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Abstract

UV/TiO, photocatalysis of 0.5 mM mercuric aqueous solutions has been analyzed starting fromalygNgICIO;)-
and HgC} at different pH (3, 7 and 11) and in the presence or absence of oxygen. Profile$ obRggntration with time
were characterized by a relatively rapid initial conversion followed by a decrease or an arrest of the rate, the shape of profiles
changing with the conditions. Conversions at 60 min and initial quantum efficiencies have been found dependent on the initial
conditions and type of mercuric salt. The faster transformation took place at pH 11 for all salts. A good transformation yield
is observed also for Hggl which behaves differently to the other two salts, at pH 3 under nitrogen and pH @r ().
Inhibition by oxygen was observed in acid and neutral media but not at basic pH. When the conversion was 50% or more,
pale or dark gray solids were deposited on the catalyst, identified as mixtures oHE@ or HpClo. A unique kinetic
scheme could not be defined, which seemed to depend on the nature of the mercury salt, the ambient conditions and the type
of deposit. Implications of the application of the technique to real systems are discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction of 200 ppb[5]. The major use of mercury compounds
is in agricultural applications, taking part of pesti-
Heterogeneous photocatalysis (HP) over JTi@s cides, fungicides, herbicides, insecticides and bacteri-
been widely used for destruction of organic pollutants cides. It is also used in the chlorine-alkali industry, in
in waste waters. Less studied but not less important paints, as a catalyst in metallurgical, pharmaceutical,
from the environmental point of view is the photo- chemical and petrochemical industries, in electron-
catalytic transformation of metal ions by oxidation or ics, cosmetics, thermometers, gauges, batteries and
reduction to species of lower toxicity or easier to sep- dental materials. This wide application contributes to
arate from the aqueous phdge4]. the dispersion of the element as a hazardous pollu-
Mercury(ll) is a frequent component of industrial tant. In addition, organic mercury compounds (e.g.,
waste waters, remarkably toxic at concentrations methyl- or phenylmercury), which are the most used
higher than 0.005 ppm and included in the list of prior- in agriculture, are considerably more toxic than the
ity pollutants of the US EPAL], with a disposal limit inorganic analogous.
Mercuric species in solution cannot be bio- or
"+ Corresponding author. Tek+54-116-772-7016; chemically deg'ra}de'd. Commqn rgmediation treat-
fax: +54-116-772-7121/7886. ments are precipitation as sulfide, ion exchange, ad-
E-mail addresslitter@cnea.gov.ar (M.1. Litter). sorption, coagulation and reductif]. HP has been
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proposed as a convenient tool for the treatment of HgCl, (Bronfield) and Hg(CIQ), (Aldrich) of the

mercury in aqueous waste watdfs2]. In fact, due
to the complicated chemistry of mercury in solution

highest purity were used. All other reagents were at
least of reagent grade and used without further purifi-

and in solid phase, HP processes have not been com-cation.
pletely understood. First evidences of heterogeneous Water was double distilled in a quartz apparatus. Di-

photocatalytical transformation of Mgappeared in
1978, when Clechet et d6] photoreduced mercuric
salts on a TiQ electrode, obtaining calomel or metal-

lic Hg depending on the nature and concentration of
the starting salt. Some years before, catalyzed pho-

tooxidation of metallic mercury on Ti© powders

luted HCIQy and NaOH were used for pH adjustments.

2.2. Photocatalytic experiments

Irradiations were performed using a high-pressure
xenon arc lamp (Osram XBO, 150 W) with a band-

has been also reported, HgO being identified as the pass filter (Schott BG 1 or BG 25, thickness 3mm;

reaction producf7].
Later, other works with TiQ [4,5,8-18] ZnO
[19,20] and pure and modified W§J12,21,22]have

