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The kinetics and mechanisms of molybdate adsorption/desorp-
tion at the y-Al,O5/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 (SMoO, and S,Mo00,) at the y-Al,O, surface.
The intrinsic equilibrium constants (K;T;) of the complexes were
10%% M2 and 10'® M™%, respectively. Based on the relaxation
theory and combined results of TLM simulation, a two-step pro-
cess is proposed. The first step (k;, k_,) is the formation of an
ion-pair complex through the electrostatic attraction between the
reacting surface sites and MoO3~ and H*. The second step (k,,
k_,) involves a ligand exchange process, whereby one water mol-
ecule is replaced by one adsorbed MoO2~ from the surface. The
values of adsorption and desorption rate constants in the MoO3~/
v-Al,O, system were determined to be ki™ = 5.23 x 10° M~2s7?,
kint=241 % 1057 k" = 1.74s7%, and k" = 3.26 x 107 *s™ 2.
The intrinsic equilibrium constant from kinetic measurements
(Kinty was 10° M~2, which was similar to the intrinsic equilibrium
constant (KL), 10%° M~2, from the equilibrium studies. o 100
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Key Words: MoO3~; y-Al,O,; TLM; pressure-jump; intrinsic
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INTRODUCTION

well as humans (3); the degree of toxicity of molybdenum
and/or molybdate compounds ranks between zZn(1l) and Cr(lll
compounds. These toxic molybdenum and molybdate corr
pounds are commonly detected as soluble molybdate in tr
hydrosphere and as the adsorbed form on Fe and/or Al hydro:
ide/oxide in the soil.

For the past two decades, the fate and distribution of envi
ronmental trace elements have been studied extensively. Tl
surface complexation model of Stunehal. (4) elucidated that
cations react with surface hydroxyl groups and exchange fc
H™*, whereas anions react with surface hydroxyl groups an
exchange for OH. The equilibrium conditions of interfacial
complexation reactions have been further quantified by th
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 th
real phenomena; however, it does not give direct evidence t
verify the reaction mechanisms. Though many studies hav
addressed the importance of Fe and Al hydroxide/oxide o
regulating the transport of environmental pollutants, work or
molybdate association with mineral surfaces is very limited.

Pankow and Morgan (7) stated that a natural system ma
never reach an equilibrium state and that kinetic processes a
more important than equilibrium in understanding pollutant
distributions. Kinetic information also provides insight into the
intrinsic interaction pathways of the adsorption systems. Tra

Molybdenum is an essential trace element for protein syfiifionally, batch and flow methods are commonly applied tc

thesis and oxidation in human metabolism (1). In practickinetic work on cation as well as anion adsorption/desorptiol
uses, molybdenum is a critical component of making higi®" mmerals (8). Because reaction changes cannot .be Qeteci
strength steels, which contain molybdenum some 0.25% to &% rapidly as adsorption proceeds, batch and flow kinetic wor
by weight (1). Molybdenum is also involved in the productio§@n only provide apparent (or the overall) kinetic rate data bu
of heat- and corrosion-resistant alloys, screen materials Nft intrinsic rate information, the later can be used for verify-
electron tubes, and electrode materials for electrically heat®d the reaction mechanisms. In 1979, a research team led |
furnaces (2). Pure molybdenum metal is not found in natu¥eéiSunaga started to investigate the adsorption kinetics of d
and cannot be obtained without a separation process. Rathevagnt cations (Pb, Zn, Cu, and Cd) on Al oxides using &
free element can be extracted from wulfenite, which is ledglaxation-based technique involving the pressure-jump app:
molybdate. Like other transition metals, molybdenum and/&atus. Through the pressure-jump technique, Haceyl. (9,

molybdate compounds are toxic materials to grazing animals®® verified exchange between protons and cations as a mec
anism of surface adsorption. Hayes and Leckie (6) successful
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 TABLE 1
overviewed by Changet al. (11) and Linet al. (12), who  TLM Parameters and Basic Surface Complexation Constants
proposed different sorption pathways for divalent and trivalent _
ions. C, (o-plane capaC|_tanc¢:,F/crnz) 80 (23)
. . . . . C, (B-plane capacitancgyF/cr) 20 (23)
In comparison to cation sorption kinetics, less work has been  “joq kint jog kint ~7.2,-9.5(24)
devoted to anion sorption kinetics. Mikamet al. (13, 14) log Ki%+, log K6, —-9.1,8.7 (6, 18)

