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A B S T R A C T   

Ethylmercury chloride (C2H5HgCl) was treated by UV/TiO2 photocatalysis in the presence of O2 and under N2 at 
pH 4.2. No report exists on C2H5Hg+ degradation by heterogeneous photocatalysis. The adsorption of C2H5Hg+

over TiO2 (no irradiation) was studied and fitted to the Freundlich isotherm. The photocatalytic evolution of 
C2H5Hg+ was adjusted to a two parameter Langmuir-Hinshelwood model, modified to include a third parameter 
attributed to the deactivation caused by the deposition of Hg(0). Hg(II) in solution, Hg(0) and Hg2Cl2 (detected 
only under N2) were the products of the photocatalytic degradation; the organic moiety was degraded but no 
organic by-product could be detected. Experiments in the absence of O2 showed a higher conversion rate, 
indicating that C2H5Hg+ is removed both by oxidative and reductive pathways, being this last step partially 
inhibited by O2. A degradation mechanism considering both oxidative and reductive one-electron transfer steps 
is proposed.   

1. Introduction 

Mercury is a hazardous and persistent contaminant, which can cause 
neurological disorders, birth defects and immune system dysfunction, 
among other health effects in humans; polluted waters are the main 
exposure source [1,2]. Mercury compounds are extremely hazardous 
and are known to contaminate water coming from anthropogenic and 
natural processes [3–5]. Both inorganic and organic mercury are 
cumulatively toxic and the latter form is known to be more dangerous, 
mainly the alkylated derivatives [6]. The most important anthropogenic 
sources of mercury pollution in aquatic systems are urban discharges, 
agricultural materials, mining and discharges from pyrometallurgical 
processes and chlor-alkali industry. Atmospheric mercury deposition 
coming mainly from coal combustion is also a major contributor to 
aquatic pollution [7]. Despite it has not been employed as frequently as 
other organomercurial species like methylmercury (CH3Hg+), phenyl
mercury (C6H5Hg+) or thiomersal (mercury((o-carboxyphenyl)thio) 
ethyl sodium), ethylmercury (C2H5Hg+) has been used as a pesticide, 
mainly as its chloride, urea and phosphate salts and methoxydes. 

Besides, C2H5Hg+ can be produced in natural aquatic systems by pho
toalkylation of Hg2+ in the presence of ketones, aldehydes and low 
molecular weight organic acids under UV irradiation [8], or by micro
organisms during the metabolism of inorganic mercury [9,10]; it is also 
a metabolite of thiomersal, a preservative used in vaccines [11]. The 
lack of information related to C2H5Hg+ could be attributed to previous 
analytical limitations at trace level; i.e., CH3CH2Hg+ was considered a 
misidentification of CH3SHg+ [12]. Nowadays, its identification and 
verification is unmistakable [13]. 

Mercury removal can be carried out efficiently by heterogeneous 
photocatalysis over TiO2 with several advantages compared with other 
technologies like precipitation as sulfide, ion exchange, adsorption, 
coagulation and chemical reduction [14] because it does not require the 
use of expensive chemicals and only near UV light is needed, allowing 
the use of free solar light [5,15–21]. As very well known, the photo
catalytic process begins by the semiconductor excitation with light of 
enough energy to promote an electron from the valence band (VB) to the 
conduction band (CB) [15,17–21 and references therein]. A sequence of 
reactions occurs, the main ones depicted in Section A1 of Appendix A. 
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Supplementary data (SD). 
We have postulated that the photocatalytic transformation of ionic 

metals occurs through successive one-electron transfer steps, if they are 
thermodynamically allowed (Eqs. (A8)-(A16)) [18,19]. This fact is 
generally not taken into account by most photocatalytic researchers, 
despite multielectronic processes are not feasible at the low light in
tensities usually employed in photocatalysis, and no proof of these 
processes in semiconductor photocatalytic systems has been reported 
[22]. 

