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Catalysis by mineral surfaces: Implications for Mo geochemistry in anoxic environments
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Abstract—Fixation of Mo in sulfidic environments is believed to be preceded by conversion of geochemically
passive MoO4

2� to particle-reactive thiomolybdates (MoOxS4�x
2� ). In aqueous solution, these transformations

are general-acid catalyzed, implying that proton donors can accelerate both the forward and reverse reactions.
Here, we explore whether mineral surfaces also catalyze thiomolybdate interconversions. The rate of MoS4

2�

hydrolysis is investigated in the presence and absence of natural kaolinite (KGa-1b) and synthetic Al2O3 and
SiO2 phases. Comparison of rates achieved with these phases suggests that the Al oxyhydroxide component
in kaolinite furnishes the catalytic activity. An anhydrous Al2O3 phase is catalytically inactive until hydrated
(and therefore protonated). Surface kinetics with kaolinite at mildly alkaline pH are consistent with rate
limitation by formation or decomposition of monomeric surface complexes; oligomeric surface intermediates
may become important at MoS4

2� � 20 �mol/L, higher than is likely to be found in nature. The pH
dependence of the kaolinite-catalyzed reaction suggests that weak-acid surface sites promote hydrolysis.
Intermediate thiomolybdates or molybdate appears to compete for active sites, inhibiting MoS4

2� hydrolysis.
Catalysis of MoOS3

2� hydrolysis is also observed but has not been studied systematically. Thiomolybdate
hydrolysis is inhibited slightly by sulfate and more strongly by phosphate. Low NaCl concentrations (�10�2

mol/L) promote hydrolysis, but higher NaCl concentrations retard the reaction to a small extent. A mechanism
is postulated involving expansion of the coordination number around Mo from 4 to 6 under the influence of
the surface. The effective concentration of surface sites available to Mo in sediment pore waters is likely to
be large enough to greatly accelerate thiomolybdate hydrolysis and sulfidation. Possibly this explains why Mo
capture in seasonally or intermittently anoxic environments often occurs through processes operating within
sediments but not in overlying waters.Copyright © 2002 Elsevier Science Ltd

We seem to be stymied in our quest for a precise definition of the
trace-metal chemistry of Phanerozoic seawater, and we will prob-
ably remain so until we know more about the processes that
control the trace metal enrichment of black shales. (Holland,
1984, p. 498)

1. INTRODUCTION

The Mo concentrations in sediments and sedimentary rocks
that form in anoxic environments preserve useful information
about local redox conditions at the time of sediment formation
(e.g., Dean et al., 1997, 1999; Crusius et al., 1999; Zheng et al.,
2000; Yarincik et al., 2000; Adelson et al., 2001). Molybdenum
concentrations may also place constraints on the average global
redox state of the ocean over geologic time (Holland, 1984;
Emerson and Huested, 1991; Morford and Emerson, 1999).
Unfortunately, an incomplete understanding of deposition
mechanisms has hampered interpretation of Mo records.

X-ray spectroscopic evidence from black shales and from
laboratory-generated scavenging products led Helz et al. (1996)
to propose that a key step in Mo scavenging from seawater was
conversion of particle-inert MoO4

2� to particle-reactive thiomo-
lybdates (MoOxS4�x

2� , x � 0 to 3). Thiomolybdates were scav-
enged readily from solution by sulfidized Fe phases and humic
materials; at the molecular scale, laboratory-produced products
resembled those found in black shales. Erickson and Helz
(2000) used thermodynamic and kinetic evidence to argue that
two limits to thiomolybdate production and thus Mo scaveng-

ing would be (a) H2S(aq) concentration, which must exceed
�11 �mol/L at 25°C, and (b) time of exposure of MoO4

2� to
H2S. Without assistance from catalysts, formation of higher
thiomolybdates, MoOS3

2� and MoS4
2�, would be too slow to

proceed significantly in seasonally sulfidic waters. Erickson
and Helz (2000) conjectured that reactions at mineral surfaces
in sediments might circumvent the kinetic barrier because of
surface catalysis. This could explain why Mo fixation appears
to occur within sediments more readily than in overlying water
in seasonally or intermittently sulfidic environments (Francois,
1988; Colodner, 1991; Zheng et al., 2000; Adelson et al.,
2001).

In this paper, we test the conjecture that mineral surfaces are
effective molybdate and thiomolybdate catalysts. Our study
focuses on kaolinite (Al2Si2O5[OH]4), a common clay mineral
that typically accounts for 8 to 20% of marine sediments
(Griffin et al., 1968). We selected kaolinite because it is unre-
active to sulfide (unlike many transition metal oxides) and
because well-characterized material with high specific surface
area is readily available. We have no reason to believe that
kaolinite would be the only mineral catalyst or the most im-
portant one in nature.

We restrict our investigation to the hydrolysis of MoS4
2�,

which would have a half-life of decades at neutral pH if
uncatalyzed (Erickson and Helz, 2000). Because successive
hydrolysis reactions (i.e., MoS4

2�3 MoOS3
2�3 MoO2S2

2�. . . )
increase in rate, hydrolysis products accumulate minimally in
solution, simplifying interpretation of ultraviolet-visible (UV-
vis) spectra. When these reactions are studied in the direction of
sulfidation, each successive step is slower, and accumulating
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products complicate the spectra. All catalysts comparably ac-
celerate forward and reverse rates of elementary reactions.
Under near-equilibrium conditions, the rate of sulfidation can
be estimated from knowledge of the rate of hydrolysis by
applying the principle of detailed balance (Laidler, 1987, p.
130).

Although this paper deals with Mo geochemistry, our find-
ings concerning catalytic mechanisms at clay mineral surfaces
have broader implications regarding clay mineral–catalyzed
reactions in nature. Kaolinite has been shown to catalyze amino
acid condensation, possibly an important step in the origin of
life (Zamaraev et al., 1997). Kaolinite catalyzes condensation
of hydroquinone in near-neutral solutions to produce humic-
like polymers (Wang and Huang, 1989). Kaolinite catalyzes
hydrolysis of pyrophosphate and various anthropogenic organic
compounds (Saltzman et al., 1974; Mingelgrin et al., 1977;
Mingelgrin and Saltzman, 1979; El-Amamy and Mill, 1984;
Al-Kanani and MacKenzie, 1990; Xu, 1998).

