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Abstract

The experimental characterization of charge transfer transitions (LM and IV CTs) in
surface complexes formed on iron oxides and TiO,, together with the measurements of the
rate of magnetite dissolution in the presence of pentacyanoisonicotinatoferrate(ll) are
used to build and validate a general model for the dissolution of metal oxides mediated by
charge transfer processes. A critical surface ensemble, denoted =S, is identified for the
different cases. For reductive dissolution of iron(I11) oxides, =Sis often an iron(ll) surface
complex that dissolvesin afirst order kinetic process; the steady state concentration of =S
and hence its rate of dissolution is determined by the balance between its rate of formation
and either the rate of oxo-bond breakage or therate of diffusion/scavenging of the conjugate
oxidised form of the reductant. In the case of IVCT within dimeric surface complexes, we
postulate that the vibrational activation required for charge transfer also produces
labilization; thus, chargetransfer and dissolution are concerted processes. Chargetrapping
by the surface complex following the photochemical formation of an electron-hole pair in
the semiconductor also generates a critical ensemble. In this case, however, successful
dissolution requires of adequately high rates of removal of both charge carriers, and
dissolution is arrested if there are no scavengers for the other charge carrier (the hole, in
the case of reductive dissolution). This effect isrealized experimentally in the photochemical
dissolution of nickel ferrite, with and without oxalic acid as hole scavenger.

Resumen

Se presenta la caracterizacion experimental de las transiciones de transferencia de
carga (LM y 1V CT) en complejos superficial es formados sobre 0xidos de hierroy TiO,, junto
con mediciones de la velocidad de disolucion de magnetita en presencia de
pentacianoisonicotinatoferrato(ll). Los resultados se usan para construir y validar un
modelo general de disolucién de 6xidos metélicos, mediada por procesos de transferencia
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de carga. Para cada uno de los diferentes casos, se identifica un ensamble superficial
critico, llamado =S. En la disolucion reductiva de éxidos de hierro(l11), =Sesfrecuentemente
un complejo superficial de Fe(ll) que se disuelve en un proceso cinético de primer orden; el
balance entre su velocidad de formacién y ya sea la velocidad de ruptura de uniones oxo o
la velocidad de difusion/secuestro de la especie oxidada conjugada determinan la
concentracion de estado estacionario de =Sy por lo tanto su velocidad de disolucién. En
el caso de | VCT en complejos diméricos, postulamos que la activacion vibracional requerida
para la transferencia de carga también produce |abilizacion, de forma que la transferencia
de carga y la disolucion son procesos concertados. El entrampamiento en complejos
superficiales de los electrones y huecos generados en el semiconductor por absorcion de
luz también produce ensambles criticos. En este caso, sin embargo, la disolucion requiere
gue las vel ocidades de remocion de | os dos portador es de carga sean adecuadamente altas,
y la disolucion se frena si no hay secuestrador del otro portador de carga (el hueco, en el
caso de la disolucion reductiva). Este efecto se observa experimentalmente en la disolucién
fotoquimica de la ferrita de niquel, con y sin acido oxalico como secuestrador de huecos.

Introduction

Meta oxidedissolutionin agueous mediaisof importancein awidevariety of fieldsand
gpplications, including meta corrosion and passivation, weathering of oxideminerals, mobilization
of metdlic speciesintheenvironment andinbiologica fluids, hydrometaurgy, synthesisof meterids
by soft methods, etc. Many different mechanismsmay beinvolved, including attack by acidsor
bases, ligand-assisted dissol ution, and charge-transfer mediated processes. Thelatter processis
of importancein the metabolism of dissimilatory iron-reducing bacteria(DIRB) in aspecific
processthat leadseither tototal dissolution of Fe(l11) oxides[1-3], or to theformation of biogenic
magnetite; the characteristicsof the partialy reduced solid thusformed have been used to suggest
that the magnetitefound inthe Martian meteorite Allan Hills84001 was produced by the action
of DIRB [4]. For adescription of the state of the knowledge until 1993, seereference[5] and
referencestherein.