studied the kinetics of chromate and phosphate adsorption onto

v-Al ,O3 by the pressure-jump technique; Hachifaal. (15)

studied the adsorption mechanism of;1®@n y-Al,O;; and Kinetic Measurements
Zhang and Sparks (16-18) focused on the mechanisms of

oxyanion (molybdate, sulfate, selenate, and selenite) adsoégEThe pressure-jump apparatus was used for obtaining mec

tion on goethite. Sorption of anions onto iron oxides surfa istic information of Mo@ /y-Al ,O; interactions. The sam-

were proposed to be a two-step pathways. Primarily, formatiBit> prep;ared n batgr} equilibrium _experlmel?t?_r?fttter pH m(tee
of outer-sphere complex and thereafter a transformation grement were saved for pressure-jump work. The temperatu

outer-sphere complex to inner-sphere complex were verified §¢> malntalTleigtl ZET ?.'1 C_I'_T] both the sample cell an;j the’
these kinetic work. It is interesting to note that arsenate ahgcrence ce (KCl solution). The pressure-jump apparatus w

chromate exhibit a dramatically different sorption mechanisn%1UIpp6d with a conductivity detector and was similar to tha

from previous investigations by using same kinetic techniqugged previously by Hachiyat al. (10). The primary compo-

(19). In this current work, it is intended to provide kinetid'S"'tS Of the pressure-jump apparatus were a pressure cham

investigation on the molybdatg/Al0, sorption system using (Photo High Pressure Inc., Japan), a Wheatstone bridge circt
. . 273 (SSea Land Electr. Wave Inc., Japan) and a digital storag
pressure-jump relaxation technique. The results should be use-.
; ) : . .~ ~oscilloscope (TEK 2224).
ful in understanding adsorption mechanisms of oxyanion onDurin the pressure-iump relaxation measurement. the e
mineral surface as well as in comparison sorption kinetic]:%. 9 P Jmp . d
between iron oxide and aluminum oxide ibrium state of the Mo@ /y-Al ,O, system was perturbed by
' raising the system pressure to 100 atm using a camshatft pre
sure pump. The sample and reference cells were covered wi
MATERIALS AND METHODS a plastic membrane to transmit the pressure effectively. /
piece of brass shimstock (thickness0.05 mm) was used for
pressure control. The brass membrane burst when the presst
in the autoclave became too high and caused the pressure
Stock MoG~ solution (2.5x 1072 M) was prepared with return to ambient pressure within 1QG. At the moment of
Na,MoO, (reagent grade from Merck) and distilled/deionize@ressure change, an oscilloscope was triggered to record t
water (Milli-Q SP). The background electrolyte Nahi@on- changes in system conductivity. The signals recorded by th
centrations were adjusted to 0.01, 0.05, and 0.1yM\,0, Oscilloscope were digitized and analyzed by linear regressio
(Aerosil Co., Japan) was purified by electrodialysis (1200 V@ calculate the reciprocal relaxation time (). The time
mA) before use. The surface areapf\l,O,, determined by necessary for the equilibrium adjustment to take place is calle
the manufacturer from NBrunauer—Emmett-Teller adsorptiorih® relaxation time ), which is related to the rates of the
isotherm, was equal to 100%g. Site density of 8 sites/rfn reactions in the system (21).
was chosen from the Peri’'s work (20). Reagent grade EIN
and NaOH were used for system pH adjustment.

Materials

?/Iodel Analysis

The TLM developed by Davis and Leckie (22) and subse:
Sorption Experiments qguently modified by Hayes and Leckie (6) was used to simulat
the equilibrium partitioning of background electrolyte ions and

In batch equilibrium adsorption experiments, molybdat®loO3~ species at the-Al ,O4/water interface. The modified