2. CONCEPTUAL FRAMEWORK

Rates of many kinds of reactions in aqueous solution are
found to vary with pH as described by the general rate law:

Rate � � [X][Y][kH(H3O
�) � kN(H2O)

� kOH(OH–) � kHB(HB) � kB(B–)]. (1)

Here, X and Y are the concentrations of two reactants, HB is
the concentration of the protonated form of a buffer, and B� is
the concentration of the deprotonated form of a buffer. In this
discussion, we assume that H3O�, H2O, OH�, HB, and B� are
not consumed in the reaction and therefore are catalysts by
definition (since they affect the reaction rate according to the
equation). Clearly, which term within the final set of brackets in
Eqn. 1 dominates depends on solution composition. In any
particular reaction, some of the terms usually are found to be
immeasurably small regardless of solution composition.

Studies of molybdate and thiomolybdate transformations in
homogeneous solution have shown that these reactions are
subject to general-acid catalysis (Brule et al., 1988; Erickson
and Helz, 2000). In other words, under the conditions of those
studies, it was possible to quantify kH, kN and kHB for various
buffers. No evidence of base catalysis, characterized by kOH

and kB terms, was observed. It was further shown that these rate
constants were linked through the Brønsted relationship, in
which the coefficient, 0.5, is an empirical constant:

log
kHB1

kHB2

� �0.5(pKa1 � pKa2). (2)

By employing pKa � �1.7 for H3O� and pKa � 15.5 for H2O,
kH and kN can be included in this correlation (see Jencks, 1969,
p. 170 ff for a discussion). As this relationship indicates,
stronger acids (lower pKa values) are associated with faster rate
constants.

Erickson and Helz (2000, Fig. 8) showed that formation and
decomposition of MoS4

2� and MoOS3
2� would be slow on the

time scale of seasonal anoxic events in coastal waters in the
absence of catalysts other than H3O�, HCO3

�, and H2O. To
account for Mo fixation in seasonally anoxic systems, they
invoked buffer catalysts operating below the sediment-water

interface. However, Perdue and Wolfe (1983) pointed out that
even in sediment pore waters, concentrations of dissolved,
weak-acid proton donors (e.g., NH4

�, H2PO4
�, fulvic acid) are

probably too low to make these catalysts significant in general-
acid catalyzed reactions such as the molybdate and thiomolyb-
date transformations.

Proton donors associated with mineral surfaces may offer a
way to circumvent the problem raised by Perdue and Wolfe
(1983). Hydrated oxide and silicate surfaces consist largely of
§M-OH2

�, §M-OH0, and §M-O� groups. Acidities of the §M-
OH2

� and §M-OH0 groups are only moderate. For various
oxides, intrinsic pKa values (i.e., pKa values that would be
exhibited on an uncharged surface) range from 3 to 7 for
§M-OH2

� and from 6 to 10 for §M-OH0 (Schindler and Stumm,
1987). However the kinetic significance of proton donors de-
pends on both their Ka values and their concentrations. Within
sediments, the concentration of surface acid sites per unit
volume of aqueous solution is potentially large. This is shown
in Figure 1, which is based on surface site densities reasonable
for kaolinite (Goldberg et al., 1998). Figure 1 shows that
fine-grained, suspended particles in rivers, lakes, and the ocean
are expected to provide only submicromolar concentrations of
sites for catalysis. On the other hand, within pore waters of
recent, fine-grained sediments, site concentrations of 1 to 100
mmol/L can be achieved. Mineral surfaces are likely to be the
dominant proton donors available to solutes in pore waters.

While the proton-donating capacity of mineral surfaces can
be important, it must be remembered that surface catalysis is a
more complex process controlled partly by orientation and
structural modification of adsorbed reactants before reaction.
Molybdate and thiomolydate transformations are an ideal sys-
tem in which to explore surface catalysis because (a) they are
easily monitored optically; (b) they react at convenient rates;
and (c) they adsorb negligibly at near-neutral pH, implying that
reaction products will block reactive surface sites minimally.

3. EXPERIMENTAL METHODS

The Clay Mineral Society standard KGa-1b was purchased from the
University of Missouri–Columbia Source Clay Repository and used
without pretreatment. KGa-1b is a well-crystallized kaolinite from
Washington County, Georgia (Pruett and Webb, 1993; Sutheimer et al.,
1999). Halloysite (a polymorph of kaolinite) has been found to be a
trace component of KGa-1b (Zhou, 1996). Trace amounts of TiO2

(1.64% w/w), Fe2O3 (0.21% w/w), quartz, micas, alkali, and alkaline
earth oxides are also present in the source kaolin (Pruett and Webb,
1993). KGa-1b has a Brunauer-Emmett-Teller (BET) surface area of
12.5 m2/g (Bereznitski et al., 1998) and point of zero net proton
condition of 5.1 � 0.2 (Sutheimer et al., 1999).

�-Al2O3 (Aluminium Oxid C) and silica (Aerosil 200) were acquired
from the Degussa Corporation. �-Al2O3 has a reported BET surface
area of 102.9 m2/g and point of zero charge of 9.30 (Goldberg et al.,
1998). The silica product has a BET surface area of 182 m2/g and point
of zero charge of 2.4 (Young, 1981).

The following reagents were purchased and used as received:
Na2B4O7 � 10H20 (J. T. Baker), NaCl (J. T. Baker), NaH2PO4 � H2O
(J. T. Baker), Na2SO4 (Fisher), and (NH4)2MoS4 (Strem). All solutions
were prepared from �18 M� � cm resistivity water (B-Pure, Barn-
stead). Glassware was soaked in 5% HNO3 and rinsed thoroughly with
deionized water before use.