The present paper focuses on charge transfer mediated dissol ution. Oxides proneto
redox dissolutionincludeiron(l11), manganesg(I11,1V), chromium(l 1), uranium(IV), and severd
other semiconducting metal oxides. Inthegenerd case, the systemsof interest include the metal
oxide, areductant or oxidant, and complexing agents. Activation by light absorptionisalso
important. Here, we present aspectroscopi ¢ characterization of thechargetrander bandsinsurface
complexes(formed upon adsorption) thet either medi atedissol ution reactionsor illugtratetheimportant
featuresof thetrangtions. Wefurther present measurementsof theratesof thereductivedissolution
of magnetite by pentacyanoferrate(I1) complexes, Fe(CN).L™ (L = pyridine, isonicotinamide
and isonicotinate), and of therates of the photo-assi sted dissol ution of nickel ferritewith and
without oxalic acid. Theresults, together with theinformation availablein theliterature, areused
to postulateamode of the coupling of heterogeneouschargetransfer with dissolution.

Experimental

The oxides used in this study were lepidocrocite (5-FeOOH), hematite (a-Fe,0,),
magnetite (Fe,0,), nickel ferrite(NiFe,0,), and TiO,. Except for TiO,, whichwasacommercia
samplefrom Degussa (P-25) containing ca 80% anatase and 20% rutile, al other oxideswere
synthesized, asdescribed previoudy [6-8]. Na,[Fe(CN).isonic].6H,O was synthesi zed by reaction
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of isonicotinicacidwith Na[Fe(CN) _NH_].3H,Oinwater [9]. Other prussidesweresynthesized
andogoudy. All other reagentswereof anaytical grade; water washididtilledinaquartz apparatus.

UV -visblespectrain sol utionwererecorded on aShimadzu UV-210A ingrument. Diffuse
reflectance spectraof the speciesformed onthe surfaces of §-FeOOH and TiO, upon equilibration
with thiocyanate and catechol solutions, respectively, wererecorded on thevacuum-dried solids,
whichwerefiltered off through 0.2 um pore size membranes.

FTIR spectrawererecorded using aNICOLET 560 instrument equipped withaliquid
N, cooled MCT-A detector, using ahorizontal ZnSe-ATR unit. Theincidence anglewas45°
and thetotal number of reflectionswas 11. Layersof TiO, particleswere deposited by placing
TiO, suspensions (10-20 g dm®) onthe surface of the ATR crystal and evaporating to drynessat
room temperature. Theexcessof TiO,, intheform of loosely adhered particles, waswiped off
by agentlerinsing with water. The coated crystal wasmountedinthe ATR cell, and allowed to
equilibratewith aligand-free solution at acertain pH and ionic strength until the FTIR signal
became stable, and ablank single-beam spectrum (1) was collected. Then, the concentration of
the adsorbatewasfixed at adesired vaue, and the | R-aosorption spectra(log(l /1)) wererecorded
at 6-10 minintervalsuntil signal amplitudesreached stable values (lessthan 2% changein 10
min). Bandsdueto dissolved ligandswere negligible within the expl ored concentration range.

Dissolution experimentswere performed at fixed pH values, at 30.0+ 0.1°C. ThepH

was kept constant in the course of the experiment by adding acid from apH-stat. lonic strength
(u) was controlled through the addition of NaClO,. A typica experiment was started by pouring
the oxide onto the thermostated acid solution, or by acidification of asuspension of pH =7
(dissolutionisnegligibleat neutra pH). Aliquotsweresequentialy withdrawn, quenched by cooling
and/or dkalization, andfiltered through 0.45 um pore size cellul ose acetate membranes. Standard
analytical procedureswereusad to determinethe concentration of ironinthefiltrates. Fe(11) and total
Fewere determined photometrically inthe presence of phenanthroline[10]; inthelatter case,
hydroxylaminewas added prior to the determinations. In addition, total Fe was determined
photometricaly, at 530 nminthioglicollicacid[11].

Thermal (dark) dissolution of nickel ferrite, NiFe,O, was performed asdescribed inref
[12]. For the photochemical study, axenon lamp with aninterferencefilter (1,=0.94x 10-°
einsteindms™*; A __ =384 nm) was used to irradiate the oxide suspensions. In atypical
experiment, dissol ution reaction wasinitiated by adding 20 mg of nickel ferriteto 100 cm? of 0.1
mol dm oxalatesolution at pH 3.5 and u = 0.5 mol dm™ (NaClO,), previously thermostated at
70°C. N,, wasbubbled through thesol ution and the suspension was magneticaly stirred throughout
the experiment. Aliquotswere sequentially withdrawn, filtered, and Fe and Ni were measured
spectrophotometrically by thethioglycollic acid method and atomi ¢ absorption respectively.