300nm < A < 500nm; maximum transmission at
360nm). The IR fraction of the incident light was
removed by a suitable filter (Schott KG 5). Actino-

revealed additional characteristics of the photocat- metric measurements were performed by the ferriox-

alytic transformation of HY. In most cases, deposi-
tion of metallic mercury was reported, although other

type of deposits have been informed, their nature
being controversial and dependent on the initial con-

ditions [5,6,13,17-20,22,23]Oxygen inhibited the
reaction [4,8-14,16,17,19,20]deoxygenated condi-

alate method26]. A photon flow per unit volume of
1.1 x 103 einsteindn3s~1 was calculated.
Photocatalytic runs were carried out in a thermostat-
ted cylindrical Pyrex cell at 25C. In all cases, a
fresh 0.5 mM solution (20 cA) of the corresponding
Hg' salt was adjusted to the desired pH, the catalyst

tions produced partial deposition, whereas complete (1.0 gdnT3) was suspended in the solution, and the
deposition without oxygen was only possible in the suspension was ultrasonicated for 2 min. This catalyst
presence of a reducing agent as methanol, ethanol orconcentration assures an almost complete saturation
other organic$8,13,14,16,2Q]Solar illumination ex- of the photocatalytic rate, according to REf7]. In
periments indicated a high efficiency for mercury(ll) the presence of Ti§) precipitation of HJ as HgO is
removal[6,14,19—22] Cyanide mercuric speci¢a4], prevented at this concentration, even at pH 11, as will
citrate complexef25] and organometallic forms such  be explained later. The reaction was conducted with
as methylmercury and phenylmercury(l4,10,14] the reactor open to air or under a water-saturated nitro-
have been also investigated. gen stream (0.2 dAmin—1) bubbled in the suspension

In this paper, photocatalytic studies of 'Hgrans- throughout the experiment. Prior to irradiation, sus-
formation, starting from three different inorganic salts pensions were kept in the dark and stirred for 30 min,
are presented. The efficiency of conversion and the a time enough to assure substrate-surface equilibrium
nature of the reaction products, together with the in- [8-11,17] The extent of adsorption of Hgonto TiO,
fluence of variables such as pH and oxygen have beenwas determined by measuring mercuric concentrations
analyzed. A major interest was put to investigate the inthe filtrate (see below) before and after stirring in the
effect of the nature of the mercury salt (anion type) dark, in the same conditions (air or nitrogen) used for
and of the derived deposit, previously ignored in most irradiation. Irradiations were performed under mag-
of the published works. netic stirring for 60 min. Samples were periodically
withdrawn and filtered through 0.2@m Millipore fil-
ters. At least, duplicated runs were carried out for each
condition, averaging the results, but generally several
runs were needed to assure reproducibility, especially
in the presence of oxygen. In all cases, adsorption in
the dark was discounted to analyze only the effect of
light on the photocatalytic transformation. Changes in
pH after illumination were also evaluated in the filtered

2. Experimental
2.1. Chemicals

TiO, (Degussa P-25) was provided by Degussa AG
Germany and used as received. Hg@¥O(Merck),



S.G. Botta et al./Catalysis Today 76 (2002) 247-258

solutions. Negligible conversion (e.g., 3%, HgGhi-
tial pH 7) was observed in the absence of 7iO

Hg'" concentration was determined in the filtered
solution by spectrophotometry at 323 nm using the Ki
method[27]. The detection limit of this technique is
1ppm.
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results[8-11,14] (Fig. 1). No strong differences are
seen at the different pH or in the presence or absence
of oxygen.

In Fig. 2, profiles of normalized H§ concentration
vs. time after UV irradiation over Ti@are shown.
They are rather dissimilar in shape. With a few excep-

UV-Vis absorption measurements were performed tions, deceleration or arrest of the reaction occurred in
with a Shimadzu 210A spectrophotometer, equipped all systems after a certain irradiation time, with very
with an integrating sphere for reflectance measure- low conversions in acid and neutral pH. Particularly,
ments. fairly good first-order kinetics was observed in all pH

The recovered photocatalyst was analyzed by X-ray 11 runs; in contrast, Hg&lpH3/N, followed a nearly

diffraction (XRD) and by chemical reactions for iden-
tification of different deposits. XRD patterns were ob-

zero order kinetics.
In Fig. 3, the extent of HY photocatalytic conver-

tained at room temperature with a Philips PW-3710 sion after 60 min irradiation for each experiment is

diffractometer using Cu ¥ radiation. A gray deposit,
soluble in concentrated nitric acid, indicated metallic
Hg [25,28] Treatment of the deposit with KI 2.5M,
giving a filtrate absorbing at 323 nm, indicated HgO
[22,29]