In the case of the UV/TiO2 photocatalytic reaction of inorganic Hg 
(II) in aqueous solutions [14,23–27], conversions have been found to be 
dependent on the initial conditions (pH, presence or absence of O2), 
counterion of Hg(II) (Hg(NO3)2, Hg(ClO4)2 or HgCl2), and concentration 
of mercuric salt. Hg(0), HgO (at high pH) or Hg2Cl2 (when chloride was 
present) are the most important products; calomel is exclusively ob
tained under acid conditions [25]. Although deposition of solid mercury 
species over the TiO2 surface poisons the photocatalyst, reduces the 
effectiveness of light absorption and decreases the activity [23], being a 
disadvantage of the method, it can lead to recover of mercury from the 
solution. 

If successive monoelectronic steps are assumed for the photocatalytic 
reduction of Hg(II) to Hg(0) [14,19], the first step should be the trans
formation of Hg(II) to Hg(I) followed by reduction up to Hg(0) according 
to Eqs. (1) and (2). Mononuclear Hg(I) is very unstable and, if formed, it 
would be rapidly transformed to the binuclear form, Hg2

2+ (Eq. (3)) or 
would later disproportionate to Hg(0) and Hg(II), which further react to 
form Hg2

2+ (Eq.(4)) [21 and refs. therein]:  

Hg(II) + eCB
− → Hg(I)                                                                      (1)  

Hg(I) + eCB
− → Hg(0)                                                                       (2)  

2 Hg(I) → Hg2
2+ (3)  

Hg2
2+ ⇄ Hg(0) + Hg(II)                                                                   (4) 

If Cl− is present, calomel is formed:  

Hg2
2+ + 2 Cl− → Hg2Cl2                                                                  (5) 

As the redox potential for the direct reduction of non-complexed Hg 
(II) to Hg(I) was estimated to be lower than − 2.0 V [21], the direct 
reduction by the TiO2 eCB

− would not be feasible; on the other hand, when 
Cl− is present and the main Hg(II) species is HgCl2, the direct reduction 
of HgCl2 to HgCl might take place (E◦

HgCl2/HgCl = − 0.47 V at 
[Cl− ] = 0.05 M) [21 and references therein]. The formation of Hg(I) as 
Hg2Cl2 has been reported as stable final product when the reaction 
started from HgCl2, while salts of other anions produced Hg(0) [18,20, 
21]. 

Hg2Cl2 can be generated also by reoxidation of Hg(0) by Cl• radicals, 
a rather powerful oxidative species, formed by reaction of hVB

+ with Cl−

ions, if present [14,21]:  

Cl− + hVB
+ → Cl• (6)  

2 Cl• + 2 Hg(0) → Hg2Cl2                                                                (7) 

Actually, the photocatalytic reduction of Hg(II) nitrate and 
perchlorate was only important at high pH values, with rather low 
conversions at pH 3–6 (e.g., [14,23,28,29]). Under acid conditions, 
reduction of Hg(II) is slow, and reoxidation of deposited Hg(0) on the 
TiO2 surface by hVB

+ /HO• takes place (Eq. (8)).  

Hg(0/I) + hVB
+ /HO• → Hg(I/II)                                                           (8) 

Species more oxidizable than water (Eq. (A14), such as methanol, 
EDTA, citric, oxalic, salicylic, formic acids, etc., act as electron donors, 
leading to mercury reduction synergically helped by indirect reduction 
(Eqs. (A15) and (A16)) [24,25,30], and sacrificial agents that consume 
holes greatly enhance the deposition of the metal. 

Inorganic forms of heavy metals (i.e. the ionic species) cannot be 
removed from water by photocatalytic methods in the presence of ox
ygen. The electrons photogenerated in the catalyst are accepted by ox
ygen to yield O2

• − (Eq. (9)).  

O2 + eCB
− → O2

• − (9) 

In the absence of O2, electrons can be accepted by heavy metal cat
ions resulting in the deposition of the metal on the surface of the catalyst 
or in the transformation of a less toxic species (Eq. (A8)), as the trans
formation of Cr(VI) to Cr(III) [20,31]. For the case of mercury, O2 in
hibits mercury reduction in all cases [14,32] because this species 
competes with Hg(II) species for TiO2 CB electrons (Eqs. (1) and (2)). 
Oxygen is also an efficient electron acceptor, but for practical applica
tions, deoxygenation of polluted water is prohibitively expensive. For 
this reason, it is essential to develop cheap techniques that work effec
tively even in oxygenated solutions. It is important to say that inhibition 
by O2 was not observed at basic pH. 

