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The kinetics and mechanisms of molybdate adsorption/desorp-
tion at the g-Al2O3/water interface were studied by using the
pressure-jump apparatus with conductivity detection at 298 K. A
double relaxation was observed due to the adsorption/desorption
process. Adsorption data and triple-layer model (TLM) simulation
results suggest the formation of both mono- and bidentate inner-
sphere complexes (SMoO4

2 and S2MoO4) at the g-Al2O3 surface.
The intrinsic equilibrium constants (Keq

int) of the complexes were
106.5 M22 and 1016 M24, respectively. Based on the relaxation
theory and combined results of TLM simulation, a two-step pro-
cess is proposed. The first step (k1, k21) is the formation of an
ion-pair complex through the electrostatic attraction between the
reacting surface sites and MoO4

22 and H1. The second step (k2,
k22) involves a ligand exchange process, whereby one water mol-
ecule is replaced by one adsorbed MoO4

22 from the surface. The
values of adsorption and desorption rate constants in the MoO4

22/
g-Al2O3 system were determined to be k1

int 5 5.23 3 106 M22 s21,
k–1

int 5 2.41 3 10 s21, k–2
int 5 1.74 s21, and k–2

int 5 3.26 3 1021 s21.
The intrinsic equilibrium constant from kinetic measurements
(Kkin

int ) was 106 M22, which was similar to the intrinsic equilibrium
constant (Keq

int), 106.5 M22, from the equilibrium studies. © 1998

Academic Press
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INTRODUCTION

Molybdenum is an essential trace element for protein syn-
thesis and oxidation in human metabolism (1). In practical
uses, molybdenum is a critical component of making high-
strength steels, which contain molybdenum some 0.25% to 8%
by weight (1). Molybdenum is also involved in the production
of heat- and corrosion-resistant alloys, screen materials in
electron tubes, and electrode materials for electrically heated
furnaces (2). Pure molybdenum metal is not found in nature
and cannot be obtained without a separation process. Rather, its
free element can be extracted from wulfenite, which is lead
molybdate. Like other transition metals, molybdenum and/or
molybdate compounds are toxic materials to grazing animals as

well as humans (3); the degree of toxicity of molybdenum
and/or molybdate compounds ranks between Zn(II) and Cr(III)
compounds. These toxic molybdenum and molybdate com-
pounds are commonly detected as soluble molybdate in the
hydrosphere and as the adsorbed form on Fe and/or Al hydrox-
ide/oxide in the soil.

For the past two decades, the fate and distribution of envi-
ronmental trace elements have been studied extensively. The
surface complexation model of Stummet al.(4) elucidated that
cations react with surface hydroxyl groups and exchange for
H1, whereas anions react with surface hydroxyl groups and
exchange for OH2. The equilibrium conditions of interfacial
complexation reactions have been further quantified by the
triple-layer model (TLM) of Davis and Leckie (5) and later
modified by Hayes and Leckie (6). The TLM provides an
interpretation of experimental data that is closely related to the
real phenomena; however, it does not give direct evidence to
verify the reaction mechanisms. Though many studies have
addressed the importance of Fe and Al hydroxide/oxide on
regulating the transport of environmental pollutants, work on
molybdate association with mineral surfaces is very limited.

Pankow and Morgan (7) stated that a natural system may
never reach an equilibrium state and that kinetic processes are
more important than equilibrium in understanding pollutant
distributions. Kinetic information also provides insight into the
intrinsic interaction pathways of the adsorption systems. Tra-
ditionally, batch and flow methods are commonly applied to
kinetic work on cation as well as anion adsorption/desorption
on minerals (8). Because reaction changes cannot be detected
as rapidly as adsorption proceeds, batch and flow kinetic work
can only provide apparent (or the overall) kinetic rate data but
not intrinsic rate information, the later can be used for verify-
ing the reaction mechanisms. In 1979, a research team led by
Yasunaga started to investigate the adsorption kinetics of di-
valent cations (Pb, Zn, Cu, and Cd) on Al oxides using a
relaxation-based technique involving the pressure-jump appa-
ratus. Through the pressure-jump technique, Hachyiaet al. (9,
10) verified exchange between protons and cations as a mech-
anism of surface adsorption. Hayes and Leckie (6) successfully
integrated TLM and pressure-jump results in interpreting the
mechanistic pathways of Pb sorption on goethite. Lately ad-
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sorption kinetic work of trivalent cations was systematically
overviewed by Changet al. (11) and Lin et al. (12), who
proposed different sorption pathways for divalent and trivalent
ions.