3. Results

From the experimental data after equilibration in
the dark, it can be concluded that 'Hpgresents a good
affinity for TiO» in all experimental conditions here
considered (pH 3, 7 and 11), with adsorption per-

presented, taken from the smoothed curveBim 2

The graph indicates an important influence of the na-
ture of the salt and of the pH. The transformation was
accompanied by a decrease of the initial pH, larger
at higher conversions and in alkaline media. Except
for pH 11, conversions were generally lower in the
presence of oxygen, especially at pH 3. The fastest
transformation took place at pH 11, although good
conversions were also attained in the Hg@H7
(air and N) and HgCh/pH3/N, systems. The per-
chlorate systems attained generally slightly lower
conversions. Gray (dark or pale) deposits were visu-
ally observed on the recovered photocatalyst, when

centages around 15-35%, in agreement with previous conversion degrees were higher than 50Pab{e 1.
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Fig. 1. Degree of adsorption of Hgsalts onto TiQ surface at three initial pH after 30 min stirring in the dark. Conditions:[Hg 0.5 mM,

[TiO,] = 1gdnT3, T = 25°C.
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Fig. 2. Profiles of normalized Higconversion with time at three initial pH. Conditions: [Hg= 0.5 mM, [TiO,] = 1gdnT3, T = 25°C;
near UV-light (300 nm< A < 500nm, Py = 1.1 x 10 °einsteindnm3s1.

These deposits were analyzed chemically and by tified deposits, H, HgO and/or calomel (HgCly),
XRD, although in several cases, the low amount and indicates the complexity of the system. A pale gray
the lack of crystallinity of the deposit precluded any deposit was observed in the HgGdystems at acid
identification. The different chemical nature of iden- and neutral pH, identified as a mixture of Hgnd
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Fig. 3. Degree of HY conversion after 60 min irradiation at three initial pH. Conditions are same as giviig.ir2.

Table 1

Identification of the deposit on the recovered photocatalysts

Initial salt pH Oxygen Type of deposit Identified product RX identified product
Hg(NGs)2 3 No - - -
Hg(NGs)2 3 Yes — - —
Hg(NGs)2 7 No - - -
Hg(NGs)2 7 Yes — - —
Hg(NGs)2 11 No Dark gray Hg, HgO -
Hg(NG3s)2 11 Yes Dark gray Hg, HgO -
HgClp 3 No Pale gray Hg, H&Clo Hg,Cl>
HgCl, 3 Yes — - -
HgClp 7 No Pale gray Hg, H&Clo Hg,Cl»
HgCl, 7 Yes Pale gray Hg, HEl» Hg,Cl»
HgClp 11 No Dark gray Hg -
HgCl, 11 Yes Dark gray Hg, HgO -
Hg(ClOy)2 3 No - - -
Hg(ClOy)2 3 Yes - - -
Hg(ClOy)2 7 No - - -
Hg(ClOy)2 7 Yes - - -
Hg(ClOy)2 11 No Dark gray Hg, HgO -
Hg(ClOy)2 11 Yes Dark gray Hg, HgO -

calomel. XRD analysis proved undoubtedly the pres- phases can be seen, sample (C) exhibits clear peaks
ence of this compound, while it was not possible corresponding to calomel. At alkaline pH, either in
to detect H§ because the peaks were masked by air or in nitrogen, a dark gray deposit, characterized
those of calomelFig. 4 shows the diffraction pat- as a mixture of metallic Hg and HgO was generally
terns of the recovered photocatalysts corresponding formed, independently of the initial salt. Sometimes,
to the HgCh/pH3/N, (C) and HgCh/pH11l/air (B) the gray deposit was not observed, but HQO was
systems, compared with pure P-25 (A). Whereas in identified by the Kl test, although never detected
samples (A) and (B) only peaks of anatase and rutile by XRD.
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Fig. 4. XRD pattern of samples taken after Hg®@hotocatalysis. (A) pure P-25, (B) Hg@pH11/air, (C) HgCl/pH3/N, (a: anatase, r:
rutile, *: calomel).