Results
Spectroscopic measurements

Figure 1, taken from [6] and from [13], showsthe visible reflectance spectraof the
surface complexesformed upon chemisorption of thiocyanate onto d-FeOOH, and of catecholate
onto TiO,. LMCT bands of =F¢'"-SCN~ and =Ti''-cathecol ate are centered at 533 and 420

nm), respectively.
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Figure 1. Diffuse reflectance spectra of =F€'"'-SCN (a) and =Ti'V-catecholate
(b) surface complexes

Albeit dightly red-shifted, they correspond excd lently with those of theand ogousaqueous
complexes. The IR spectrum of the=Ti'"V-cathecolate complexesisshownin Figure 2.
Theband at 1486 cm™* isassigned to C-C normal modes of thearomatic ring; the band at 1263
cm* correspondsto the stretching of deprotonated, metal-coordinated C-O groups[14].
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Figure 2: FTIR-ATR spectrum of catechol chemisorbed onto a TiO, film.

Figure 3 shows the spectrum of the dimer formed in solution by the interaction of
Fe'(CN)(isonic)* (isonic=isonicotinate) with Fe(l11).
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Figure 3: Msible absorption spectrum of Fe"-O(0)C-C.H,N-F€'(CN),~ at pH 3.7; [Fe(lll)] =
2.1 x 10 mol dm®, [Fe'(CN),isonic*] = 8.2 x 10 mol dm.

Other prussidesbehave similarly but are not shown; herewefocusin theisonicotinate
complex becauseit isthe most effectiveto bring about magnetite dissol ution (see below). In
additiontothetypica MLCT trangtion, located at 407 nm, abroad intervalence (meta to meta)
chargetransfer (IVCT) bandisseen at 740 nm.
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Figure 4: Dissolved Fe(I11) from magnetite at 30 °C as a function of time at pH 3.30, in
the presence of the following concentrations of Fe'(CN).isonic*: (M) 0.01; (7) 7.03 x
1073 (@) 3.86 x 103 (O) 2.92 x 1073 (@) 0.001 mol dm-3.
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Kinetic measurements

Dissolution profilesof magnetiteat pH 3.3 and various Fe''(CN) (isonic)* concentretions
areshowninFigure4. They aretypica of surface-controlled dissolution processes. At pH 3.3 and
low adsorbate concentrations, therateincreaseslinearly with [Fe'(CN),(isonic)*]; asaturation
effect isobserved at the highest concentration (Figure5). Althoughfitting to aLangmuir equation
isnot warranted by the data, the adsorption pre-equilibrium can bewritten asin equation (1); the
derived apparent equilibrium constant (intermsof thetotal Fe' concentration) isin the order of
30-40 mol~* dm?. Thisvalueissimilar to thosefoundin other systems|[15, 16].
=Fe''-OH + Fe'(CN),(CNH)(isonicH)* = =Fe"-(isonic)-Fe'(CN) (CNH)* +H.O (1)

Although theadsorption affinity isexpectedly largefor al anionsof thetype
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Figure 5: Dependence of the linear dissolution rates on [Fe(CN),isonic*]; pH 3.30.
Fe'(CN).L™, including Fe'(CN),*, therates (not shown) of magnetitedissolutioninthepresence
of therelated complexesFe'(CN) (py)*> and Fe'(CN),(in@)* (py = pyridine, ina= isonicotinamide)

are much lower. We conclude that the surface complex that mediates dissol ution containsan
isoni cotinate bridge between surface=Fe" and adsorbed Fe', asshown in Figure6.

Fe ) C N— Flé(CN)4(CNH)2'
\_ /

Figure 6: Surface mixed valence dimeric complex.

In agreement, the IVCT band observed in the spectra of the filtered solutions (Figure 3)
demonstratesthe presence of { F€'(CN)_(isonic)-Fe'"} ~. Theability of Fe'(CN),(isonic)* to
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interact with thesurfacethrough theterminal carboxylate of i sonicotinate rendersamorefavorable
adsorption pre-equilibrium, hencefaster dissolution.