(5 X 1072 M) was equilibrated withy-Al ,O; suspension (30 TLM differs from the original model in two ways. First, the
g/L) in the presence of 0.01, 0.05, and 0.1 M NajNénd the adsorbed ion can be located on both the o-layer and th
pH of the suspension was adjusted with a small amount @flayer, i.e., ions are allowed to form either inner- or outer-
HNO; or NaOH to cover the range from pH 4.5 to 9. Samplesphere surface complexes. Second, the chemical potential a
were subjected to shaking for 24 h and kept at28.1°C. At standard and reference states are defined equivalently for bc
the end of the equilibrium period, each suspension pH waslution and surface species, leading to a different relationshi
determined. The suspension was centrifuged at 8000 rpm bmtween the activity coefficients and the interfacial potentia
15 min, and the supernatant was then filtered throughuf2 than previously used. The reactions constants and other para
filter paper (Gelman Sciences). Molybdate concentration waters necessary for TLM are summarized in Table 1. Th

determined by ion chromatography (Dionex 2000i SP). equations for TLM simulation are presented below:
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whereF is the Faraday constarR is the universal gas con-
stant, T is the absolute temperature, arg and ¢s; are the
electrical potentials at the o- angtplane, respectively. The
equilibrium and mass balance equations are solved simult:
3] neously in the TLM. The parameters of equations in Table

was used in the model analysis to determine the best-fit intrir
[4] sic constants for the Maf/y-Al ,O5 reaction.

SOH = SOH+ H*, [1]

SOH= SO + H", [2]

SOH+ Na" = SO -Na" + H*,
SOH+ H* + NO; = SOH;—NO;,

SOH+ H* + MoQZ” = SOH,~MoCZ", 5] RESULTS AND DISCUSSIONS

SOH+ H* + MoO2™ = SMoQ; + H.,0, [6] Equilibrium Adsorption

The sorption envelope of & 10 * M molybdate on 30 g/L
v-Al 05 in the absence of NaN{and in the presence of three
) _ ) . different NaNQ electrolyte concentrations (0.01, 0.05, and 0.1
_Equations [1] and [2] describe protonation of reacting surfagg) are presented in Fig. 1. The pH dependent adsorption cun
sites, and Egs. [3] and [4] describe the formation of complexgSsimilar to those of other anions; sorption density is increase
between the background electrolyte ions and the surface. lon-pgjg, system pH shifting from alkaline to acidic conditions.

are formed at theB-plane (Eq. [5]), where the adsorption iSgorption envelopes of some anions normally exhibit a more iz

2SOH+ 2H" + MoO? = SM00, + 2H,0.  [7]

nonspecific and the reaction product is an outer-

complex, if MoG;~ reacts similarly to a background electrolyt

sphere surfag e over a extended acidic pH ranges such as arsenite a
Grsenate in iron oxide systems (25, 26). However, in this

with SOH. If adsorption of Mo@ is visualized as a chemically molybdate andy-Al O, suspension, the sorption of molybdate

specific reaction, the reaction, however, can be expressed ag
inner-sphere surface coordination process (Egs. [6] and [7]},
Equations [6] and [7] represent the reaction of Mjo®vith 1 and

Rhges from negligible amount to near-total removal in only
out 3.5 pH units. It might be interesting to note that the
sorption affinity of anions for the oxides can be reasoned by th

2 mol of reactive surface hydroxyl to form inner-sphere monQsusitions of different pH—adsorption curves. Probably, highly

dentate and bidentate surface complexes, respectively.

adsorbable anions generally exhibit a flat sorption curve over

The intrinsic conditional equilibrium constants for the pregiger pH range. The maximum sorption density of molybdate

vious reactions can be defined as

int _ [ﬁ'ﬂ[ﬁ] _¢0F> _ -7.2
=St p(RT _ 1072 8]
im_[ﬁ][ﬁ] — ok _ —9.5
= oon ol ) 10 o
. [SO —Na'][H'] —(%—%)F)_
Ke = ' SOHNa'] eXp( RT il
[10]
. [SOH - NO3] W)
= oG, R ) 71
[11]

o [SOM —MoGZ] _((h—20)F
o sorwat 19, T ) 62

int B [SMoQ; ] — i F

o0k 1 = [SOHI[H"][MoC} | oy ) 13
int _ [SZMOO4] 14
Mot =~ [SOHITH 1 MoCZ | .