In Table 2 initial photonic efficienciesg, %) are conversions are very low, this parameter allows the

shown, calculated as comparison of the intrinsic reactivity of Hgin the
(—dC/dt),—o initial conditions, independently of any deactivation,
= - — x 100 (1) inhibition or other secondary effect that may occur at

longer irradiation times. Therefore, they do not corre-
where (—dC/dt),—o is the initial reaction rate (taken late strictly with conversion degrees. The values are in
from the initial slope of curves ifrig. 2) and Py the the order of most photocatalytic reactions in aqueous
incident photonic flow per unit volume. Although pho- phase, around 1-4%. Slight differences in air or under
tonic efficiencies are affected by rather large errors at nitrogen can be seen; at acid and neutral pH, efficien-
the initial stages of the reaction, especially when final cies were higher in the absence of oxygen, while at
pH 11 they were higher in air.

Table 2
Initial photonic efficiencies for the photocatalytic systems
pH Nitrate Chloride Perchlorate 4. Discussion
No Ar N2 Ar N2 Ar 4.1. Adsorption
3 1.3 0.6 0.5 0.3 15 0.2
7 22 12 52 40 1.2 04 Although a thorough adsorption study of mer-
11 2.0 29 3.0 3.2 2.3 2.7

cury(ll) onto TiG, is beyond the scope of the present
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paper, some considerations can be made. Nitrate and4dHgCl + 2H,0

perchlorate HY salts are ionic, water soluble species, — 2Hg,Cl + Oz + 4HCl — 4Hd (6)

with a strong tendency to hydrolyze, especially at less

acidic pH, according to the following equilibria: Hg(ClO4)> + Ho0 — HgP + %02 + 2HCIOy ©)

Hg** + H,0 = Hg(OH) T + HT 2 Note that the above equations represent processes

in neutral or acid media; accordingly, a decrease of
the initial pH may take place, which, although rather
small, was observed in most cases. At high pH, oxi-
dation of metallic Hg, once produced, is very rapid,
particularly in the presence of oxyg¢80]:

Hg?t + 2H,0 = Hg(OH), + 2H* (3)

Even at acid pH, the amount of hydroxylated species is
high, e.g., at pH 3.0, [HY ] = [Hg(OH),] [28,30] At
higher pH, polynuclear hydroxo-bridged species or ba-
sic salts such as Hg(OH)(N{are formed28,30,31] Hgo + O2 — HgO (8)
HgO can be present even at pH as low as 2.4, being the
stable species at pH 128]. However, in the presence ~ Consequently, as presentedTiable 1, dark mixtures
of TiO, P-25, precipitation of HgO from a 0.5mM  of Hg® and HgO were observed as deposits on the
Hg'' solution is prevented because the surface of the catalystat pH 11in the nitrate and perchlorate systems.
solid becomes more acidic by adsorption of mercuric ~ Calomel is observed at pH 3 and 7 in the HgCl
species. systems, together with Hgbut at pH 11 only Hg
Thus, the observed constancy in the adsorption canand/or HgO are formed. This will be explained later.
be explained by the presence of a relatively high con-  The photocatalytic transformation of Finas been
centration of the non-charged Hg(Otwhose ad-  found always strongly dependent on the reaction con-
sorption is not very much altered by 7], in spite of ditions, i.e., the nature of the mercuric salt, the pres-
changes in the surface charge of P-25 with pH (pzc ~ €nce or absence of oxygen and the initial pH (see, for
6.3, [32]). example, Refd6,14]). We have arrived to similar con-
For HgCb, the analysis of the adsorption is more clusions, and it can be proposed that the complicated
difficult because of the covalent nature of the salt. Due chemistry of mercury influences to a high extent the
to the high stabilization of Hf, its conversion to the ~ hature and rate of the photocatalytic transformation.
oxide as pH increases is less probable compared to The thermodynamic feasibility of mercury(ll) trans-
the other two salt§28]. In addition, some hydrolytic ~ formation, after electron-hole pair generation by UV

effects take place: irradiation of the semiconductor, depends on the val-
ues of redox potentials of the species adsorbed onto the
HgCl, + H20 = Hg(OH)CI + HT + CI~ 4) catalyst or close to it, in relation with the redox level