Figure 7 shows the influence of pH at [Fe'(CN)_(isonic)*] = 4.0 x 10 mol dm.
Again, the profilesindicate surface-controlled dissolution, and reflect the effect of pH onthe
adsorption pre-equilibrium (seebel ow).
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Figure 7. Dissolved Fe(l1l) from magnetite at 30 °C as a function of time in the presence
of [Fe(CN)isonic*],,, = 4.0 x 10 mol dm®, at various pH values. (M) 1.95; () 2.50;
(@) 3.00; (4) 3.30; (0O) 3.95.

Photochemical experiments

Hgure8showsthedissolution profiles(dissolved fractionf_ asafunction of time) of NiFe,O,
in 0.1 mol dm=3oxalic acid, pH 3.5 and 70°C, in the dark and under illumination. Under our
experimental conditions, nickel ferrite photodissolvescompletely in ca. 2 h; thermd dissolution
accountsfor lessthan 10% in the sametime. In the absence of oxalate, photodissolutionis

negligible, asshown by thelowest tracein Figure 8. Theprofilesfor Ni (not shown) areidentica,
indicating congruent dissol ution.
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Figure 8: Dissolved Fe fraction from NiFe,O, as a function of time at pH 3.5, u = 0.5 mol
dm= (NaClO,) and 70°C: (a) [OX],,; = 0.20 mol dm under light; (b) [Ox],,, = 0.20 mol
dm3 in the dark; (c) [Ox] = O under light.
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Discussion
The mode
The basic tenets of the dissolution model are:

0)

i)
)

The chemical reactionstaking place at theinterface can be described using the surface
complexation approach [5]. This approach assumes that a surface metal ion and the
ensembleof ligands surrounding it can be described asatrue chemical entity (thesurface
complex), largely decoupled from the rest of the solid lattice (Figures 1 and 2), and
characterized by well defined thermodynamicand kinetic properties. All interfacia chemica
reactionsaretherefore described by mass-law equations, with defined stoichiometriesand
equilibrium congants.
Therateof dissolutionisdow enough to guaranteethat masstransport isnot ratelimiting
(Figures4, 5, 7 and 8). Hence, protolytic, complexation, and chargetransfer reactionsare
equilibrated during steady state dissolution.
Therateof dissolutioniscontrolled by thetransfer to the sol ution of themorelabile species
of the metal ion. Thus, the oxides of iron(l11) dissolve through Fe(ll), those of
manganes(l11,1V) through Mn(1I1), chromium(l 1) through Cr(V1), those of uranium(1V)
through U(V1), etc. Thedependence of thelability on the oxidation Stateisdictated by the
usua propertiesof themeta ions.
The agueous medium ishighly unsaturated, and the reverse reaction, the deposition of
metal oxidefrom the solution, can beignored.
Dissolutionisan el ectrochemical processthat involves phasetransfer of thetwo ionsthet
condtitutethe solid: themetd ion andtheoxideion. At the steady State, the rate of transfer of
bothionsmust beequa and, inprinciple, thetransfer of either ion may beratelimiting. We
shall assumethat oxideionsaretransferred aswater molecules, either free, or coordinated
to themetal ion; therate limiting stepisthetransfer of themetal ionwithitscoordination
gphere Thisratelimiting step can bewritten asasimplephasetransfer of acritica surface
ensemble, [abeled here as=S; the symbol = representsthelinkage of the surface species
tothe solid framework.

The suite of chemical reactionsrequired to describe the adsorption pre-equilibriathat

mediatedissolutionare:

=M-OH + H* = =M-OH,* 2
=M-OH = =M-O" + H* ©)
=M-OH + HL ==M-L +H,0 (4)
=M-OH + HL-M’ ==M-L-M’ + H,0 (5)

Inthese equations, HL representsthe acid of acomplexinganionL-, and HL-M’ representsa
dissolved complex of M"™ with aligand with pendant coordinative groupsabletolink the surface
M ion. Equations(2) and (3) represent protolytic equilibriadescribing theamphoteric properties
of the surface, and equations (4) and (5) represent the formati on of mononuclear and binuclear
surface complexes, respectively.
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These pre-equilibriadefinethe surface excess of the critical ensemble, {=S}, and the
observed dissol ution rate takesthe form of equation (6).
k

uni
=S ——— dissolved products (6)

Thedissolution model must describeat |east three cases, the operation of al of which have been

documentedintheliterature[5]:

() Chagetrander fromtheligandtothemeta ion (LM CT), involvedinmany important cases of
reductivedissolution of iron(I11) oxides.

