O þ kL � f> S–Lx�ng ð5Þ

where kL is the empirical kinetic constant pertinent to each
ligand. Upon the adsorption of a ligand on the initial rate-
controlling sites, their concentration decreases such that
k*

H2O Eq. (5) is less than kH2O Eq. (3). We will assume that
at constant pH of our experiments, the ligand sorption on
mineral surface follows a Langmurian adsorption isotherm
with mass law conservation for the surface sites:

ST ¼ f> Sxþg� þ f> S–Lx�ng ð6Þ
where {>Sx+}* designates the rate-controlling surface sites,
non-occupied by the ligand (>AlOH2

+, >SiOH� or
>MgOH2

+). Note that such a macroscopic phenomenolog-
ical approach allows to model the effect of rates without
resolving the true molecular nature of ligand-surface sites
complexes. Moreover, we assume the simplest mechanism
of ligand-promoted dissolution when the dissolution rate
is proportional to adsorbed ligand concentration as the
small number of rate data points in our study does not al-
low testing other dependencies such as, for example, qua-
dratic or protonated ligand effect (Cama and Ganor,
2006). Therefore, one can combine Eqs. (4b) and (6) to cal-
culate the concentration of adsorbed ligand Eq. (7a) and
rate-controlling surface sites, non-occupied by the ligand
Eq. (7b), respectively:

f> S–Lx�ng ¼ ST � K�S–L � ½L
n��

1þ K�S–L � ½Ln�� ð7aÞ

f> Sxþg� ¼ ST � 1� K�S–L � ½L
n��

1þ K�S–L � ½L
n��

� �
ð7bÞ

Combining Eqs. (5) and (7a) provides:

R ¼ k�Si � f> Sxþg� þ kL �
ST � K�S–L � ½Ln��
1þ K�S–L � ½Ln�� ð8aÞ

and combination of Eqs. (8a) and (7b) yields:

R ¼ k#
Si � 1� K�S–L � ½Ln��

1þ K�S–L � ½Ln��

� �
þ k#

L

� K�S–L � ½L
n��

1þ K�S–L � ½L
n�� ð8bÞ
where the first term represents k*
H2O in Eq. (5), and

k#
i ¼ ki � ST with i = Si,L.

It has to be noted that in series of experiments with a
given ligand, the pH slightly varies from one individual
run to another (Table 1). Although these variations are
within the uncertainties of the experiments, such conditions
make the Eq. (8b) invalid. Therefore, in order to model the
rates obtained at slightly different pH depending on differ-
ent ligand concentrations, we re-calculated all rates with li-
gands to the same pH following the log R–pH dependence
given by Eq. (3). This ‘‘reference’’ pH was choosing as the
average pH for series with each ligand, the average value
for all ligands being equal to 6.08 ± 0.45. Because all exper-
iments with ligands were conducted in circum-neutral solu-
tions where the rates are almost independent on pH,
corrections for the rates after subtraction the effect of pH
vary from 0.01 to 0.05 log R units.

Application of Eq. (8b) to model the experimental
dependence of smectite dissolution on ligand concentration
requires accurate values of K�S–L for the ligands investigated
in this study. Such values were generated from the fitting of
dissolution rate dependencies on aqueous ligand concentra-
tions. The fitting procedure performed by ‘‘trial and error’’
consisted in assuming that the values of the equilibrium
constants for ligands adsorption were the same as the cor-
responding values for Mg(Si)-ligand association reactions
in aqueous solution (Schindler and Stumm, 1987). Note
that for this fitting, the use of Al3+–Ln� aqueous complexes
as proxies for ligand adsorption on Al–O+–Si sites was not
possible: very high values for aqueous complex stability
constants yielded physically unrealistic shapes of the
log R–log [L] dependencies. The values of k#

L were set first
equal to k#

Si assuming no inhibition or catalyses occurs.
Then, the values of rate constants k#

L were allowed to in-
crease/decrease in order to fit the experimental dependence
of dissolution rate on ligand concentration using Eq. (8b).
The values of k#