In comparison to cation sorption kinetics, less work has been
devoted to anion sorption kinetics. Mikamiet al. (13, 14)
studied the kinetics of chromate and phosphate adsorption onto
g-Al2O3 by the pressure-jump technique; Hachiyaet al. (15)
studied the adsorption mechanism of IO3

2 on g-Al2O3; and
Zhang and Sparks (16–18) focused on the mechanisms of
oxyanion (molybdate, sulfate, selenate, and selenite) adsorp-
tion on goethite. Sorption of anions onto iron oxides surface
were proposed to be a two-step pathways. Primarily, formation
of outer-sphere complex and thereafter a transformation of
outer-sphere complex to inner-sphere complex were verified by
these kinetic work. It is interesting to note that arsenate and
chromate exhibit a dramatically different sorption mechanisms
from previous investigations by using same kinetic techniques
(19). In this current work, it is intended to provide kinetic
investigation on the molybdate/g-Al2O3 sorption system using
pressure-jump relaxation technique. The results should be use-
ful in understanding adsorption mechanisms of oxyanion on
mineral surface as well as in comparison sorption kinetics
between iron oxide and aluminum oxide.

MATERIALS AND METHODS

Materials

Stock MoO4
22 solution (2.53 1022 M) was prepared with

Na2MoO4 (reagent grade from Merck) and distilled/deionized
water (Milli-Q SP). The background electrolyte NaNO3 con-
centrations were adjusted to 0.01, 0.05, and 0.1 M.g-Al2O3

(Aerosil Co., Japan) was purified by electrodialysis (1200 V, 3
mA) before use. The surface area ofg-Al2O3, determined by
the manufacturer from N2 Brunauer–Emmett–Teller adsorption
isotherm, was equal to 100 m2/g. Site density of 8 sites/nm2

was chosen from the Peri’s work (20). Reagent grade HNO3

and NaOH were used for system pH adjustment.

Sorption Experiments

In batch equilibrium adsorption experiments, molybdate
(5 3 1023 M) was equilibrated withg-Al2O3 suspension (30
g/L) in the presence of 0.01, 0.05, and 0.1 M NaNO3, and the
pH of the suspension was adjusted with a small amount of
HNO3 or NaOH to cover the range from pH 4.5 to 9. Samples
were subjected to shaking for 24 h and kept at 256 0.1°C. At
the end of the equilibrium period, each suspension pH was
determined. The suspension was centrifuged at 8000 rpm for
15 min, and the supernatant was then filtered through 0.2mm
filter paper (Gelman Sciences). Molybdate concentration was
determined by ion chromatography (Dionex 2000i SP).

Kinetic Measurements

The pressure-jump apparatus was used for obtaining mech-
anistic information of MoO4

22/g-Al2O3 interactions. The sam-
ples prepared in batch equilibrium experiments after pH mea-
surement were saved for pressure-jump work. The temperature
was maintained at 256 0.1°C in both the sample cell and the
reference cell (KCl solution). The pressure-jump apparatus was
equipped with a conductivity detector and was similar to that
used previously by Hachiyaet al. (10). The primary compo-
nents of the pressure-jump apparatus were a pressure chamber
(Photo High Pressure Inc., Japan), a Wheatstone bridge circuit
(Sea Land Electr. Wave Inc., Japan) and a digital storage
oscilloscope (TEK 2224).