Although the ammonium salt of tetrathiomolybdate is commercially
available, the sodium salt was used for these experiments because of
the possibility that NH4

� could act as a proton-donating catalyst. The
procedure for synthesizing Na2MoS4 � 3.5H2O followed Laurie et al.
(1984). An ice-cooled 2-mol/L NaOH solution was deoxygenated with
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N2 (	1 h) and immediately passed into an N2-filled glove box. Twenty
milliliters of the NaOH solution were added to a 50-mL round-bottom
flask containing 5.00 g (NH4)2MoS4. After mixing, the resulting solu-
tion was syringe filtered (0.45 �m) into a 50-mL vacuum flask. NH3

and H2O were slowly removed by vacuum evaporation. The residue
was extracted with 60 mL of deoxygenated acetone and gravity filtered.
Blood-red crystals of the product formed upon addition of 150 mL of
deoxygenated ether. The crystals were gravity filtered, washed with
ether, and dried in an evacuated desiccator. A typical yield for this
synthesis was 80%. Storage of the salt in an oxygen and water free
atmosphere is imperative. Otherwise, the soluble blood-red crystalline
salt slowly degrades into an insoluble, X-ray amorphous, black solid.

The pH of test solutions and slurries was controlled using borate
buffering. Borate is a favorable choice because of its poor Brønsted
acid character (i.e., weak homogeneous acid catalysis) and mildly
alkaline buffering range. Higher concentrations of borate were found to
retard hydrolysis rates (implying competition of B(OH)4

� with MoS4
2�

for active sites), but below 2 mmol/L, rates were independent of borate.
Experimentally convenient rates were obtained with BT � 0.8 mmol,
where BT is the total dissolved plus adsorbed boron species. This
concentration was used for all experiments involving borate buffering.

Unless otherwise noted, preparation of test solutions and slurries
followed a 2 day regimen. On the first day, borate buffer solutions were
prepared using Na2B4O7 � 10H2O. NaCl, Na2SO4, or NaH2PO4 � H2O
was added to the buffer for experiments involving these salts. Kinetic
experiments were conducted in flasks containing 250 mL of buffer
solution plus an appropriate amount of test solid. The pH of the
magnetically stirred solution and slurry was adjusted using either HCl
or NaOH. After adjusting to the experimental pH, the flasks were
capped, and the slurry was allowed to age overnight to ensure hydration
of the solid surfaces.

On the second day, the pH of the slurry and solution was measured

and, if necessary, adjusted again. The solution and suspension were
bubbled for a minimum of 1 h with N2 deoxygenated by a Ridox
(Fisher) column. The vessels were capped and immediately passed into
an N2-filled glove box. Once inside the glove box, the kaolin or oxide
particles were kept suspended by magnetic stirring. A cork stand was
placed between the vessel and magnetic stirrer to minimize heat trans-
fer. Aliquots of 	0.01 mol/L MoS4

2� stock solution (standardized by
UV-vis spectroscopy) were added to the reaction flasks. The tempera-
ture for these experiments varied within the range from 21 to 23°C.

At various times, aliquots of the reaction solution and slurry were
filtered into plastic centrifuge tubes using 0.45-�m syringe filters
(Whatman). Kaolin or oxide filtrates were further filtered with 0.02-�m
syringe filters (Whatman) to eliminate any remaining particles. The
tubes were capped and passed out of the glove box. After measuring the
pH of the samples, UV-vis absorption spectra were recorded. The
samples were then frozen and saved for total Mo analysis using atomic
absorption spectroscopy.

All pH measurements were made with an Orion model 420A meter
equipped with an Orion model 8103 combination microelectrode. The
meter was calibrated between pH 7 and 10 with commercial buffers.
MoS4

2� hydrolysis reactions were monitored by UV-vis absorption
spectroscopy (1.00-cm quartz cuvette) vs. a deionized water blank
solution. MoS4

2� absorbance was monitored at 468 nm (��468 � 11,870
mol/L�1 cm�1). When necessary, MoOS3

2� was quantified using the
absorbance at 396 nm (��396 � 9030 mol/L�1 cm�1), at which MoS4

2�

does not absorb appreciably. The contribution of MoOS3
2� to the total

absorbance at 468 nm was calculated and MoS4
2� absorbance obtained

by difference.
Total molybdenum was determined by flame (N2O-C2H2) atomic

absorption on a Perkin-Elmer model 5000 spectrophotometer at a
wavelength of 313.3 nm. The method employed is the same as that of
Erickson (1997). Standard curves were produced between 0.5 and 20

Fig. 1. Site concentrations in moles of sites per liter of water as a function of particle concentrations for solids having
specific surfaces of 10 m2/g and 1 m2/g and surface site densities of 2 sites/nm2. Nominal particle diameters (d) assume
spherical, monodisperse particles of 2.75 g/cm3 density.

3681Catalysis by mineral surfaces



ppm Mo. Al (1000 ppm) and BrCl (0.9 mmol/L) were added to all
standards and samples. The presence of Al is required to eliminate
interference from sulfate, phosphate, and iron (David, 1968). Before
addition of Al, BrCl was added to oxidize sulfide to sulfate, preventing
precipitation of aluminum sulfide. BrCl is prepared by dissolving KBr
and KBrO3 in concentrated HCl. The detection limit for Mo using this
technique is 0.2 ppm (	2 �mol/L).

Leachable phosphate in KGa-1b was determined to assess its impor-
tance in self-inhibition of reactions at the kaolin surface. The surface
was first cleaned (Sutheimer et al., 1999), and then a suspension of
100 g kaolin in 500 mL 1 mol/L NaCl adjusted to pH 3 was prepared
and magnetically stirred for 4 h. After settling overnight, aliquots of the
supernatant were taken. Phosphate was quantified according to the
vanadomolybdophosphoric acid colorimetric method (Greenberg et al.,
1992).