The presence of organic molecules increases the mercury removal 
efficiency, particularly at acid pH values [25,30,33,34], preventing the 
reoxidation of Hg(0) by efficiently trapping hVB

+ /HO• (Eq. (A14)); also, 
the formation of highly reducing radicals (Eq. (A15)) helps the reaction. 

Tennakone and Ketipearachchi found that oxidative TiO2 photo
degradation of the complex of Hg2+ with citrate led to metallic mercury 
deposited on TiO2. The reaction was sufficiently sensitive to sunlight, 
and ca. 20 ppm Hg2+ were removed in around 30 min exposure. For 
practical applications, the authors confined TiO2 in a transparent dial
ysis bag immersed in the solution to facilitate the disposal of extracted 
mercury [35]. 

Only few reports exist regarding the treatment of organic (mainly 
alkyl) mercury compounds in aqueous solution: CH3Hg+ degradation by 
heterogeneous photocatalysis has been studied by Serpone et al. [29] 
and by Miranda et al. [34]. 

Serpone et al. [29] studied CH3HgCl removal (3.7 × 10− 4 M, 2 g L− 1 

TiO2 air equilibrated suspensions, pH 6.36) irradiated by AMI simulated 
sunlight (λ > 310 nm); a 75 % removal after 60 min has been found. 
According to the authors, in this case, removal was mostly due to 
adsorption than to photoreduction. Elemental mercury, deposited on 
TiO2 particles as a gray powder, was obtained; the authors propose 
methane formation, according to global Eq. (10), although the presence 
of methane was not experimentally proved:  

CH3HgCl + H2O (hν/TiO2) → 1/2 O2 + H+ + Cl− + Hg(0) + CH4     (10) 

Addition of 20 % v/v methanol to the system led to total elimination 
of CH3Hg+ in ca. 30 min irradiation. The authors proposed for the first 
time photocatalytic reductive pathways for CH3Hg+ removal, through a 
direct photoreduction process by CB electrons, where the one-electron 
reduction yields first the CH3Hg• radical (Eq. (11)), followed by 
CH3Hg• recombination (Eq. (12)) or reduction by another eCB

− (Eq. (13)):  

CH3Hg+ + eCB
− → CH3Hg• (11)  

2 CH3Hg• → (CH3)2Hg + Hg(0)                                                      (12)  

CH3Hg•

+ H+ + eCB
− → CH4 + Hg(0)                                              (13) 

Miranda et al. [34] reported TiO2-photocatalytic methylmercury 
removal in the presence of nitrogen or oxygen. Under N2, using low 
amounts of catalyst (0.15 g L− 1) and pH 11, more than 95 % of removal 
was achieved after 2 min irradiation. Destruction of the organic moiety 
to CH3OH and no gaseous products were observed, and the reaction 
proceeded by forming water soluble compounds, such as methanol or 
more oxidized compounds, with Hg(0) formation (Eqs. (14)–(16)):  

CH3HgCl + 2 HO• → CH3OH + Hg2+ + Cl− + OH− (14)  

CH3OH + hVB
+ → H2CO → HCO2H                                                  (15)  

Hg2+ + 2 eCB
− → Hg(0)                                                                  (16) 
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In saturated O2 solutions, the reaction slowed down due to compe
tition between oxygen and Hg(II) for CB electrons; the main reaction 
products were CH4 (minor amounts), CO and CO2. Methanol was iden
tified as a reaction intermediate in solution. Hg(0) was found as a final 
reduction product also in the gas phase. The authors proposed that 
CH3Hg+ is oxidized to methanol by hVB