During the pressure-jump relaxation measurement, the equi-
librium state of the MoO4

22/g-Al2O3 system was perturbed by
raising the system pressure to 100 atm using a camshaft pres-
sure pump. The sample and reference cells were covered with
a plastic membrane to transmit the pressure effectively. A
piece of brass shimstock (thickness5 0.05 mm) was used for
pressure control. The brass membrane burst when the pressure
in the autoclave became too high and caused the pressure to
return to ambient pressure within 100ms. At the moment of
pressure change, an oscilloscope was triggered to record the
changes in system conductivity. The signals recorded by the
oscilloscope were digitized and analyzed by linear regression
to calculate the reciprocal relaxation time (t21). The time
necessary for the equilibrium adjustment to take place is called
the relaxation time (t), which is related to the rates of the
reactions in the system (21).

Model Analysis

The TLM developed by Davis and Leckie (22) and subse-
quently modified by Hayes and Leckie (6) was used to simulate
the equilibrium partitioning of background electrolyte ions and
MoO4

22 species at theg-Al2O3/water interface. The modified
TLM differs from the original model in two ways. First, the
adsorbed ion can be located on both the o-layer and the
b-layer, i.e., ions are allowed to form either inner- or outer-
sphere surface complexes. Second, the chemical potential and
standard and reference states are defined equivalently for both
solution and surface species, leading to a different relationship
between the activity coefficients and the interfacial potential
than previously used. The reactions constants and other param-
eters necessary for TLM are summarized in Table 1. The
equations for TLM simulation are presented below:

TABLE 1
TLM Parameters and Basic Surface Complexation Constants

C1 (o-plane capacitance,mF/cm2) 80 (23)
C2 (b-plane capacitance,mF/cm2) 20 (23)

log Ka1
int, log Ka2

int 27.2,29.5 (24)
log KNa1

int , log KNO
int

3
2 29.1, 8.7 (6, 18)
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SOH2
1 º SOH1 H1, [1]

SOHº SO2 1 H1, [2]

SOH1 Na1 º SO2–Na1 1 H1, [3]

SOH1 H1 1 NO3
2 º SOH2

1–NO3
2, [4]

SOH1 H1 1 MoO4
22 º SOH2

1–MoO4
22, [5]

SOH1 H1 1 MoO4
22 º SMoO4

2 1 H2O, [6]

2SOH1 2H1 1 MoO4
22 º S2MoO4 1 2H2O. [7]

Equations [1] and [2] describe protonation of reacting surface
sites, and Eqs. [3] and [4] describe the formation of complexes
between the background electrolyte ions and the surface. Ion-pairs
are formed at theb-plane (Eq. [5]), where the adsorption is
nonspecific and the reaction product is an outer-sphere surface
complex, if MoO4

22 reacts similarly to a background electrolyte
with SOH. If adsorption of MoO4

22 is visualized as a chemically
specific reaction, the reaction, however, can be expressed as an
inner-sphere surface coordination process (Eqs. [6] and [7]).
Equations [6] and [7] represent the reaction of MoO4

22 with 1 and
2 mol of reactive surface hydroxyl to form inner-sphere mono-
dentate and bidentate surface complexes, respectively.

The intrinsic conditional equilibrium constants for the pre-
vious reactions can be defined as

Ka1
int 5

@SOH#@H1#

@SOH2
1#

expS2coF

RT D 5 1027.2, [8]

Ka2
int 5

@SO2#@H1#

@SOH#
expS2coF

RT D 5 1029.5, [9]

KNa1
int 5

@SO2 2 Na1#@H1#

@SOH#@Na1#
expS2~cb 2 co! F

RT D 5 1029.1,

[10]

KNO3
2

int
5

@SOH2
1 2 NO3

2#

@SOH#@H1#@NO3
2#

expS ~co 2 cb! F

RT D 5 108.7,

[11]

KMoO4
22

int
5

@SOH2
1 2 MoO4

22#

@SOH#@H1#@MoO4
22#

expS ~co 2 2cb! F

RT D , [12]