4. RESULTS

4.1. MoS4
2� Hydrolysis in Particle-Free Solution vs. Oxide

Suspensions

Examples of MoS4
2� hydrolysis experiments are shown in

Figure 2. Enhanced rates of MoS4
2� hydrolysis in the presence

of silica, �-Al2O3, and kaolin are demonstrated in Figure 2a,
which compares the three test solids at the same mass concen-
tration. At pH 8.6, the initial rates of hydrolysis increase by
factors of approximately 10, 35, and 340 relative to particle-

free solution for 38 g/L suspensions of silica, kaolin, and
hydrated �-Al2O3, respectively. Figure 2b compares the same
test solids when mass concentrations are adjusted so that the
surface concentration of each solid is 469 m2/L. In this case,
hydrolysis rates for the silica suspension and particle-free so-
lution are indistinguishable. In contrast, kaolin and hydrated
�-Al2O3 have similar initial rates. This comparison suggests
that the Al-oxyhydroxide component of kaolinite furnishes
most of this mineral’s catalytic activity. Figure 2c shows that
kaolinite’s acceleration of the initial rate at pH 8.6 and 9.6 is a
linear function of the kaolinite surface area per unit volume of
solution, indicating first-order kinetics with respect to surface
concentration.

As expected, in the absence of solids in suspension, inter-
mediate thiomolybdate species are not observed because of
their successively faster rates of hydrolysis. Because the ulti-
mate product, MoO4

2�, does not absorb light above 230 nm, the
MoS4

2� absorption spectrum uniformly collapses in particle-
free solution as hydrolysis proceeds (Clarke and Laurie, 1987).
In contrast, Figure 3 shows the typical spectral changes occur-
ring in the solution in the presence of catalytically active
concentrations of kaolin, hydrated �-Al2O3, or silica. As the
MoS4

2� peaks centered around 318 and 468 nm collapse, a peak

Fig. 2. Comparison of MoS4
2� hydrolysis curves for particle-free solution and suspensions of SiO2, kaolin, and hydrated

�-Al2O3 at (A) constant mass loading and (B) constant areal concentration, both at pH 8.6. (C) The effect of kaolin
concentration on the observed initial rate of MoS4

2� hydrolysis at pH 8.6 and 9.6. Homogenous conditions for (A), (B), and
(C): MoS4

2� (initial) � 18 �mol/L; BT � 0.8 mmol/L; I � 0.9 mmol/L.
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centered around 396 nm rises to a maximum. Finally, the three
peaks collapse together. The peak with a maximum at 396 nm
is attributed to MoOS3

2�. Contributions of MoO2S2
2� or

MoO3S2� to the spectra are negligible.
Visible accumulation of MoOS3

2� during the surface-cata-
lyzed hydrolysis of MoS4

2� indicates the MoS4
2� to MoOS3

2�

hydrolysis step is catalyzed to a greater extent than the
MoOS3

2� to MoO2S2
2� step. MoO2S2

2� and MoO3S2� are not
observed because their homogenous hydrolysis rates are too
fast. The variation in rates for the thiomolybdate hydrolysis
sequence points to a selective interaction between thiomolyb-
date anions and surface sites.

4.2. Effect of Hydrating �-Al2O3 on MoS4
2� Hydrolysis

Figure 4 compares MoS4
2� hydrolysis curves for 38 g/L

anhydrous and hydrated �-Al2O3 suspensions. The figure dem-
onstrates that anhydrous �-Al2O3 is negligibly active as a
catalyst until it has experienced a few hours of equilibration
with water. When the �-Al2O3 is pre-equilibrated in water
before adding MoS4

2�, catalytic activity commences immedi-
ately. Scanning electron microscopy pictures (Vorlicek, in
preparation) show a morphologic change in �-Al2O3 particles
during hydration. Untreated �-Al2O3 exhibits a mostly uniform
spherical shape. Upon aging in water, the particles become

irregular and angular, although they do not change noticeably
in average size. Eng et al. (2000) reported that hydrated
�-Al2O3 is an intermediate between �-Al2O3 and �-Al(OH)3.
A comparable structural change must occur for �-Al2O3 during
hydration.

The catalytic significance of hydration probably lies in the
creation of surface sites capable of becoming proton donors.
Catalysis exhibited in aged slurries is not due to dissolved
components leached from the �-Al2O3. The open circles in
Figure 4 show that little MoS4

2� loss occurs over 2 d in the
supernatant of an aged �-Al2O3 suspension.

4.3. MoS4
2� Hydrolysis in Kaolin Suspensions

Figure 5 compares hydrolysis rates for two 38-g/L suspen-
sions of kaolin in different ionic media: NaCl vs. Na2SO4, both
at an ionic strength of 3 mmol/L. Hydrolysis in the sulfate
medium is distinctly slower. Note that MoOS3

2� accumulates as
the rate of MoS4

2� loss slows. The right panel of Figure 5
includes some atomic absorption data, which demonstrate that
within uncertainty, total dissolved molybdenum remains con-
stant over the course of the reaction involving Na2SO4. This is
consistent with expectations, since MoO4

2� adsorbs negligibly
to kaolinite above pH 7 (Goldberg et al., 1998) and since

Fig. 3. Typical spectral changes occurring over the course of an experiment involving either kaolin, �-Al2O3, or SiO2

suspensions. Peaks centered around 318 and 468 nm are associated with MoS4
2�; the peak centered at 396 nm is attributed

to MoOS3
2� (Erickson and Helz, 2000). Conditions: MoS4

2� (initial) � 18 �mol/L; BT � 0.8 mmol/L; pH � 8.6; {kaolin} �
469 m2/L; I � 3 mmol/L (NaCl).
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replacement of O by S in the first coordination sphere should
further decrease the affinity of Mo for aluminosilicate surfaces.

The slowdown of MoS4
2� hydrolysis rate shown in Figure 5

is representative of all experiments involving kaolin. This can-
not be explained by back reaction of MoOS3

2� to MoS4
2�

because this reaction would be too slow and thermodynami-
cally unfavored at the prevailing HS� concentrations. The
observation suggests that either intermediate thiomolybdates or
molybdate compete for active sites on the clay surface, reduc-
ing the efficiency of further hydrolysis. The retarding effect of
SO4

2� compared to Cl� can also be understood in terms of
competition of the oxyanion for active sites on the kaolin
surface. Figure 5 shows that MoOS3

2� hydrolysis, like that of
MoS4

2�, is retarded by sulfate.