Si at a given pH for each ligand were deter-
mined for the lowest ligand concentration. When fitting
was not possible with the selected value of K�S–L, it was al-
lowed to vary within one order of magnitude from the ini-
tial settings. A 620% disagreement between measured and
modeled Eq. (8b) rate values at each ligand concentration
was taken as a criterion of goodness of fit. The final values
of constants used in Eq. (8b) are listed in Table 2. The
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uncertainties attached to these values correspond to the
range of best fits obtained by varying the k#

L and K�S–L. Note
that arbitrary change in K�S–L or k#

L values was not possible:
for example, at any value of k#

L , the deviation of K�S–L by 1–
2 orders of magnitude from the values used in this work,
would force the calculated log R–log [L] curve to become
fully inconsistent with the experimental data. The degree
to which Eq. (8b) can be used to describe the effect of inves-
tigated ligands on smectite dissolution rate can be assessed
in Fig. 7. The solid curves depicted in these figures were
computed with Eq. (8b) using values of K�S–L, k#

L , and k#
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Fig. 7. Effect of added ligands on smectite Si-based steady-state dissolution ra
the fit to the data using Eq. (8) with parameters listed in Table 2.
listed in Table 2. The close correspondence between the sol-
id curves and the experimental data for a very broad range
of a ligand’s aqueous concentration demonstrates the
validity of Eq. (8b). The only exception is 3,4-DHBA
whose presence brings about a sigmoid dependence of R

on [L] (Fig. 7), not reproduced by the model at [3,4-DHBA]
equal to 0.001 and 0.01 M. It is possible, that due to high
affinity of silica to aromatic compounds such as catechol
(i.e., Pokrovski and Schott, 1998) and, presumably,
DHBA, the adsorption of the latter occurs onto several
independent surface sites such as >SiOH� and >AlOH2
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Fig 7. (continued)
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including basal planes and not only edges, and thus Eq.
(8b) becomes invalid.

The relative inhibiting/catalyzing effect of ligands on
smectite dissolution can be understood following the anal-
ogy with ligand effect and surface structure on simple oxi-
des and other clay minerals (Nagy, 1995; Stumm, 1997;
Pokrovsky et al., 2005a). It is known that the ligands bind
to the surface with increasing strength in the order: carbon-
ate < acetate� oxalate 6 citrate (Nagy, 1995) and this is
consistent with the sequence of ligand effect observed in
the present study. EDTA and aromatic compounds (3,4-
DHBA) both of which are likely to form very stable five-
membered chelate rings with surface Al and Mg ions, pres-
ent the strongest catalyzing effect on smectite dissolution.
The inhibiting effect of polysaccharides (analogs of bacte-
rial exudates and cell envelopes) corroborates the previous
results of Welch and co-authors (Welch and Vandevivere,
1994; Welch et al., 1999) and Pokrovsky et al. (2004) for li-
gand-affected aluminosilicate and wollastonite dissolution,
respectively; it has been established that long chain acid
polysaccharides such as pectin, algae exudates, glucuronic,
and alginic acid inhibit the dissolution rate of silicates be-
cause they bind ‘irreversibly’ to multiple sites on the miner-
al surface thus forming multinuclear complexes. However,
further detailed structural experimental (AFM) and theo-
retical (molecular modeling) studies are necessary to better
resolve the interaction of organic ligands with mineral sur-
faces (i.e., Becker et al., 2005).

3.5. Implications for smectite weathering in natural
environment

The rates of Si release from smectite SWy-2 measured in
this study correspond to steady-state condition of dissolu-
tion reaction; however, strong non-stoichiometry between
Mg, Al, and Si was observed. While for Al it could be relat-
ed to secondary minerals formation and re-adsorption on
the interlayer sites, the Mg/Si non-stoichiometry reflects
non-steady state conditions corresponding to the exchange
between protons and structural Mg. Recently, it has been
suggested that continuous decrease in dissolution rates
over long period of time (100–200 days) occurs during lab-
oratory experiments of clay minerals dissolution (Kohler
et al., 2005). The reason for this decrease is that the edges
of clay minerals dissolve faster than the basal planes (Wie-
land and Stumm, 1992; Ganor et al., 1995; Bosbach et al.,
2000; Bickmore et al., 2001). As a result, the dissolution
tends to change clay morphology decreasing the percentage
of reactive edge sites. Although we did not detect any vis-
ible change of smectite morphology during dissolution
experiments, the non-stoichiometric release of major min-
eral constituents during 200–1000 h reaction did occur.
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Fig. 8. Plots of concentrations in outlet solution as a function of elapsed time from the beginning of the reaction. Details of experiments are presented in
Table 1.
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At the same time, it is known that the residence time of
water in soils varies between several hours to several days.
Thus, the quantitative features of smectite dissolution re-
vealed in the present study should be applicable to most
natural environments of clay weathering.