+ , HO•, HOO•, or O2
• − , while Hg2+

is then reduced to Hg(0) by eCB
− , in contrast with the reductive mecha

nism proposed by Serpone et al. [29] for CH3Hg+. 
Our group investigated the photocatalytic removal of phenylmercury 

chloride (PMC) and phenylmercury acetate (PMA) over P25 [36], a 
study completed by Miranda et al. [37]. For PMC and PMA, our group 
obtained a high mercury conversion under UV/TiO2 irradiation [36] 
with partial mineralization of the organic portion of the mercurial 
compound. Mercury species were detected in solution as C6H5Hg+ and 
free Hg2+. The simultaneous deposit of metallic Hg (when starting from 
PMA) or mixtures of Hg(0) and Hg2Cl2 (when starting from PMC) was 
observed. For PMA, reaction was faster at pH 11 with formation of Hg 
and HgO mixtures. The fact that calomel was found as a deposit when 
starting from PMC under N2 suggests that the mechanism of Hg(II) 
transformation proceeds, as in the other cases, through successive 
one-electron transfer reactions passing through a mercurous form. A 
mixed oxidative and reductive mechanism, where phenylmercury was 
degraded according to Eq. (17), followed by Hg(II) monoelectronic 
reduction (Eqs. (A11) and (A12)), was proposed. The anodic pathways 
can continue through Eq. (18):  

C6H5Hg+ + hVB
+ /HO•

+ H+ →→ C6H5OH + Hg2+ (17)  

C6H5OH + hVB
+ (HO•) →… → CO2 + H2O                                        (18) 

It was confirmed that Hg(II) behaves as a better oxidant than oxygen 
for mineralization. Hg(II) removal and mineralization were more 
favorable in the absence of oxygen and at pH 11, where HgO is formed 
together with Hg(0). Phenol was detected for both, PMA and PMC, as a 
product of the photocatalytic reaction; the very dangerous alkylmercury 
species were not formed. However, reaction under UV-light should be 
carried out until reaching complete mineralization to avoid the risk of 
formation of noxious intermediates after the treatment. Phenol con
centration and mercury speciation in the filtrate was followed by a HPLC 
method developed by the group [38]. 

Later, Miranda et al. [37] studied the TiO2 photocatalytic degrada
tion of phenylmercury (λ = 300–400 nm), analyzing the effect of pH. 
Almost 100 % mercury reduction was obtained under N2 at pH 10 and 
0.35 g L− 1 TiO2 after 30 min UV irradiation, and after 40 min under 
saturated O2. Phenol and diphenylmercury were identified as interme
diate oxidation products. A major fraction of the reduced mercury was 
removed as metallic vapor by gas stripping, whereas a minor fraction 
was adsorbed on the catalyst surface, probably as Hg(OH)2. 

Yepsen et al. [39] reported recently the removal of thiomersal, a 
common antifungal and antibacterial agent used in vaccines. Thimerosal 
photocatalytic degradation will be studied in a next paper. 

To our best knowledge, no report exists on C2H5Hg+ degradation by 
heterogeneous photocatalysis. In this paper, this system is studied, 
focusing on the kinetic behavior system and its dependence on the initial 
concentration of the pollutant. A reaction mechanism has been 
proposed. 

2. Experimental 

2.1. Materials 

TiO2 was Evonik P25 Aeroxide (P25) and was used without further 
purification. According to the literature, P25 presents a surface area in 
the 48− 56 m2  g− 1 range, primary particle size around 20− 50 nm, and a 
phase composition of 70–80 % anatase and 30− 20% rutile [40]. 
C2H5HgCl (Alfa Aesar, purity > 95 %) was used as pollutant source. All 
other reagents were at least of reagent grade and used without further 

purification. Solutions were prepared with Milli-Q water (resistivity 
=18 MΩ.cm). Diluted NaOH (≈ 0.1 M) was used to adjust pH before the 
photocatalytic runs. 

2.2. Adsorption and photocatalytic experiments 

Runs were carried out in a recirculating system (1.5 L min− 1 flow 
rate) consisting of an annular reactor (415 mm-length, 35 mm-external 
diameter, 85 mL total volume), a peristaltic pump and a thermostatted 
(25 ◦C) cylindrical reservoir provided with magnetic stirring. A black- 
light tubular UV lamp (FLBLB, Toshiba Electric, 15 W, 300 < λ/nm <
400, maximum emission at 352 nm) was installed inside the annular 
reactor as the source of illumination. Actinometric measurements were 
performed by the ferrioxalate method. The incident photon flux per unit 
of volume (q◦