4.4. Kinetics of MoS4
2� Hydrolysis in Kaolin Suspensions

In these experiments, the total rate of thiomolybdate loss by
hydrolysis must be regarded as due to reactions along both
aqueous-phase and surface-mediated pathways:

Observed Rate � [kH(MoS4
2�)(H3O

�) � kN(MoS4
2�)(H2O)

� kHB1 (MoS4
2�)(HB1) �. . . ] � [
(A)f(H3O�, MoS4

2�)], (3)

where A is the solid surface concentration (m2/L) and
f(H3O�,MoS4

2�) is a function, to be determined below, of pH and
thiomolybdate concentration. The summation acknowledges
the possibility of multiple reaction pathways on the kaolinite
surface.

We now define an experimentally determinable specific sur-
face rate (R*) as follows:

R* �
[observed rate � aqueous-phase rate]

A
� 
f(H3O�, MoS4

2�).

(4)

In principle, the aqueous-phase rate could be calculated using
the data of Erickson and Helz (2000), but here, we will use our
own measurements of this rate in particle-free solution. Some
error may be introduced into the value of R* owing to differ-
ences in pH between the particle-bearing and particle-free
solutions, but this error should be small because pH was usually
matched to �0.1. Also, aqueous-phase rates are at least an
order of magnitude lower than observed rates, so uncertainty in
aqueous-phase rates has greatly diminished influence on uncer-
tainty in R*. For A, we will use the BET surface area of 12.5
m2/g (Bereznitski et al., 1998). Because R* is calculated from

Fig. 4. Comparison of MoS4
2� hydrolysis curves for 38-g/L slurries of anhydrous and hydrated �-Al2O3 and the

supernatant of a 38-g/L hydrated �-Al2O3 suspension at pH 9 and 18 �mol/L initial MoS4
2�. Anhydrous means the slurry

was prepared minutes before addition of MoS4
2�. Hydrated means the suspension was prepared and allowed to equilibrate

for 2 d before addition of MoS4
2�. Supernatant refers to a solution from which �-Al2O3 had been removed by filtration (0.45

�m) before MoS4
2� addition. The supernatant may have contained some colloidal-sized �-Al2O3 particles. No additional salt

or buffer was added for ionic strength or pH control.
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initial rates of hydrolysis, it is important to note that R* reflects
the areal rate of MoS4

2� hydrolysis before retarding influences
by intermediate thiomolybdates or MoO4

2�, as inferred from
Figure 5.

The dependence of R* on pH is exhibited in Figure 6. The
data appear to fall into two distinct groups. At pH � 8.8, the
data show similar R* values of �4 � 10�4 �mol h�1 m�2. At
pH � 9.5, R* is �1.5 � 10�4 �mol h�1 m�2. Note that surface
catalysis exists throughout the pH range investigated; in the
absence of surface catalysis, R* would equal zero.

The relationship displayed in Figure 6 suggests that there are
at least two reaction pathways responsible for surface-enhanced
hydrolysis. One pathway deactivates as pH is raised above �9,
presumably because an active site on the kaolinite surface loses
a proton. Since the reaction rate ascribed to each pathway
differs by only about threefold, presumably, both pathways
contribute significantly to the total hydrolysis rate below pH 9.

Figure 7 shows the dependence of the specific surface rate on
initial MoS4

2� concentration at pH 9.6 and 8.6, representing the
two pH regimes indicated in Figure 6. At pH 9.6 (Fig. 7a), R*

was calculated according to Eqn. 4. For Figure 7b, R* values
were further corrected for the contribution of the pH � 9
pathway to the rate at pH � 9; this correction was made as
follows:

R‡ � R* (pH 8.6) � R* (pH 9.6). (5)

By treating rates in this manner, the left- and right-hand panels
of Figure 7 reflect the rate dependence on MoS4

2� for only the
dominant pathway in each of the two pH regimes delineated in
Figure 6.

Data for both pH regimes were fit using two alternative
models. The first model, represented by the solid lines in Figure
7, is described by the following equation:

R* �
R*m [MoS4

2�
]

k1/2 � [MoS4
2�]

(constant pH). (6)

This equation contains two parameters, Rm
* and K1/2. Rm

* is the
maximum rate of hydrolysis achievable by a surface pathway,
and K1/2 (value of [MoS4

2�] at Rm
* /2) is a measure of the affinity

of surface sites for MoS4
2�. The equation for R‡ at pH 8.6 is

identical in form to Eqn. 6. Eqn. 6 assumes that the reactive
intermediate is a monomeric surface complex formed through
the following equilibrium:

�S � MoS4
2�7 �S � (MoS4

2�). (7)

Nonlinear regression on the data at pH 8.6 gives Rm
‡ � 20 �

10�4 �mol h�1 m�2 and K1/2 � 250 �mol/L. For pH 9.6, Rm
*

� 3 � 10�4 �mol h�1 m�2 and K1/2 � 20 �mol/L. At both
pHs, both fitted parameters have large uncertainties (�50%).

Inspection of the fits in Figure 7 suggests systematic devia-

Fig. 5. Mo speciation as a function of time for two 38-g/L kaolin suspensions containing NaCl or Na2SO4 at equivalent
ionic strengths. 
Mo was quantified only for the Na2SO4 slurry. Error bars are the standard deviation for 
Mo calculated
from an atomic absorption calibration curve. Conditions for both figures: MoS4

2� (initial) � 18 �mol/L; BT � 0.8 mmol/L;
pH � 8.6; {kaolin} � 469 m2/L.
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tions of the data from curves based on Eqn. 6. For example, at
both pHs, the low-MoS4

2� data lie above the curves, while at
intermediate MoS4

2�, the data lie below the curves. A more
elaborate model can be used to reduce these deviations. This
model, represented by the dashed lines in Figure 7, is described
by the following equation:

R* �
R*m(1) [MoS4

2�]

K1/2(1) � [MoS4
2�]

�
R*m(2) [MoS4

2�]x

K1/2(2) � [MoS4
2�]x (constant pH).