(i) Meta tometa chargetransfer (IVCT) in bridged binuclear surface complexes. Thesurface
ionmay bereduced (reductivedissolution), or oxidised (oxidative dissolution) by exchange
with themetal center of the adsorbed complex. Thismechanism prevailsin many cases,
including the oxidative dissolution of chromium(111) oxides, and the auto-accel erated
dissolution of iron(111) oxides.

(i)  Photochemically induced formation of the reactive speciesupon excitation of the oxide
electronic structure.

Characteristic times of the involved processes

Theinformation available about the protolytic reactions (2) and (3) indicatesthat they
take placetypicaly inthemillisecond-microsecond range[17]. Itisnot clear if thesereactions
arelimited by diffusion or by the breakage of the bonds.

Surfacecomplexationreactionsarea sofast, albeit 4 ower than protonation-deprotonation
[18]; adsorption of complexing ligands becomesequilibrated within afew minutes[13].

Next, weshall examinethe dynamicsof chargetransfer inthethree casesoutlined above,
assumingthat it takesplacewithin=M-L or=M-L-M’. Weshdl useM = Fe(l11) asan example,
M’ being a+2 reducing metal ion (Fe*, V#, Cr#). The chargetransfer steps, following the
formation of =M-L and=M-L-M’, are described by equations(7) and (8), respectively.

=F¢"-L- — =F¢'-L* (7)
=Fe'-L-M'" — =F¢&'-L-M’"! )

Althoughwe shdll focuson simplereducing ligandsL , andinorganic reductantslikelow
valencemeta ions, thereactionisextremely genera and biologica speciesmay participateand
even compete with simple reductants [19]. Reductive dissolution may also be achieved
electrochemically, and the advent of atomic force microscopy has permitted recently avery
detail ed characterization of the sites on which reactions (2)-(8) take place[20].

These processes are in fact transitions to electronically excited states that can be
characterized spectroscopically (see Figures 1 and 2). A well documented caseisthereductive
dissolution of manganes(111,1V) oxides[ 21, 22]; when catechol isthereductant, eectrontrandfer is
fast ascompared tothe previouscomplexation equilibria[ 23]. Whereastherate of thermal €l ectron
transfer (7) may be severdly limited by thermodynamics, therate of thelVCT processisfast, and
can bederived using theusua formalism of Hush (equation 9).
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k., = 10" exp [-(AG+A)?/4Ak T] = 2x 10° st 9

Inequation (9), AGisthestandard Gibbsenergy of thereaction that may be calculated fromthe
redox potential for the couple Fe"'(CN),isonic*/Fe'(CN).isonic* (ca. 0.50 V, see[24]) and
from the position of the conduction band edge of magnetite(ca. 0.20V at pH 3, see[25]). A is
the reorgani zation energy, and k; the Boltzmann constant. The reorganization energy can be
ca culated from the position of the maximum of theVCT band (Figure 3):

hv, = AGP+2 (10)

In both cases, the rate of the reverse processis even faster. The binuclear surface complex
(Figure6) may beconsidered aclass |l complex, thusitisal so possibleto cal cul atethe extent of
theelectron delocalizationinboth meta centersfromthe position of themaximumyv__, thehalf-
height width of theband Av. ,, the maximum absorptivity € _, and thedistancer between the
two metallic centers, using Hush'sformalism[26]:

£2=(205x 1092 (e Av, Jv__ 72 (11)

Usingthevauer =510 pm, whichissimilar to thosereported for related complexes[27, 28], the
electron delocalization factor is cal culated to be £2 = 0.04. Thisimpliesalow probability of
findingthedectroninthenominaly Fe'" center, aresult that can beextended safely to theana ogous
surface complexes.