in this current experimental condition is calculated to be
1.67 x 10~ ° mol/n?. For comparison, the sorption densities of
chromate, selenite, selenate, arsenite, and arsenate &re 2
10~® mol/n? on goethite and 1 mol/m? on goethite and
10~° mol/n? on y-Al ,05, 3.04 X 10 ® mol/n? on goethite,
1.23 X 10> mol/n? on ferrihydrite, and 2< 10~ ° mol/m? on
goethite and 5.1 10~ °® mol/m? 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 showr
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 Egs. [5]-[7] was modele
using adsorption data with no NaN@ddition. The formation
of an outer-sphere complex was fairly impossible as the TLM
simulation was unable to coincide the experimentally measure
pH—adsorption curve. The TLM was, however, able to follow
the experimental pattern well for the formation of inner-sphere
complexes of monodentate SMRQEQ. [6]) and bidentate
S,Mo0O, (Eqg. [7]) as shown in Fig. 1. The fitted intrinsic
formation constants for the SMgOand SMoO, are 16-°
M~2 and 13° M~*, respectively. The equilibrium constants
and the assumption of inner-sphere surface complexes are to
further verified using the kinetic methods. If the intrinsic
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FIG. 1. Adsorption of MoG~ onto y-Al ,O; as a function of pH at various background NalN@ncentrations. (a) TLM (Eq. [6]) for solid curve, and (b)
TLM (Eq. [7]) for dotted curve. Symbols denote experimental data.

equilibrium constants derived from the kinetic rate constarfisrtunately, we did not monitor relaxation in the filtrate
are comparable, one is able to ascertain the surface commgstem. Since the sweep velocity of the supernatant in th
configuration and the adsorption mechanisms. pressure-jump test is 1 s/div (which is a very slow relax-
ation), the effect of the relaxation is negligible. On the othel
hand, the sweep velocity for MgO/y-Al O, suspension in

the pressure-jump test is 0.1 s/div which is a fast relaxatior

The pressure-jump technique was used to elucidate thie result indicates that the relaxation of the suspension |
adsorption mechanism proposed by the equilibrium studi! times faster than that of the supernatant. Therefore, tf
and to provide rate constants for both adsorption and dgffect of supernatant relaxation was considered to be ne
sorption reactions. The kinetics of MO adsorption on I|b|§, and it should be justified Fo assume Fhat relax_a'uon i
y-Al O, using the pressure-jump apparatus with a condugttributed solely to the adsorption/desorption of MoGat
tivity detector revealed a double relaxation (not showni’® water-Al;O; interface. Hence, the reciprocal relax-
indicating a fast reaction step and a slow reaction step (FRJion times of the fast stepr(") and the slow stepr(*)

2). To ensure that the relaxation was solely a result of tk@uld be calculated from semilog plots of the relaxation
perturbation on equilibrated-Al, O, suspension Mo, curves. The measured reciprocal relaxation times are show
different systems, containing supernatant from the o0 in Fig. 3. Bothr * andr * increased with increasing pH of
y-Al,O, suspensiony-Al,O, alone, and NgMoO,, were the MoG; /y-Al,O, suspension, although * is less depen-
also subjected to the same pressure-jump test as that for @iggt upon pH.

MoQ3 /y-Al O, suspension. No relaxation was observed in Based on the results from the pressure-jump studies as we
any of the above systems except for the supernatant systé@ from the equilibrium experiments, two-step reactions ar
which was different from previous studies of cations anpostulated to describe the reaction steps of flo@dsorption
anions (11-14, 16-18, 27). Since the diameter gfAl ,0; onto y-Al,O;. Proposed reaction pathways, the relationshir
particle is about 13 nm, a portion of the particles could ndxetween reciprocal relaxation times and reactant and produ
be removed when the suspension was centrifuged at 8af@hcentrations, and the linearized relationships are presented
rpm. As a result, the trace amount 9fAl ,O; particles left the following equations. Specifically, the proposed following
in the supernatant solutions caused a slow relaxation. Wheaction mechanisms are derived from the batch results ind

Kinetic Studies
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FIG. 2. Typical relaxation curve in the Mofd/y-Al O, system using the pressure-jump technique at pH 6.01, sweed s/div, and 25°C.

cating that mono- or bidentate inner-sphere complexes areThe alternative proposed adsorption mechanisms are expresset
formed in the Mo@ /y-Al O, system: Egs. [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, tl
relationship between the reciprocal relaxation times and the rea
tant and product concentrations can be also derivedkThi™,,