(8)

As above, the equation for R‡ at pH 8.6 is identical in form.
Here, x is the order with respect to MoS4

2�. A value of x � 1
implies that the reactive surface intermediate is an oligomer.
This model assumes that the reaction proceeds via a monomeric
surface intermediate at low MoS4

2� and also via an oligomeric
intermediate at higher MoS4

2� concentrations; formation of the
oligomer occurs as follows:

�S � xMoS4
2�7 �S � (MoS4

2�)x. (9)

Eqn. 8 contains five variable parameters; allowing all five to
float produced unstable fits. To constrain the model, Rm(1)

* and
Rm(2)

* were estimated visually by inspection of Figure 7, and
values of K1/2 were then obtained by fitting the data with x
arbitrarily selected. For pH 8.6, we estimated that Rm(1)

‡ �
3.5 � 10�4 �mol h�1 m�2, and Rm(2)

‡ � 5.5 � 10�4 �mol h�1

m�2. Likewise, for pH 9.6, Rm(1)
* � 1.5 � 10�4 �mol h�1

m�2, and Rm(2)
* � 1.3 � 10�4 �mol h�1 m�2. Using these

provisional values, we obtained satisfactory fits of the data at
both pHs, shown as the dashed lines in Figure 7, only if x � 4.
For x � 4, nonlinear regression on the data at pH 8.6 gives
K1/2(1) � 13 �mol/L and K1/2(2) � 7 � 107 �mol/L4. For pH
9.6, K1/2(1) � 3 �mol/L and K1/2(2) � 7 � 106 �mol/L4.
Uncertainties associated with the fitted parameters are 25 to
50%. Oligomers larger than tetramers cannot be ruled out
because values of x � 4 give statistically similar fits. Values of
x � 4 gave less satisfactory fits.

Making a confident choice between the monomer vs. mono-
mer/oligomer models would require more extensive high-
MoS4

2� data than we have acquired. Since 
Mo in natural
waters is usually �10�7 mol/L, the second term in Eqn. 8
ordinarily will be negligible, and reaction pathways that pro-
ceed via oligomeric surface intermediates will not be important
in nature. For this reason, we decided not to invest further
research effort in the high-MoS4

2� regime. For 
Mo � 10�7

mol/L, rates predicted by the monomer vs. monomer/oligomer
models agree within approximately a factor of 3.

Using the simpler, monomer model, we can place an upper
limit on the active site density on kaolinite’s surface from the
values of K1/2 for pH 8.6 and 9.6 (250 and 20 �mol/L, respec-
tively). Atomic absorption analysis of supernates from our
slurries always revealed negligible (�5%) 
Mo loss from

Fig. 6. The effect of pH on R*, which is defined by Eqn. 4 in the text. Conditions: MoS4
2� (initial) � 18 �mol/L; BT �

0.8 mmol/L; {kaolin} � 469 m2/L; I 	 1 mmol/L.
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solution by adsorption to kaolinite. If �5% of 250 �mol/L or,
in other words, �12.5 �mol/L Mo, saturates half the active
sites on 469 m2/L of kaolinite at pH 8.6, then the density of
active sites is �5.4 � 10�8 mol of sites/m2 or �0.03 sites/nm2.
For pH 9.6, the density of active sites is �4.3 � 10�9 mol of
sites/m2 or �0.003 sites/nm2. These values may be compared
to a total site density estimated to be 2 sites/nm2 (Goldberg et
al., 1998). Regardless of the uncertainties in these estimates,
catalytically active sites apparently constitute a small minority
of the total sites on the kaolinite surface at both pH 8.6 and 9.6.
We therefore cannot exclude the possibility that active sites are
associated with crystal anomalies such as point defects, dislo-
cations, etc.

4.5. Effect of Electrolytes and PO4
3�

Figure 8a compares the dependence of R* on the ionic
strength of NaCl vs. Na2SO4. In the dilute regime of the NaCl
curve, the rate of hydrolysis increases by nearly twofold as
ionic strength is increased from 0.9 to 10 mmol/L. A successive
10-fold rise in ionic strength reduces the rate to a value ap-
proximating that of the most dilute ionic strength. At 1 mol/L

ionic strength, the rate falls to 40% of the rate of the dilute
suspension. In contrast to NaCl, Na2SO4 always lowers the
rate. The rate decreases by approximately 40% over the dilute
portion of the Na2SO4 curve. Throughout the remaining 100-
fold range of ionic strength, the rate of hydrolysis remains
constant. In accord with the data presented in Figure 5, these
results indicate that SO4

2� and Cl� affect rates in measurably
different ways, but the magnitude of these changes is small
considering the large concentration changes needed to produce
them.

In contrast, Figure 8b shows the relationship between R* and
PO4

3� concentration. The hydrolysis rate decreases by 50%
with the addition of only 20 �mol/L PO4

3�. Additional PO4
3�

diminishes the rate by a much smaller factor, suggesting that
phosphate-binding sites are approaching saturation. Figure 8b
demonstrates that PO4

3�, at concentrations encountered in nat-
ural pore waters, effectively competes with MoS4

2� for some of
the active sites on the kaolin surface.

Hydrolysis rate reduction due to SO4
2� and PO4

3� indicates
that these ions compete with MoS4

2� for active sites on kaolin-
ite even at the lowest concentrations tested. Both ions are

Fig. 7. Effect of initial MoS4
2� concentration on R*. Rates for pH 8.6 (denoted as R‡ on the y-axis) are corrected for the

contribution of the high-pH mechanism to the reaction rate according to Eqn. 5. The solid curves were fit to Eqn. 6 with
parameters given in the text. The dashed curves were fit to Eqn. 8 with x � 4 and parameters given in the text.
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known to adsorb and to associate with Al groups on kaolinite.
Under mildly alkaline conditions, SO4

2� adsorption is marginal,
but PO4

3� adsorption is substantial (He et al., 1997). A higher
affinity of kaolinite for PO4

3� explains why PO4
3� is an effec-

tive inhibitor at lower concentrations than SO4
2�.