Thevibrational requirements associated with asimilar heterogeneous el ectron transfer
reaction (i.e., Fe(CN),* onto TiO, colloidal particles) were characterized by Blackbournet al.
[29]. It was concluded that one particular form of precursor =Ti-OH...(CN) Fe*- wasinvolved,
and that the vibration associated with the bridging cyanide makes one of the most important
contributionsto the activation barrier; the substitution of isonicotinatefor the bridging cyanide
providesaninner-sphere pathway, facilitating electron transfer.

Inthe case of photochemical reactions, the original generation of apair (e, h ) takes
placewithin 1 fs[30]; subsequent trapping in surface compl exestakes placein the range nano-
to pico-second; chargetransfer with adsorbed species must be fast enough to competewith
recombination, within tenthsof us. The dynamicsof chargetransfer have been studied using
mostly non-dissolving oxides, like TiO,, but thesefigures apply aso to well documented cases of
redox photodissolution. We shall focusin the reductive dissolution of Fe(I11) oxides, but the
oxidativedissolution of Cr(l11) oxideshasa so been studied [31].

Comparisonwith reported dissol ution rate constants, and with thosederived from Figures
4and 7, indicatesthat all processes(2)-(5) arefast ascompared to dissolution. Likewise, reactions
(7) and (8) arefaster, aswell asthe reversereactions (thermal deactivation), which arefast
enough to compete efficiently with phasetransfer (equation 6) (see however below).



A Model For Dissolution Of Metal Oxides... 83

The nature of the critical ensemble and the rate limiting step
(i) Irreversible charge injection into the metal center
Strong reductants may inject an electronirreversibly by either outer- or inner-sphere
mechanisms, many examplesareavailableintheliterature (ascorbate[ 32], mercaptocarboxylates
[16], etc.). If thischargeinjection followsor precedesafast proton transfer, thereisno limitation
associated with surface charge buildup. For exampl e, equation (12) describesthe generation of
reduced specieswithout changein the surface potential or charge.

=Fe"-OH + L+ H* —» =F€'-OH, + L* (12)

Inthis case, =S can be loosely described as=F€'-OH.. Documented cases suggest that the
initial rates are constant in thefirst few percents of dissolution[23, 32], and that =Fe/'-OH,
reachesasteady stategiven by (12) and (6). In principle, therate could saturate at high reductant
concentration, dueto accumulation of =Fe''-OH,. Saturation effects observed on [L ] arehowever
associated with the adsorption pre-equilibrium (equation 4); notethat all surface speciescomply
withtheconstraint imposed by the surface massba ance. The apparent affinity constantsderived
from dissolution rates are appreciably |ower than those derived from standard measurements of
adsorption isotherms. This difference indicates that =S is not the main species formed by
adsorption, but rather some activated species, ableto transfer themetal ion from the surfaceto
the solution. Most probably, protonation of oxo bridgesisrequired before breakage cantake
place.

(i1) Fast reversible charge injection into the metal center
Inmany cases, includingL-=SCN-[6], interfacia chargetransfer isequilibrated (equation
13), andisfollowed by thedow diffusionaway of L* (equation 14). Hence, effectivereduction of
=F¢" takesplace through an unfavorable pre-equilibrium, and depends on the efficient separation
of thereaction products, =Fe'-OH, and L*. Therate of =Fe''-OH, phasetransfer (6), limited by
itssteady state surface concentration, turnsout to be given by equation (15).

=Fe"-OH + L~ (ads) + H* 2 =F€'-OH, + L* (ads) (13)
kdiff

L* (ads)—— L* (bulk) (14)

R= kdiff [L] ads (15

Adsorbed radicals can al so be scavenged by other adsorbed species (equation 16), a
reactionthat isusualy followed by thefast desorption or decomposition of theadduct. Thiscase
isexemplified by thedissolution of hematitein thiocyanate and iodide solutions. The steady state
concentration of thecritical ensemble=S, hencetheratelaw, becomesacomplex function of [L-
]; first and second kinetic orders have been diagnosed for SCN-[6] and I~ [33], respectively,
and synergism, with changein thekinetic order, hasbeen observed for mixtures[33].
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L* (ads) + L~ (ads) — L~ (ads) (16)