. . ., of the conduction band electrong, &(Vip = —0.3 vi
Consequently, a lower adsorption of mercuric chloride ; pH 0[33]), the difference of potentials being the
on TiO, could be predicted compared with that of the driving force for the reduction.

other two salts, due to the absence of electrostatic in- In most papers, two electron processes are proposed
teractions between the species and the catalyst; NOW-fo, the cathodic transformation of mercury(ll). The

ever, weaker interactions (e.g., van der Waals forces) .,ncomitant anodic reaction is the oxidation of wa-
can also promote adsorption and cannot be discarded ¢, by holes and, indeed, ,Cevolution in the mer-

cury(ll) photocatalytic system was observed in some
4.2. Photocatalytic results caseq12,20]

W +
4.2.1. Nature of the products 2H20 + 4h, — Oz +4H )

It can be proposed that the products of the global The redox potentials of mercury species, taken
photocatalytic processes depend on the nature of thefrom the literature[8,9,14,34,35] are the following,
initial salt:

1 All standard red tentials cited in thi k ferred t
HG(NO3)2 + H20 — HgO—I—%Oz—i—ZHNOg ) e standard redox potentials cited in this work are referred to
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although values at the Tinterface can be somewhat
different:

Hg,?t (ag) + 26~ — 2HL(),
2HG" (ag) + 26~ — Hg,**,

E®=0.796V (10)
E®=00911V (11)
Hg?t(ag) + 26~ — Hg’(), E°=0.854V

HgCl, + 2e~ — Hg%(l) + 2CI™ (ag),

(12)

E® =041V (13)
Hg,Cla(c) 4+ 26~ — 2Hd (1) + 2CI (ag),

E® =0.268V (14)
2Hg?t (ag) + 2CI~ (ag) + 26~ — Hg,Cl2(0),

E® =1.440V (15)

Based on the above values, Hgcan be reduced to
both Hg,?* or Hg”, and Hg?* to Hg by the same
reductants (se&gs. (10)—(12) for example by g,
with similar driving forces. Although Hg is first re-
duced to Hg?*, a slight excess of g or another re-
ductant will transform Hg?+ to H®. On the other
hand, reduction of HJ to calomel seems to be ther-
modynamically very favorablesg. (15).

However, if the process were determined only by
the values of the redox potentials, reduction to metal-
lic mercury would be less favorable for the halides,
especially at less acid pHE@s. (13) and (14) which
is not observed irFig. 2 Instead, it is clear that the
nature of the products influences the rate and fate of
the process. Nitrate and perchlorate,Fig salts are
ionic and water soluble at acid pH, but they are unsta-
ble and disproportionate to Hg and HgO at pH3.5
[28]. This implies that HY species, if formed in the

S.G. Botta et al./Catalysis Today 76 (2002) 247-258

equilibrium of HeCly (Ksp = 1.4 x 10718 [34]).
However, disproportion does take place at pH11
[28], explaining why calomel is not observed at alka-
line pH (seeFig. 4andTable J).

Although all previous reports suggest two electron
processes for the photocatalytic reduction of' Htpne
transformation might occur alternatively through two
successive one-electron transfer steps:

Hg" + e, — Hg" (17)

Hg" + e — Hg’ (18)
A similar mechanism through successive one-electron
steps has been proposed and demonstrated by UV-Vis
and EPR spectrophotometries for the photocatalytic
reduction of hexavalent chromium over Ti{B6,37]

In the present case, to prove the hypothesis is more
difficult because mononuclear Figspecies are very
unstable and, due to a very small dissociation con-
stant in watel K giss < 10~7) [34], this ion, if formed,
would be rapidly transformed to the binuclear form.
Mononuclear Hg species have been indeed detected
by EPR and UV spectroscopies in the special cases of
radiolytic reductive process§38—40]or electrochem-

ical oxidative dissolution of Hyby specific N-ligands
[41]. They have been also proposed as intermediates
in one-equivalent oxidations of the Hdimer[42], in
photochemical process¢43] and in photocatalytic
reactiong44]. The redox potential of the couples in-
volving the mononuclear species are not known, but if
reactions (17) and (18) are considered thermodynam-
ically possible, the one-electron mechanism can be
supported by the reported existence of mononuclear
species and by the fact that multielectronic processes
are not likely in photocatalysi$45,46] Although

nitrate and perchlorate systems, cannot be detectedKaluza and Boehnj7] have not detected EPR sig-

because they will be easily transformed to?Hd31]:
Ho,>t = Hg® + Hg?", E®=-0.131V (16)