The leachable phosphate content of KGa-1b was found to be
approximately 3 �g P/g kaolin. A 38-g/L kaolin suspension, the
highest concentration used in our experiments, would therefore
release only 1 �mol/L PO4

3�. Judging from Figure 8b, this
amount of PO4

3� is too small to produce a significant artifact in
our kinetic experiments.

5. DISCUSSION

5.1. Mechanism of Oxide Catalyzed MoS4
2� Hydrolysis

Constraints are placed on the mechanism by the following
considerations. First, in the pH range of our experiments,
MoO4

2� is negligibly adsorbed to kaolinite (Goldberg et al.,
1998). The well-known preference of Al and Si for O vs. S
coordination suggests that thiomolybdates would not adsorb
under conditions in which MoO4

2� does not, and our limited
evidence (Fig. 5b) supports this assumption. Second, nonethe-

less, hydrolysis of MoS4
2� in our experiments involves kaolin-

ite’s surface in some critical way (Fig. 2). Evidence of site
competition by very small concentrations of PO4

3� and
MoOS3

2� implies that hydrolysis requires formation of a spe-
cific, inner-sphere intermediate. Third, Figure 6 suggests that
surface protons promote hydrolysis; on the other hand, persis-
tence of surface catalysis to high pH, at which kaolinite is
believed to be completely deprotonated (Huertas et al., 1998),
suggests that surface protons are not essential. Fourth, most
reactions of tetrahedral molybdate, and probably thiomolyb-
dates, proceed through sixfold coordinated intermediates (You
et al. 1986; Martire et al., 1989; see review by Erickson and
Helz, 2000). Protonation of O or S coordinated to MoVI favors
expansion of the coordination number from fourfold to sixfold
through Mo’s acceptance of nucleophiles (Honig and Kustin,
1972; Pope, 1983; Ozeki et al., 1996).

A plausible, monomeric mechanism applicable to the MoS4
2�

� 20 �mol/L, pH � 9 regime is illustrated in Figure 9.
Initially, MoS4

2� in the vicinity of the surface receives a proton
from a surface §OH group. Thus activated, Mo undergoes
nucleophilic attack by the §O� group and by a water molecule,
resulting in an inner-sphere, octahedral surface complex. This

Fig. 8. Dependence of R* on (A) the ionic strength of NaCl and Na2SO4 and (B) phosphate concentration. The lowest
ionic strength (	10�3 mol/L) shown in (A) is the ionic strength of the buffered slurry with no salt added beyond pH adjust.
Curves are spline interpolations. Conditions: MoS4

2� (initial) � 18 �mol/L; BT � 0.8 mmol/L; pH � 8.6; {kaolin} � 469
m2/L.
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complex is formed through proton-facilitated adsorption. Sub-
sequent desorption and decomposition of this complex releases
H2S and MoOS3

2�. The principal reaction pathway above pH 9
can be similar, but the initial proton must come from water, and
a hyrdoxide ion, rather than a water molecule, must be added to
HMoS4

� in the second step. This mechanism is consistent with
the mechanism for aqueous-phase hydrolysis and sulfidation of
MoOxS4�x

2� anions advanced by Brule et al. (1988).
The mechanism in Figure 9 can work for any of the five

anions in the MoOxS4�x
2� series. Likewise, it can catalyze reac-

tions in either direction (i.e., hydrolysis or sulfidization). Figure
9 portrays replacement of S by O in the first shell around Mo.
To catalyze the reverse reaction, replacement of O by S, it is
only necessary that on average, H2S, rather than H2O, enter the
first shell during formation of the octahedral intermediate and
that H2O leave upon subsequent return to tetrahedral coordi-
nation. Statistically, this would occur when the H2S concentra-
tion lies above the action point of the sulfide actuated geo-
chemical switch of Erickson and Helz (2000).

Huertas et al. (1998) characterized surface sites on kaolinite

Fig. 9. Plausible monomeric mechanism of surface-catalyzed MoS4
2� hydrolysis. The initial step of the mechanism

illustrates the reaction pathways operating either below or above pH 9. Below pH 9, surface sites are the dominant proton
donors to MoS4

2�. Above pH 9, water is the dominant proton donor to MoS4
2�; protonation is followed by addition of

hydroxide ion.
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from titration data. Above pH 8, they found §Al-OH, §Al-O�

and §Si-O� to be the principal species. Earlier, we concluded
that the catalytically most active sites were minority sites. For
the pH � 9 mechanism, acidity of the minority sites (pKa � 9
from Fig. 6) is greater than for the majority §Al-OH sites (pKa

10 to 11, from Huertas et al., 1998). Stronger acidity may
partially account for the greater catalytic activity of the minor-
ity sites. It is plausible to propose that the catalytically most
active sites in the pH 7.7 to 9 region are §Al-OH sites situated
in special surface configurations that render them more acidic
than the majority sites. Kawakami and Yoshida (1985) showed
how the structural environments of §Al-OH groups modify
their acidity. One possibility is that some of the catalytically
most active sites are associated with defects or impurities. On
the other hand, similar rates obtained in Figure 2b with hy-
drated �-Al2O3, a synthetic product, and KGa-1b kaolinite, a
natural product, point to the Al component of kaolinite, not to
an extraneous mineral contaminant, as the source of catalytic
activity.