Kt andk™, are the intrinsic forwardd™ andks") and backward
SOH;—MoQG2™ % SMoQ; + H,0. [16] (K™ andK™) rate constants for steps 1 and 2, respectively:

Ky
SOH+ H" + MoO;” = SOH-MoC; , [15]

ks
If Eq. [15] is a faster step than Eq. [16], the relationship  2SOH+ 2H" + MoO; = (SOH;),~MoC;, [19]
between reciprocal relaxation time and reactant and product ks

concentrations is represented by Eqgs. [17] and [18] (see deri-

ke
vations in the Appendix): (SOH)) ,~MoC;~ = S,M00, + 2H,0. [20]

1 (2¢’[3 - l//o)F int (211,16 - ll’o) F\ —— T . . .
TfeXp<2RT) = ki {GXD<RT)([SOH][H ] To examine the plausibility of the proposed adsorption meche
nisms, the corresponding reciprocal relaxation times were derived
T T TS int a function of the reactant and product concentrations for the post
+ [SOHI[MoG;"] + [H"][MoC; ])} + k5 lated mechanisms. If a plot @f * (or 75 *) measured by pressure-
jump apparatus versus the corresponding {M*} (or {M**}) func-
tions calculated by TLM is linear, the hypothesized mechanism i
1 o p((d,o — p) F) consistent with the data. The intrinsic reaction rate constants ce
TS

= KMMI*} + K™, [17]

RT be determined from the slope and/or intercept of such a plot.
Examining the plots of reciprocal relaxation times ¥ and
int Yo\ 75 1) versus the expression of reactant and product concentratior
KT'ex ([SOHI[H'] S . . . ;
RT o it is found that only Eqgs. [17] and [18] yield good linearity (Figs.
- + [SOH][MoO? ] + [H*][Mo0O?]) - 4 and 5), confirming that the surface reaction of the IQFOQ
= k3 1+ KM(MI*) + kT AlL,O4 system can be well described by the proposed fast and slo

- . steps. Although both models of mono- and bidentate inner-sphe
= kg{MI*™ } + k™. [18] complex formations appear to be true in batch results (Fig. 1a ar



MOLYBDATE ABSORPTION/DESORPTION 435

250+ ey
DTS-I

= 200 -
3
g
2 130 r
i
g
3 100 b }
o4

DI Il 1 1 i I

0

5.6 5.8 6 6.2 6.4 6.6 6.8 7
pH

FIG. 3. Double reciprocal relaxation times;(*, 75 %) as a function of pH
in the MoG;~/y-Al O, system.

water molecule simultaneously in the first step, and the secor
step is the release of a proton from the surface hydroxyl Ot
group. Alternatively, trivalent cation is to form a outer-sphere
surface complex without losing any hydrated water molecule firsf
followed by the detachment of a,B to form the inner-sphere
surface species. Examining the kinetic results in this work, it i
found that the microscopic reaction steps of molybdate o
v-Al,O5 is somewhat analogous to those of trivalent cation. Ir
both situations, trivalent ions and oxyanions all react with surfaci
site to form outer-sphere complexes and thereafter shifting to fort
inner-sphere complexes. By further evaluating the sorption mecl
anisms of these three different ions, one might come to a conclt
sion that sorption pathways of ions with extensive degree c
hydration as trivalent cations and oxyanions are in the category ¢
associative process or are analogous to the mechanism of t
substitution nucleophilic unimolecular (28). This finding is further
supported by the work of Zhang and Spark (16) on the kinetic
and mechanisms of MgQsorption 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 postulat
as the ligand exchange of molybdate withQHto form an inner-
sphere complex. It is also interesting to note that although mc
lybdate oxyanion exhibit a similar reaction mechanism at the
goethite andy-Al ,O; interfaces, there exists a greater discrepanc!
between the kinetic rate constants. In all the reaction steps, t
molybdate-Al,O5 system has a much smaller reverse rate con
stants k_;) than those of the molybdate/goethite system (Table