K~MoO4
22!*1

int
5

@SMoO4
2#

@SOH#@H1#@MoO4
22#

expS2coF

RT D , [13]

K~MoO4
22!*2

int
5

@S2MoO4#

@SOH#2@H1#2@MoO4
22#

, [14]

whereF is the Faraday constant,R is the universal gas con-
stant,T is the absolute temperature, andco and cb are the
electrical potentials at the o- andb-plane, respectively. The
equilibrium and mass balance equations are solved simulta-
neously in the TLM. The parameters of equations in Table 1
was used in the model analysis to determine the best-fit intrin-
sic constants for the MoO4

22/g-Al2O3 reaction.

RESULTS AND DISCUSSIONS

Equilibrium Adsorption

The sorption envelope of 53 1023 M molybdate on 30 g/L
g-Al2O3 in the absence of NaNO3 and in the presence of three
different NaNO3 electrolyte concentrations (0.01, 0.05, and 0.1
M) are presented in Fig. 1. The pH dependent adsorption curve
is similar to those of other anions; sorption density is increased
with system pH shifting from alkaline to acidic conditions.
Sorption envelopes of some anions normally exhibit a more flat
curve over a extended acidic pH ranges such as arsenite and
arsenate in iron oxide systems (25, 26). However, in this
molybdate andg-Al2O3 suspension, the sorption of molybdate
changes from negligible amount to near-total removal in only
about 3.5 pH units. It might be interesting to note that the
sorption affinity of anions for the oxides can be reasoned by the
positions of different pH–adsorption curves. Probably, highly
adsorbable anions generally exhibit a flat sorption curve over a
wider pH range. The maximum sorption density of molybdate
in this current experimental condition is calculated to be
1.673 1026 mol/m2. For comparison, the sorption densities of
chromate, selenite, selenate, arsenite, and arsenate are 23
1026 mol/m2 on goethite and 1026 mol/m2 on goethite and
1026 mol/m2 on g-Al2O3, 3.04 3 1026 mol/m2 on goethite,
1.233 1025 mol/m2 on ferrihydrite, and 23 1026 mol/m2 on
goethite and 5.113 1026 mol/m2 on ferrihydrite, respectively
(13, 18, 19, 26).

The effect of background electrolyte concentrations on mo-
lybdate adsorption at a given pH is fairly insignificant as shown
in Fig. 1. The insignificance of electrolyte ionic strength on
molybdate sorption might imply the formation of inner-sphere
surface complex, which can be verified by the TLM simulation.
Thus, the formation of different outer- and inner-sphere com-
plexes of molybdate as proposed in Eqs. [5]–[7] was modeled
using adsorption data with no NaNO3 addition. The formation
of an outer-sphere complex was fairly impossible as the TLM
simulation was unable to coincide the experimentally measured
pH–adsorption curve. The TLM was, however, able to follow
the experimental pattern well for the formation of inner-sphere
complexes of monodentate SMoO4

2 (Eq. [6]) and bidentate
S2MoO4 (Eq. [7]) as shown in Fig. 1. The fitted intrinsic
formation constants for the SMoO4

2 and S2MoO4 are 106.5

M22 and 1016 M24, respectively. The equilibrium constants
and the assumption of inner-sphere surface complexes are to be
further verified using the kinetic methods. If the intrinsic
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equilibrium constants derived from the kinetic rate constants
are comparable, one is able to ascertain the surface complex
configuration and the adsorption mechanisms.