The situation is different for the chloride system
because, in addition to a higher driving force for
reduction of HY to calomel by €, hydrolysis and

disproportion do not occur due to the high stability
and insolubility of the salt; then, the reduction process

nals of paramagnetic Hgions in the photocatalyzed
oxidation of zerovalent mercury, they have suggested
the intermediate occurrence of such ions. Fast photo-
catalytic experiments in the cavity of an EPR spec-
trometer are needed to demonstrate the participation
of Hg™ ions and they will be soon performed.

On the other hand, as stated elsewHér8,14,17]
and proposed also for &r [36], reduced mercury

stops, at least in part, at this stage. The simultaneousspecies present on the surface of the photocatalytic

presence of HYin the deposit Table 1 can derive
from the reduction of the few Hgions in solution
(close to the Ti@ surface) displacing the solubility

particle can be reoxidized competitively by holes
(Vin = 4+2.9V at pH 0[33]) or by other oxidizing
species such as HO(E® = +2.8V at pH 0[2]),
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formed in the cathodic route when oxygen is present by holes is here the rate limiting st¢p6]. In con-
(see,Eq. (24): trast, oxy%en is actually a competitive species in the
0/l + o I/ - case of Hg, inhibiting the rate limiting cathodic step
H! + hyp(HO®) —~ Hg/" + (OH™) (19) (see later), as proposed previouf3y9,16] Addition-
These reactions are thermodynamically possible for ally, oxygen is produced in the global process (see
all mercury species according to the redox potentials Egs. (5)—(7) through the anodic pathway (9), even
of reactions (10)—(15). This effect will arrest the re- in nitrogen purged systems. However, Doménech and
action in some cases and it will be explained later. Andrés[20], when using ZnO, have observed accumu-
As it is not possible to oxidize Hgto Hg without lation of oxygen at the initial stages of the reaction, ex-
the concomitant oxidation to Hg metallic Hg is di- plained by a very rapid Hgreduction that prevented
rectly transformed to HYy However, in the case ofthe  the occurrence oEq. (22) This can explain why the
chloride system, on one hand, there is a larger driving initial quantum efficiencies only differ slightly with or
force for oxidation of H§ to calomel (reaction (14))  without oxygen Table 2.
by holes or HO than for calomel to H§ (reaction
(15)). On the other hand, if Hgs in excess, only Hg 4.4. Influence of initial pH
(in the form of calomel) will be present, because the
metal will displace the disproportion equilibrium (16) The observed effect of the initial pH agrees very
to the left. Therefore, calomel and metallic Hg will be well with the results obtained by other authors
synergistically precipitated in the case of HgCind [13,14,17] The effect cannot be related to changes in
this can explain the good conversion in the case of adsorption, because of the relatively small differences
the HgCh/pH7 systems and Hg&hH3/N,, where Hg in the studied range (sd€g. 1). Taking into account
and calomel have been identified as deposits. Calomelthe Nernstian variation of the redox potential of 3iO
can be originated also from hole attack to chloride, cb electrons with pH, a lower driving force as the pH

forming CI° radicals, a rather powerful oxidant: decreases could explain the poor conversion found
Cl- +ht = CI* (20) at pH 3. However, due to_hydrolytlc processes, th_ls

dependence is not so strict, and the reactivity will
2CI* + 2Hd® — Hg,Cl, (21) depend also on the nature of the initial salt, related

to the existence of different mercury forms either in
solution or in the solid state. The low conversion rates
at pH 3 and 7 (with the exception of chloride) can be
interpreted mainly by HYreoxidation and/or redis-
solution. Metallic mercury can slowly dissolve even
in diluted HNG; [31], and easy reoxidation of Hg"

to [Hg(H.0),]%t species occurs in wat§80]; reox-
idation by holes (mentioned in the previous section)

Concerning the slightly lower conversion of perchlo-
rate systems, we do not have at this point a reliable
explanation.