1b), the kinetic analysis, however, indicates that the adsorption/
desorption of Mo is caused only by monodentate inner-sphere 100
complex formation. The results presented in Fig. 4 indicate that
the surface reaction sites first react with lind MoG;~ 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 ig
Table 2. The equilibrium constants obtained from kinetic exper-

iment K, = 10° M~?) is in good agreement with the results =

from equilibrium and TLM work K& = 10°°M~?), confirming 2&

that the mechanism of M@ adsorption/desorption onto =

v-Al O can be interpreted by Egs. [15] and [16]. - 40
._

This study provides especial evidence to show that §1oO
adsorption onta-Al,O5 is a two-step reaction; the first step is the
formation of an ion-pair complex between the sites and §1qO
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
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exchange reaction at the interface. However, the exchange steps of {MI *} x 108

a divalent cation are not similar to a trivalent cation (12) inthatthe 5 4  piot of it

exp((2bg — o) F/2RT) vs {MI*} in Eq. [17]. The

role of hydration water molecules are significantly different. Disoncentrations of Mo species were calculated on the basis of the optimized
valent cation forms inner-sphere species and loses a hydrat&thsic formation constants.
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800 processes. Both equilibrium and kinetic data fit the propose
mechanism for the reaction steps and TLM well. Furthermore
this study indicates that the adsorption of MpQon y-Al,O5
is more stable than the adsorption of MpQon goethite.

APPENDIX
s S0y From Egs. [15] and [16], the species can be defined as A
5 SOH, B= H", C = MoO2, D = SOH/-MoQ; ", E =
e‘fl SMoQ,, and F= H,0. The general forms of the adsorption/
57 desorption reactions are
E
T ki
© 400 T A+B+ C\k—_‘ D (step 1, fast, [A.1]
T kz
D - E + F (step 2, slow. [A.2]
The rate of step 1 is defined as
200
150 200 250 300 dc,
{MI H} - W - kICACBCC - k*ICD‘ [A.3]
FIG. 5. Plot of 77 exp(W, — ) FIRT) vs {MI**} in Eq. [18]. The
concentration of Mo~ species was calculated based on the optimized in- o
trinsic formation constants. At equilibrium, dC,/dt = 0 and then Eg. [A.3] becomes
kiCaCsCc = k—lgDa [A.4]

2). This comparison indicates that molybdate is more labile at the

goethite/water interface than at tlyeAl ,O/water interface. o )
where the overbar denotes the equilibrium concentration. Fo

CONCLUSIONS Iovying a small perturbation equilibrium concentrations are
shifted by a small amounk.
Adsorption data and TLM simulation reveal that the adsorp-

tion of MoQ;~ onto y-Al,O, forms an inner-sphere surface dC, d(C, + X)

complex. The pressure-jump technique was used to exammneg; =~ gf

the adsorption kinetics and verify the reaction steps. The pro-

posed adsorption mechanism is a two-step process forming an = Kky(Cp + X)(Cg + X)(Cc + X) — k_4(Cp — X)
inner-sphere surface complex. The first step involves the ini- o

tiation of MoQ;~ and H" to form an outer-sphere surface = k;CACgCc — k_1Cp + [ki(CACgz + CAC + CgCo)
complex, and the subsequent step is a ligand exchange reac- I

tion, which results in the formation of an inner-sphere mono- + Kk x+ k[Cp + Cg + Cc]X* + ko, [A.5]

dentate surface complex. The sorption pathways are similar to
those of trivalent cations, which categorized as associatiwdich can be further simplified if only small equilibrium

TABLE 2
Intrinsic Rate and Equilibrium Constants Determined from Kinetic Measurements®
kit Kt Ko K" Kt Kint K Ko
0] M—2st st st st M2 M2 M2
52 x 10° 2.4 x 10 1.7 36x 107t 2.2 X 10° 4.8 1.0 X 10° 3.2 X 10°
(I M~1lst st Mgt st M~ M~ M~2 M~2
40 X 10° 3.9 X 107 1.9 42.3 1.0x 10 45 x 1072 46 x 107t -

2 (1), present work; (I1), Zhang and Sparks (16).
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perturbations are considered. Consequentlyandx® become Substituting Egs. [A.14]-[A.17] into Eq. [A.13] yields

increasingly small, leading to

Tat [ky(CACg + CACc + CgCp) + k_]x.