Kinetic Studies

The pressure-jump technique was used to elucidate the
adsorption mechanism proposed by the equilibrium studies
and to provide rate constants for both adsorption and de-
sorption reactions. The kinetics of MoO4

22 adsorption on
g-Al 2O3 using the pressure-jump apparatus with a conduc-
tivity detector revealed a double relaxation (not shown),
indicating a fast reaction step and a slow reaction step (Fig.
2). To ensure that the relaxation was solely a result of the
perturbation on equilibratedg-Al 2O3 suspension MoO4

22,
different systems, containing supernatant from the MoO4

22/
g-Al 2O3 suspension,g-Al 2O3 alone, and Na2MoO4, were
also subjected to the same pressure-jump test as that for the
MoO4

22/g-Al 2O3 suspension. No relaxation was observed in
any of the above systems except for the supernatant system,
which was different from previous studies of cations and
anions (11–14, 16 –18, 27). Since the diameter of ag-Al 2O3

particle is about 13 nm, a portion of the particles could not
be removed when the suspension was centrifuged at 8000
rpm. As a result, the trace amount ofg-Al 2O3 particles left
in the supernatant solutions caused a slow relaxation. Un-

fortunately, we did not monitor relaxation in the filtrate
system. Since the sweep velocity of the supernatant in the
pressure-jump test is 1 s/div (which is a very slow relax-
ation), the effect of the relaxation is negligible. On the other
hand, the sweep velocity for MoO4

22/g-Al 2O3 suspension in
the pressure-jump test is 0.1 s/div which is a fast relaxation.
The result indicates that the relaxation of the suspension is
ten times faster than that of the supernatant. Therefore, the
effect of supernatant relaxation was considered to be neg-
lible, and it should be justified to assume that relaxation is
attributed solely to the adsorption/desorption of MoO4

22 at
the water/g-Al 2O3 interface. Hence, the reciprocal relax-
ation times of the fast step (tf

21) and the slow step (ts
21)

could be calculated from semilog plots of the relaxation
curves. The measured reciprocal relaxation times are shown
in Fig. 3. Bothtf

21 andts
21 increased with increasing pH of

the MoO4
22/g-Al 2O3 suspension, althoughts

21 is less depen-
dent upon pH.

Based on the results from the pressure-jump studies as well
as from the equilibrium experiments, two-step reactions are
postulated to describe the reaction steps of MoO4

22 adsorption
onto g-Al2O3. Proposed reaction pathways, the relationship
between reciprocal relaxation times and reactant and product
concentrations, and the linearized relationships are presented in
the following equations. Specifically, the proposed following
reaction mechanisms are derived from the batch results indi-

FIG. 1. Adsorption of MoO4
22 onto g-Al2O3 as a function of pH at various background NaNO3 concentrations. (a) TLM (Eq. [6]) for solid curve, and (b)

TLM (Eq. [7]) for dotted curve. Symbols denote experimental data.
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cating that mono- or bidentate inner-sphere complexes are
formed in the MoO4

22/g-Al2O3 system:

SOH1 H1 1 MoO4
22 L|;

k1

k21

SOH2
1–MoO4

22, [15]

SOH2
1–MoO4

22 L|;
k2

k–2

SMoO4
2 1 H2O. [16]

If Eq. [15] is a faster step than Eq. [16], the relationship
between reciprocal relaxation time and reactant and product
concentrations is represented by Eqs. [17] and [18] (see deri-
vations in the Appendix):

1

tf
expS~2cb 2 co!F

2RT D 5 k1
intHexpS ~2cb 2 co! F

RT D ~@SOH#@H1#

1 @SOH#@MoO4
22# 1 @H1#@MoO4

22#!J 1 k21
int

5 k1
int$MI* % 1 k21

int , [17]

1

ts
expS ~co 2 cb! F

RT D

5 k2
int5K 1

intexpScoF

RTD ~@SOH#@H1#

1 @SOH#@MoO4
22# 1 @H1#@MoO4

22#!

1 1 K 1
int~MI* !