4.3. Influence of oxygen

Molecular oxygen can compete with Mgeduction:

Oz +ey — 027 (22) is more favorable at more acid pH. An electron shut-
L tle mechanism comprising the sequence of reactions

02°" + &y = H202 (23) (17), (18) and (19) takes place continuously, as clearly

H,0, + e, — HO® (24) seen from the dispersion of points or by plateaus after

some minutes of irradiation at acid and neutral pH,
Initial photonic efficienciesTable 2 show inhibition especially in the presence of oxygehid. 2. The

by oxygen at acid and neutral pH, but not at pH 11 case of HgG was explained in the previous section.
(see later). Final conversions at 60 min also agree with  The high conversion at alkaline pH, also observed
these results in most casésq. 3), in accordance with by Aguado et al[17], can be due to the formation of
previous works[4,8-14,16,17,19,20]In the case of  HgO throughEg. (8) and this oxide was detected in
CV! reduction, it has been proved that oxygen did not this work at alkaline pH in most caseaple ). Par-
affect the photocatalytic reaction, being neither a me- tial oxidation of Hg photocatalytically deposited onto
diator nor a competitive species; oxidation of water ZnO has been reported (pH not indicat¢a)] and
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HgO was observed in the photocatalytic treatment of
cyanide HY species at pH 10.84]. Even in nitro-

S.G. Botta et al./Catalysis Today 76 (2002) 247-258

also decreases the overpotential for oxygen photore-
duction to superoxideHq. (22), helping separation

gen purged systems, HgO can be produced by a higherof electron and holes. This could explain then the

HO* concentration coming from hole attack to the ba-

rather high conversion in the systems HgEH3/N,

sic HO™ groups. This phenomenon has been already HgCl/pH7/N; and HgCh/pH7/air, the only acid and

observed in the Ti@photocatalytic oxidation of HYy
in oxygen[7].
At these high pH, deposit of mercurous species is

neutral systems in which metallic Hg was found
(Table J). Reaction (21) can also act against recombi-
nation in the HgCl systems. It seems, actually, that

precluded because of easy disproportion to Hg and the reaction is enhanced as well by calomel and HQO

HgO [30],2 enhanced by the presence of Hig). (16)

This explains why calomel has been never detected at

pH 11 (se€Table ). It also accounts for the beneficial
role of oxygen at this pH, which, instead of inhibiting
the reaction, helps HgO formation.

4.5. Kinetic regime

Different kinetic orders have been reported in pre-
vious studies of HY photocatalysis, such as (%,9]
or first[17] for TiO2, and 7/5 for ZngJ20]. We have
found a rather good first order in all systems at pH 11,
in agreement with results of Aguado et HI7], who
have not tested kinetic orders at other pH. At neu-
tral and acid pH, not a defined behavior is observed.
The profiles were generally characterized by a rela-
tively rapid initial conversion followed by a deceler-
ation or an arrest of the rate, with the exception of
HgClo/pH3/N,, which obeys a nearly zero order. Ac-

deposits, but their action is not known.

Oppositely, after the initial stages, reoxidation of
metallic Hg induces deactivation or inhibition. This is
the reason why conversions at 60 min do not correlate
in some cases with initial photonic efficiencies. As
said before, the electron shuttle process (17)/(18) and
(19) takes place continuously, especially at neutral and
acid pH, which arrests the reaction. Additionally, all
mercury deposits (no matter their chemical nature) can
provoke deceleration by decreasing the effective irra-
diated TiQ surface and the extent of Migdsorption,
changing the nature of the TiGsurface and produc-
ing agglomeration of particlgd3,17] This applies to
all conditions.