Since Bernasconi [21] proved that

dx_ X
5=

Equation [A.6] can be written as

1
o= ki(CaCg + CaCc + CsCr) + K_y.
f

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

kl — kilntex% (leﬁz;-lfo) F) ’

ke p((% 24y F)
2RT '

Equation [A.8] becomes

1 (Zd/ﬁ - l11/0) F) = Kint %(2416 B t[’o) F)
7 X 2RT - Kex R

[A.6]

[A.7]

[A.8]

[A.9]

[A.10]

X (CaCpg + CaCc + CyCo) + K = KI'{MI*} + K",

[A.11]

The equilibrium constant of step K() can be defined as

Co _
CaCeCc

Co
CaCsCc

K]_:

~ (Co + ACy)
~ (Ca + ACL)(Cg + ACg)(Cc + AC)

Rerranging [A.12] as

Cp + ACp = Ky(Cy + ACL)(Cg + ACy)(Cc + ACY),

with a small perturbation,
CAACAC. =0,
CgACLAC. =0,

C.ACAAC, = 0,
ACLACRAC: = 0.

[A.12]

[A.13]

[A.14]
[A.15]
[A.16]
[A.17]

ACp = K (CgCAC, + CACACs + C,CsAC,). [A.18]
The conservation-of-mass law states that
ACA = ACB = ACC, [Alg]

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

—K1(CaCg + CgCc + CACp)

ACp = AC A.21
P 1+ Ky(CaCq + CgCc + CoCo)  © [A.21]
The rate of step 2 is defined as:
dc.  d(C.+ACH -
H = T = kz(CD + ACD) - k_z(CE + ACE) [A22]
Combining Eq. [A.21] and Eq. [A.22] gives
dAC. k,K1(CoCg + CgCc + CACp)
= — + k,z ACE
dt 1+ K(CaCg + CzCc + CACo)
[A.23]

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

1 kKy(CaCg + CoCc + CaCo) ke
Ts 1+ K(CaCs+ CsCc+ CACo)  °

[A.24]

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

K, = KT%X;(W) , [A.25]
= kiMe p((lp" Ve )F), [A.26]
= ke p(wﬁ %)F). [A.27]
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Substitution of Egs. [A.25]-[A.27] into Eq. [A.24] gives 7. Pankow, J. F., and Morgan, J. Environ. Sci. Technoll5, 1155-1164
(1981).
8. Ogwada, R. A., and Sparks, D. ISpil Sci. Soc. Am. 50, 1158-1162
1 exp< (‘!"%)F) (1980)
Ts RT 9. Hachiya, K., Ashida, M., Sasaki, M., Kan, H., Inoue, T., and Yasunaga, T.

J. Phys. ChemB3, 18661871 (1979).

i ok 10. Hachiya, K., Sasaki, M., Ikeda, T., Mikami, N., and Yasunaga].lPhys.
| Ki'ex RT) (CaCg + CoCc + CaCo) | Chem 86, 2731 (1564) s T
= k" 5 = + KM 11. Chang, K. S.,Lin, C.F., Lee,D. Y., Lo, S. L., and Yasunaga).TColloid
1+ Kilntexp<( Y — o) ) Interface Scil65,169-176 (1994).
RT 12. Lin, C.F., Chang, K. S., Tsay, C. W., Lee, D. Y., Lo, S. L., and Yasunaga
X (CaCg + CgCc + CACo) T., J. Colloid Interface Scil88,201-208 (1997).
13. Mikami, N., Sasaki, M., Klkuchi, T., and Yasunaga,J.Phys. ChenB7,
= kiznt{M|** L+ kiftz_ [A.28] 5245-5248 (1983).

14. Mikami, N., Sasaki, M., Hachiya, K., Astumian, R. D., lkeda, T., and

. . . . Yasunaga, T.J. Phys. ChenB7, 1454—-1458 (1983).
When the defined species are converted into reactants in El(;‘})s.|_h,ichiy‘,§J K ishid); M. Sasaki. M Karasu(da M) and Yasunagd, T

[A.11] and [A.28], Egs. [17] and [18] are obtained, respec- pnys. chemgs, 2292-2296 (1980).
tively. 16. Zhang, P. C., and Sparks, D. ISpil Sci. Soc. Am. %53, 1028-1034
(1989).
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