6 1 k22
int

5 k2
int$MI** % 1 k22

int . [18]

The alternative proposed adsorption mechanisms are expressed in
Eqs. [19] and [20] for the formation of bidentate inner-sphere com-
plex. When Eq. [19] is assumed to be a fast step or a slow step, the
relationship between the reciprocal relaxation times and the reac-
tant and product concentrations can be also derived. Thek1

int, k21
int ,

k2
int, andk22

int are the intrinsic forward (k1
int andk2

int) and backward
(k21

int andk22
int ) rate constants for steps 1 and 2, respectively:

2SOH1 2H1 1 MoO4
22 L|;

k1

k21

~SOH2
1!2–MoO4

22, @19#

~SOH2
1!2–MoO4

22 L|;
k2

k22

S2MoO4 1 2H2O. @20#

To examine the plausibility of the proposed adsorption mecha-
nisms, the corresponding reciprocal relaxation times were derived as
a function of the reactant and product concentrations for the postu-
lated mechanisms. If a plot oftf

21 (or ts
21) measured by pressure-

jump apparatus versus the corresponding {M*} (or {M**}) func-
tions calculated by TLM is linear, the hypothesized mechanism is
consistent with the data. The intrinsic reaction rate constants can
be determined from the slope and/or intercept of such a plot.

Examining the plots of reciprocal relaxation times (tf
21 and

ts
21) versus the expression of reactant and product concentrations,

it is found that only Eqs. [17] and [18] yield good linearity (Figs.
4 and 5), confirming that the surface reaction of the MoO4

22/g-
Al2O3 system can be well described by the proposed fast and slow
steps. Although both models of mono- and bidentate inner-sphere
complex formations appear to be true in batch results (Fig. 1a and

FIG. 2. Typical relaxation curve in the MoO4
22/g-Al2O3 system using the pressure-jump technique at pH 6.01, sweep5 0.1 s/div, and 25°C.
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1b), the kinetic analysis, however, indicates that the adsorption/
desorption of MoO4

22 is caused only by monodentate inner-sphere
complex formation. The results presented in Fig. 4 indicate that
the surface reaction sites first react with H1 and MoO4

22 to form
an outer-sphere complex. Thereafter outer-sphere complex re-
leases one water molecule to form an inner-sphere complex,
which is clearly evident by Fig. 5. The respective kinetic values of
the intrinsic forward rate and reverse rate constants calculated
from the slope and intercept in Figs. 4 and 5 are summarized in
Table 2. The equilibrium constants obtained from kinetic exper-
iment (Kkin

int 5 106 M22) is in good agreement with the results
from equilibrium and TLM work (Keq

int 5 106.5 M22), confirming
that the mechanism of MoO4

22 adsorption/desorption onto
g-Al2O3 can be interpreted by Eqs. [15] and [16].

This study provides especial evidence to show that MoO4
22

adsorption ontog-Al2O3 is a two-step reaction; the first step is the
formation of an ion-pair complex between the sites and MoO4

22,
and the second step is a ligand exchange process. Based on the
relaxation theory and with the help of pressure-jump technique,
the microscopic insight of the adsorption pathways of trace ele-
ments on Fe or Al oxide/hydroxide can be elucidated thoughtfully.
Our past studies on the sorption mechanism of cations reveal that
inner-sphere surface complexes always involve a two-step ligand
exchange reaction at the interface. However, the exchange steps of
a divalent cation are not similar to a trivalent cation (12) in that the
role of hydration water molecules are significantly different. Di-
valent cation forms inner-sphere species and loses a hydrated

water molecule simultaneously in the first step, and the second
step is the release of a proton from the surface hydroxyl OH
group. Alternatively, trivalent cation is to form a outer-sphere
surface complex without losing any hydrated water molecule first,
followed by the detachment of a H2O to form the inner-sphere
surface species. Examining the kinetic results in this work, it is
found that the microscopic reaction steps of molybdate on
g-Al2O3 is somewhat analogous to those of trivalent cation. In
both situations, trivalent ions and oxyanions all react with surface
site to form outer-sphere complexes and thereafter shifting to form
inner-sphere complexes. By further evaluating the sorption mech-
anisms of these three different ions, one might come to a conclu-
sion that sorption pathways of ions with extensive degree of
hydration as trivalent cations and oxyanions are in the category of
associative process or are analogous to the mechanism of the
substitution nucleophilic unimolecular (28). This finding is further
supported by the work of Zhang and Spark (16) on the kinetics
and mechanisms of MoO4