The concentration range of various carboxylic ligands
(acetic, oxalic, and citric) detected in soil solutions spans
from 10�6 to 10�4 M (Hue et al., 1986; Hongve et al.,
2000). Based on results of the present study, one can calcu-
late the concentrations of ligands necessary to triple the
rates of smectite at pH around 7. For most ligands, very
high concentrations (0.1–0.01 M), are necessary to appre-
ciably affect the rates. Although the threshold of rate-af-
fecting concentrations for strong complexants such as
aromatic compounds and chelates are lower (n Æ10�3 M,
Fig. 6 and 7), this is still three orders of magnitude higher
than those ever detected in soil solutions or groundwaters.
Thus, the effect of individual organic ligands on smectite
mineral dissolution rates should be negligible under condi-
tions of natural settings. The effect of bacterial metabolites
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and components of cell envelopes even at their concentra-
tions as high as 1–10 g/L is expected to be quite weak as
glucuronic residues, glucosamine, and alginate either inhib-
it or do not affect the rates of both Si and Mg release from
SWy-2 montmorillonite. This implies extremely low impact
of soil biological activity and dissolved organic matter on
the chemical weathering of basic rocks and their alteration
products in natural settings. Such a hypothesis contradicts
the well-established concept of rock weathering fluxes in-
crease in the presence of vegetation and plants (Moulton
and Berner, 1998; Moulton et al., 2000). However, it is
important to note that, besides atmospheric precipitates,
bedrocks and soil minerals, an important source of dis-
solved elements in rivers can be degrading plant litter (Poly-
nov, 1944; Glazovskaya, 1956; Kovda, 1956). Although the
contribution of the latter to the annual net loss of elements
from ecosystems to surficial flow is still poorly quantified,
recent estimations demonstrate that up to 60–80% of silica
and cations annual fluxes in rivers draining basaltic rocks
and their erosion products (smectite-rich soils) may origi-
nate from the degradation of plant litter (Derry et al.,
2005; Pokrovsky et al., 2005b, respectively).

4. Concluding remarks

Knowledge of smectite reactivity assessed by various
macroscopic and spectroscopic techniques allowed quantifi-
cation of smectite dissolution over a wide range of pH at
25 �C in the presence of different ligands. Similar to other
sheet silicates, in acidic to neutral solutions, Si-release rate
increases with decrease of pH. At pH > 8.5, hydroxyl ions
facilitate the release of Si. In contrast, non-steady-state re-
lease of Mg decreases linearly with pH with a slope of 0.09
non-stoichiometrically with respect to silica suggesting the
important role of exchange reactions between structural
Mg and protons.

It follows from the results of this study that the effect of
nine naturally important organic ligands on smectite and,
possibly, other Mg-bearing sheet silicate dissolution at con-
centrations relevant to those found in natural soil environ-
ments should be quite weak. In order to increase smectite
dissolution rate by a factor of �3, very high concentrations
of most organic ligands (0.01–0.1 M) are required. This is
in contrast to framework aluminosilicates whose dissolu-
tion is greatly enhanced in the presence of minor amount
of organic acids forming strong surface and aqueous com-
plexes with aluminium (Amhrein and Suarez, 1988; Lun-
dström and Ohman, 1990; Fein et al., 1995; Oelkers and
Schott, 1998; Oelkers and Gislason, 2001).

An important consequence of the relatively weak effect
of bacterial cell components and microbial exometabolites
on smectite (and, possibly, other Ca- and Mg-bearing clays)
reactivity in aqueous solutions is that the impact of plants
and biota on mineral chemical weathering in soils may be
weaker than generally argued for (alumino)silicates. As a
result, atmospheric CO2 consumption on the land due to di-
rect dissolution of soil clay minerals and Ca, Mg-associated
transport of HCO3
� is unlikely to be strongly influenced by

organic ligands present in soil solutions.
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