5. Conclusions

The nature of the mercuric species and the reac-

cording to these results, we propose that not a single tion conditions exert a strong influence in the hetero-
kinetic regime applies, butinstead the kinetics depends 98N0uS photocatalytic reaction over Fi@lthough
on the initial conditions, the nature of the salt and the Hg" shows a great affinity for the TiXsurface in the

type of deposits on the photocatalyst.
We support an activation—deactivation process

range of pH studied ((3)—(11)), there is no relationship
between the photocatalytic reaction rate and the extent

model, similar to the proposed and discussed in of adsorption. Initial pH influences considerably the
Ref. [17]. Based on the assumption that the cathodic reaction, the highest conversion taking place at pH 11.
pathway is the rate limiting step, confirmed by the Some inhibition by oxygen can be observed at acid
negative influence of oxygen, the activation is caused and neutral media, but not in alkaline suspensions.
by the electron trapping action of Hg deposits, which Gray deposits of different color intensity, composed
decreases recombination. This action is similar to that ©f Hg®, HgO and/or HgCl> have been observed, de-

of Ptislands on Ti@[6,12], or deposits of Hg on znO  Pending on the initial conditions. In most cases, after

[20], the metal decreasing the overpotential for'Hg
reduction. The effect is opposite to the case of'Cr
photocatalytic reduction, where platinum did not exert
any influence on the reaction rd&6]. Even in aerated

a relatively high initial rate, a deceleration or arrest
of the reaction is observed, attributed to redissolution
and to catalyst deactivation provoked by the deposits.
HgCl, appears distinctly different from the other two

2 Hg,O is not a stable species, but a mixture of°Hmd HgO
[7,28]. Mercurous hydroxide cannot be precipita{éd].

salt. Other experiments are underway to confirm the
nature of intermediates of the reaction and to evaluate
the effect of the addition of organic scavengers.
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Remediation of HY in aqueous solutions is hard to
attain completely, because of the low levels needed to
avoid toxicity. Very sensitive analytical tools must be
used to control the concentration of species in solution
that, according to regulations, must be present only in
the order of ppb. The physicochemical properties of
the products derived from the treatment also introduce
serious difficulties. Metallic Hg is volatile and some-
what water soluble, HgO is also fairly water soluble
and the Hyand Hd' nitrates and perchlorates are wa-
ter soluble. Nevertheless, it will be always better to
have the pollutant immobilized as a metallic deposit
than leave it mobile, treating later the solid residue as
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[3] M. Litter, X. Domeénech, H. Mansilla, in: M.A. Blesa (Ed.),
Eliminacion de Contaminantes por Fotocatalisis Heterogénea.
Texto colectivo elaborado por la Red CYTED VIII-G, Digital
Grafic, La Plata, 2001, Chapter 6, p. 121.

[4] N. Serpone, E. Borgarello, E. Pelizzetti, in: M. Schiavello
(Ed.), Photocatalysis and Environment, Kluwer Academic
Publishers, Dordrecht, 1988, p. 527.

[5] L.D. Lau, R. Rodrguez, S. Henery, D. Manuel, Environ. Sci.
Technol. 32 (1998) 670.

[6] P. Clechet, C. Martelet, J.-R. Martin, R. Olier, C.R. Acad.
Sci., Paris Ser. B 287 (1978) 405.

[7] U. Kaluza, H.P. Boehm, J. Catal. 22 (1971) 347.

[8] M.R. Prairie, L.R. Evans, S.L. Mdrtez, Chem. Oxid. 2
(1992) 428.

[9] M.R. Prairie, L.R. Evans, B.M. Stange, S.L. Maez,
Environ. Sci. Technol. 27 (1993) 1776.

a hazardous one. Zerovalent mercury can be carefully [10] M.R. Prairie, B.M. Stange, AIChE Symp. Ser. 89 (1993) 460.

distilled off by mild heating, trapped and recondensed,
as shown in Ref[5], or it can be dissolved with nitric
acid or aqua regia for confinement or further treatment
of smaller volumes of the effluent. It must be also
reminded that calomel is less toxic than HgQHP,
which can take advantage also of solar light, appears
as a valuable tool to reduce mercury pollution in real
cases to very low levels. Of course, the addition of a
cooperative organic donor will improve the efficiency
of the photocatalytic treatment, especially at acid pH.
This action can be done by organic compounds com-
ing in the waste waters together with mercury.
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