2 sorption on goethite. In their study, an
ion-pair of molybdate is first to form at the goethite surface
through the electrostatic interaction. The second step is postulated
as the ligand exchange of molybdate with H2O to form an inner-
sphere complex. It is also interesting to note that although mo-
lybdate oxyanion exhibit a similar reaction mechanism at the
goethite andg-Al2O3 interfaces, there exists a greater discrepancy
between the kinetic rate constants. In all the reaction steps, the
molybdate/g-Al2O3 system has a much smaller reverse rate con-
stants (k21) than those of the molybdate/goethite system (Table

FIG. 3. Double reciprocal relaxation times (tf
21, ts

21) as a function of pH
in the MoO4

22/g-Al2O3 system.

FIG. 4. Plot of tf
21exp((2cb 2 co) F/ 2RT) vs {MI*} in Eq. [17]. The

concentrations of MoO4
22 species were calculated on the basis of the optimized

intrinsic formation constants.
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2). This comparison indicates that molybdate is more labile at the
goethite/water interface than at theg-Al2O3/water interface.

CONCLUSIONS

Adsorption data and TLM simulation reveal that the adsorp-
tion of MoO4

22 onto g-Al2O3 forms an inner-sphere surface
complex. The pressure-jump technique was used to examine
the adsorption kinetics and verify the reaction steps. The pro-
posed adsorption mechanism is a two-step process forming an
inner-sphere surface complex. The first step involves the ini-
tiation of MoO4

22 and H1 to form an outer-sphere surface
complex, and the subsequent step is a ligand exchange reac-
tion, which results in the formation of an inner-sphere mono-
dentate surface complex. The sorption pathways are similar to
those of trivalent cations, which categorized as associative

processes. Both equilibrium and kinetic data fit the proposed
mechanism for the reaction steps and TLM well. Furthermore,
this study indicates that the adsorption of MoO4

22 on g-Al2O3

is more stable than the adsorption of MoO4
22 on goethite.

APPENDIX

From Eqs. [15] and [16], the species can be defined as A5
SOH, B 5 H1, C 5 MoO4

22, D 5 SOH2
1–MoO4

22, E 5
SMoO4

2, and F5 H2O. The general forms of the adsorption/
desorption reactions are

A 1 B 1 CL|;
k1

k21

D ~step 1, fast!, [A.1]

DL|;
k2

k22

E 1 F ~step 2, slow!. [A.2]

The rate of step 1 is defined as

2
dCA

dt
5 k1CACBCC 2 k21CD. [A.3]

At equilibrium, dCA/dt 5 0 and then Eq. [A.3] becomes

k1CACBCC 5 k21CD, [A.4]

where the overbar denotes the equilibrium concentration. Fol-
lowing a small perturbation equilibrium concentrations are
shifted by a small amount,x.

2
dCA

dt
5 2

d~CA 1 x!

dt

5 k1~CA 1 x!~CB 1 x!~CC 1 x! 2 k21~CD 2 x!

5 k1CACBCC 2 k21CD 1 @k1~CACB 1 CACC 1 CBCC!

1 k21] x 1 k1@CA 1 CB 1 CC# x2 1 k1x
3, [A.5]

which can be further simplified if only small equilibrium

FIG. 5. Plot of ts
21exp((co 2 cb) F/RT) vs {MI**} in Eq. [18]. The

concentration of MoO4
22 species was calculated based on the optimized in-

trinsic formation constants.