A very important, different, possibility arisesif thevibrationd activationrequiredfor charge
transfer givesa so riseto enhanced dissol ution probability. Vibrational activation, inthe case of
IVCT (e.g., =F€"-O,CC_H.N-F€e'(CN),), leadsto coordination environments around both
metal centersthat permitstheradiationlesstransfer of the electron from one metal iontothe
other. Asmentioned before, activation involvescertain vibrations of thebridging ligand, but it
may also involvevibrations associated with the oxo bondsthat bridge=Feto therest of the solid.
Prior protonation pre-equilibriamay al so facilitate the achievement of the adequate vibrational
activation. Thedatain Figures4 and 7 can be interpreted in terms of the adsorption of the
diprotonated species Fe'(CN),(CNH)(isonicH)* (see equation 1). Indeed, Figure 9 shows
that, at constant complex total concentration, the pH dependence of therate (derived fromthe
linear part of the dissol ution profiles) parale sthe buildup of thedianion.

Thisresult isreasonablebecauseit limitstheaccumul ation of surface charge; fromresults
inmany systems, it isal so obviousthat chemisorptionisdissociative, thesitesof proton adsorption
being probably oxideions.

Insuch acase, eectron transfer may become concerted with phasetransfer, andtherate
of dissolutionislimited by the requirementsto reach the adequate vibrationd configuration of the
dimeric surfacecomplex. Wesuggest that the observed di ssol ution of magnetitein the presence of
Fe(CN),(isonic)* reflectstheformation of vibrationally excited=Fe'"'-O,CC_H.N-Fe'(CN),,
thecritical ensemble, =S, in equation (6). The speciesrel eased to solution revertsrapidly toits
most stable e ectronic configuration.
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Figure 9: Solution speciation of pentacyanoisonicotinateferrate(ll): (a)
Fe(CN),(HCN)(isonicH)*; (b) Fe(CN)(isonicH)®*; (c) Fe(CN),(isonic)*. Dots:
experimental dissolution rates.
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(ii1) Photochemical activation of the metal oxide

Most of the metal oxides of interest arewide bandgap semiconductors. Irradiationwith
photons of energy larger than the bandgap creates pairsof valence band holesand conduction
band el ectrons. Theavailability of minory carriers(electronsor holes, depending onthepor n
nature of the semiconductor) increases substantially upon irradiation. Surface band bending
determinesthemigration of one of the charge carrierstowardsthe surface, whereit may become
trapped. Takingiron(l11) oxidesasan example, the surfacetrapsfor electronsmay beviewed as
thecritical ensemble=Sfor dissol ution. These speciesdo not differ much from those created by
LMCT. Inthiscase, however, theexcessholemust beremoved to prevent enhanced recombination
probability (cf. with thediffusion or scavenging of the conjugate oxidant formedinthe LMCT).

Previouswork demonstrated that thethermal dissolution of NiFe,O, proceedsat arate
that isintermediate between those of NiO (bunsenite, aslow dissolving oxide) and a-Fe O,
Reductants accel erate the dissol ution of the oxide by providing afaster pathway for Fe(l11)
transfer [12], and the disruption of the lattice enhances a so the phase transfer of Ni(ll).
Photochemical dissolutionratesof iron(111) oxidesare aso highly sensitiveto the presence of
reductants, asshown in Figure 8. Inthe steady state, the rates of removal of el ectron and holes
must beequal, and hencetheratelimiting step may becomeeither the phasetransfer of =Sor the
rateof holescavenging by oxaate. The stoichiometry of dissol ution, ignoring complexation of the
dissolvedions, isgivenineguation (17).

NiFe,"'O,(s) + H,C,O, + 6H" — Ni*" + 2Fe** + 2CO, + 4H,0 (17)
Thecritical ensemble, =F€'-OxH, isinthis case generated by thetrapping of photoelectrons:
=F¢''-Ox + e~ + H"— =Fe'-OxH (18)

Conclusions

The phasetransfer of an aliovalent metal ion, created by reduction or oxidation of the
condtituent ion, isinvolvedin theratelimiting step of charge-transfer mediated dissol ution of
metal oxides. Thesteady state concentration of these speciesiscontrolled by the balance between
different reactions, depending on the nature of the metal oxide and of the reductant (oxidant).
When chargetransfer takesplaceasan 1V transitionin abridged binuclear surface complex,
activation of thetransition and of the oxo-bond breakage may involvethe samevibrationa modes,
and chargetransfer becomes s multaneouswith dissolution.
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