Gilbert and Kustin (1976) described a number of parallel
pathways that MoO4

2� can follow in forming complexes with
catechol derivatives. Forming catechol-molybdate complexes
can be viewed as analogous to forming surface-molybdate
complexes. The work of Gilbert and Kustin (1976) therefore
reveals the potential complexity of MoOxS4�x

2� -surface interac-
tions at the microscopic level. Figure 9 must be regarded as
only illustrative of how these processes could occur. One point
demonstrated by Gilbert and Kustin (1976) is that for proton-
ated (probably octahedral) molybdate, rates of complex forma-
tion increase with the basicity of the ligand. Basicity of §Al-O�

groups on kaolinite surfaces is likely also to be an important
determinant of MoS4

2� hydrolysis rates.
The hint in Figure 7 that oligomeric intermediates also may

be important in MoS4
2� hydrolysis at higher MoS4

2� concen-
trations is intriguing. Existence of surface oligomers on phyl-
losilicates, but not their role in catalysis, has been demonstrated
by extended X-ray absorption fine structure in several systems
(O’Day et al., 1994; Scheidegger et al., 1996).

Acidification of a solution containing �10�5 mol/L MoS4
2�

(approximating MoS4
2� in many of our experiments) will cause

precipitation of amorphous MoS3 beginning near pH 5. Amor-
phous MoS3 is believed to contain Mo in octahedral coordina-
tion (Hibble et al., 1998). It is plausible to suggest that an
oligomer resembling MoS3 might nucleate epitaxially at acidic
sites on kaolinite surfaces even when pH in the bulk solutions
is mildly alkaline. As in the case of the monomeric mechanism
presented in Figure 9, expansion of the first coordination num-
ber from 4 to 6 during formation of the oligomers and reversion
of the coordination number to 4 upon dissolution could pro-
mote exchange of atoms in the first coordination sphere. How-
ever for this process to accomplish hydrolysis, it is necessary to
assume that “MoS3” oligomers incorporate some O in addition
to S.

With increasing NaCl concentration, hydrolysis rates first
accelerate and then diminish. For dilute NaCl, rate enhance-
ment as ionic strength increases may result from contraction of
the double layer, enhancing the ability of MoS4

2� to diffuse to
the negatively charged kaolinite surface against an electrostatic
potential. At higher NaCl, the rate decrease might be due to
replacement of surface coordinated protons by Na. Floccuation

of kaolin particles, which decreases effective surface area,
becomes important only above �0.2 mol/L ionic strength
(Novich and Ring, 1984). Acceleration of hydrolysis by low
concentrations of NaCl supports an inner-sphere mechanism
such as that in Figure 9. If hydrolysis involved an outer-sphere
mechanism, rates should decline with increasing NaCl even in
the low concentration regime because the electrolyte anion
would compete with MoS4

2� for access to the surface.

5.2. Will Surface Catalysis Be Important in Nature?

To determine whether mineral surfaces might be important
in catalyzing MoOxS4�x

2� transformations in nature, we calcu-
late for idealized conditions the critical concentration of
KGa-1b above which surface catalyzed hydrolysis exceeds
aqueous phase hydrolysis. We assume that the only important
reaction pathways in the aqueous phase are the H3O� and H2O
catalyzed pathways, and we neglect possible pathways involv-
ing surface oligomers, because they should be negligible in
dilute solutions. Under these conditions and pH � 9, Eqn. 3 can
be written as

�
d(MoS4

2�)

dt
� (MoS4

2�)�6.7 � 10�3 mol/L s�1 (H3O
�)

� 1.8 � 10�11 mol/L s�1 (55.5 mol/L)

� (A)
5.5 � 10�13 mol s�1 m�2

2.5 � 10�4 mol/L � (MoS4
2�)

� (A)
8.3 � 10�14 mol s�1 m�2

2.0 � 10�5 mol/L � (MoS4
2�)�. (10)

The constants for the H3O� and H2O pathways are taken
from Erickson and Helz (2000). From Eqn. 10, when MoS4

2� 	
20 �mol/L (likely to be true in natural waters) and pH � 8.0,
the threshold value of A is �0.2 m2/L. This much surface area
is provided by only 10�2 g/L of KGa-1b. Thus, under the
circumstances assumed in this calculation, surface catalysis
would become dominant at quite modest concentrations of
kaolinite (compare to Fig. 1). Including additional terms for
buffer-catalyzed aqueous phase pathways in Eqn. 10 would
force this estimate of A to be raised, but the arguments of
Perdue and Wolfe (1983) suggest that the increase in A would
be small.

The situation in real sediments is of course much more
complicated than represented by this idealized calculation. Be-
sides kaolinite, sediments contain other clay minerals having
different properties (e.g., point of zero charge, specific surface
area, affinity for thiomolybdates). Each mineral will influence
rates differently. Sedimentary pore waters can contain various
anions and cations that might affect surface-catalyzed reaction
rates in the manner we have demonstrated for PO4

3� and SO4
2�.

Dissolved silica and bicarbonate should be investigated be-
cause of their high abundance in pore waters. Sediments not
only contain a large variety of mineral surfaces, but often, these
are coated with organic materials. Organic materials may them-
selves be proton donors, but they also might block access of
MoOxS4�x

2� anions to catalytic sites on mineral surfaces. Mayer
(1999) presents evidence that aluminosilicates in marine sedi-
ments present largely naked surfaces to pore waters, but the
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extent to which even partial blockage by organic matter affects
catalytic properties remains unknown.

Another issue concerns how compaction of sedimentary par-
ticles affects reaction dynamics in sediments. In this respect, it
is interesting that in unsaturated soils, hydrolysis rates are
sometimes observed to increase as relative humidity decreases
(Xu, 1998). This counterintuitive response, in which water’s
reaction rate is increased by lowering its activity, is explained
by arguing that in low-humidity soils, the solutes are confined
to thin aqueous films on mineral surfaces. This proximity
apparently enhances hydrolysis rates. Possibly, a similar effect
occurs in compacted sediments.

This study was prompted by field evidence that Mo fixation
occurs more readily in pore waters than in overlying waters. To
help explain this behavior, we hypothesized that surfaces cat-
alyze Mo(VI) transformations in nature. We have now proved
this for the case of MoS4

2� hydrolysis. The extent to which this
process might be mitigated or negated by other effects in
natural sediments and the extent to which other transformations
involving thiomolybdates are affected are issues that must
remain for the future.
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