TABLE 2
Intrinsic Rate and Equilibrium Constants Determined from Kinetic Measurementsa

k1
int k–1

int k2
int k–2

int K 1
int K 2

int K kin
int K eq

int

(I) M22 s21 s21 s21 s21 M22 M22 M22

5.2 3 106 2.4 3 10 1.7 3.6 3 1021 2.2 3 105 4.8 1.0 3 106 3.2 3 106

(II) M 21 s21 s21 M21 s21 s21 M21 M21 M22 M22

4.0 3 103 3.9 3 102 1.9 42.3 1.03 10 4.5 3 1022 4.6 3 1021 –

a (I), present work; (II), Zhang and Sparks (16).
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perturbations are considered. Consequently,x2 andx3 become
increasingly small, leading to

2
dx

dt
5 @k1~CACB 1 CACC 1 CBCC! 1 k21# x. [A.6]

Since Bernasconi [21] proved that

dx

dt
5 2

x

t
. [A.7]

Equation [A.6] can be written as

1

tf
5 k1~CACB 1 CACC 1 CBCC! 1 k21. [A.8]

Combining the following relationships based on Eq. [A.1]

k1 5 k1
intexpS ~2cb 2 co! F

2RT D , [A.9]

k21 5 k21
int expS ~co 2 2cb! F

2RT D . [A.10]

Equation [A.8] becomes

1

tf
expS ~2cb 2 co! F

2RT D 5 k1
intexpS ~2cb 2 co! F

RT D
3 ~CACB 1 CACC 1 CBCC! 1 k21

int 5 k1
int$MI* % 1 k21

int .

[A.11]

The equilibrium constant of step 1 (K1) can be defined as

K1 5
CD

CACBCC

5
CD

CACBCC

5
~CD 1 DCD!

~CA 1 DCA!~CB 1 DCB!~CC 1 DCC!
. [A.12]

Rerranging [A.12] as

CD 1 DCD 5 K1~CA 1 DCA!~CB 1 DCB!~CC 1 DCC!, [A.13]

with a small perturbation,

CADCBDCC < 0, [A.14]

CBDCADCC < 0, [A.15]

CCDCADCB < 0, [A.16]

DCADCBDCC < 0. [A.17]

Substituting Eqs. [A.14]–[A.17] into Eq. [A.13] yields

DCD 5 K1~CBCCDCA 1 CACCDCB 1 CACBDCC!. [A.18]

The conservation-of-mass law states that

DCA 5 DCB 5 DCC, [A.19]

DCD 5 2DCA 2 DCE. [A.20]

When Eqs. [A.19] and [A.20] are substituted into Eq. [A.18],
the following equation is obtained:

DCD 5
2K1~CACB 1 CBCC 1 CACC!

1 1 K1~CACB 1 CBCC 1 CACC!
DCE [A.21]

The rate of step 2 is defined as:

dCE

dt
5

d~CE 1 DCE!

dt
5 k2~CD 1 DCD! 2 k22~CE 1 DCE!. [A.22]

Combining Eq. [A.21] and Eq. [A.22] gives

dDCE

dt
5 2 F k2K1~CACB 1 CBCC 1 CACC!

1 1 K1~CACB 1 CBCC 1 CACC!
1 k22GDCE.

[A.23]

Using the definition of relaxation time (Eq. [A.7]), Eq. [A.23]
becomes

1

ts
5

k2K1~CACB 1 CBCC 1 CACC!

1 1 K1~CACB 1 CBCC 1 CACC!
1 k22. [A.24]

Considering the effect of the double electrostatic layer from
Eqs. [15] and [16],

K1 5 K1
intexpS ~2cb 2 co! F

RT D , [A.25]

k2 5 k2
intexpS ~co 2 cb! F

RT D , [A.26]

k22 5 k22
int expS ~cb 2 co! F

RT D . [A.27]
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Substitution of Eqs. [A.25]–[A.27] into Eq. [A.24] gives

1

ts
expS ~co 2 cb! F

RT D

5 k2
int5K1

intexpScoF

RTD ~CACB 1 CBCC 1 CACC!

1 1 K1
intexpS ~2cb 2 co! F

RT D
3 ~CACB 1 CBCC 1 CACC!

6 1 k22
int

5 k2
int$MI** % 1 k22

int . [A.28]

When the defined species are converted into reactants in Eqs.
[A.11] and [A.28], Eqs. [17] and [18] are obtained, respec-
tively.
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