n,p/V) was 2.87 μeinstein s− 1 L− 1. During adsorption and 
photocatalytic experiments in the presence of O2, the reaction was 
conducted with the reactor open to air ([O2] ≈ 8 mg L− 1 during 
adsorption in the dark, [O2] ≈ 3 mg L− 1 under irradiation); in the ex
periments performed in the absence of O2 ([O2] < 0.05 mg L− 1), a water- 
saturated N2 stream was bubbled in the suspension at 0.4 L min− 1 

throughout the experiment. 
In all cases, 0.5 g of the catalyst was suspended in 500 mL of an 

aqueous solution of C2H5HgCl at the desired initial concentration, and 
adjusted at 4.2 with diluted NaOH. Then, the suspension was ultra
sonicated for 2 min and recirculated in the dark for 30 min before irra
diation to assure the substrate - surface equilibrium. The extent of 
adsorption of C2H5Hg+ onto TiO2 was determined by measuring 
C2H5Hg+ concentrations in the solution before TiO2 addition and in the 
filtrate (see below) after 30 min of recirculating in the dark. No pH 
changes were detected even after 60 min of stirring in the dark. During 
the C2H5Hg+ photocatalytic degradation experiments, pH was left to 
vary freely from the initial value of 4.2; usually, a small decrease on pH 
was observed, probably related with the generation of carboxylic acids 
from the organic moiety (3.7 ≤ pH ≤ 4.3). Samples were periodically 
withdrawn and filtered through 25 mm diameter, 0.22 μm pore size, 
Millipore acetate cellulose filters. Duplicated runs were carried out for 
each condition, averaging the results; when differences between repli
cates was higher than 5%, triplicates were done and the two closer re
sults averaged. 

2.3. Analytical determinations 

C2H5Hg+ concentration and Hg speciation in the filtrate was fol
lowed by HPLC using a previously developed method [38]. Briefly, the 
mobile phase was composed of CH3OH:CH3CN:5 mM NaH2PO4 buffer 
(1:4:5) containing 0.1 mM 2-mercaptopropionic acid (2-MPA) to com
plex the different Hg species. A flow rate of 0.8 mL min− 1 was employed, 
and UV detection at 220 nm was performed. The chromatographic sys
tem consisted of an Alltech 301 HPLC Pump, a 100-μL loop, a Thermo 
C18 column (5 μm, 15 cm × 4.6 mm) and a Spectra SYSTEM UV1000 
detector. Data acquisition was processed with Konikrom software. Peak 
height was employed to quantify the concentration of the analytes. 
Detection limits were 108 μg L− 1 for Hg2+, 39 μg L− 1 for CH3Hg+ and 
42 μg L− 1 for C2H5Hg+. 

The deposits on the recovered photocatalyst were analyzed by 
chemical reactions for identification of different products. A gray de
posit, soluble in concentrated nitric acid, indicated metallic Hg [35,41]. 
The treatment of the deposit with 2.5 M KI, giving a filtrate absorbing at 
323 nm, was assigned to the presence of HgO [42]. A pale gray deposit 
was an evidence of a mixture of metallic Hg and Hg2Cl2 [43]. Samples 
were also analyzed by X-ray diffraction (XRD) at room temperature, 
using a Philips PW- 3710 diffractometer and Cu-Kα radiation. 

The mineralization degree was followed by total organic carbon 
analysis, using a Shimadzu 5000A TOC analyzer in the non-purgeable 
organic carbon mode (NPOC). 
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3. Results 

3.1. Adsorption of ethylmercury over TiO2 

The amount of C2H5Hg+ adsorbed over the TiO2 photocatalyst (qe) 
before the beginning of the photocatalytic experiment was calculated 
according to Eq. (19): 

qe =
[C2H5Hg+]0 − [C2H5Hg+]e

[TiO2]
(19)  

where [C2H5Hg+]0 represents the C2H5Hg+ concentration measured in 
solution before the addition of TiO2 (see section 2.2), and [C2H5Hg+]e is 
the C2H5Hg+ concentration after 30 min of equilibrium in the dark with 
TiO2 at pH 4.2. No further C2H5Hg+ adsorption was observed at contact 
times longer than 30 min, as observed previously for Hg(NO3)2 [44] or 
HgCl2 [45] treated with P25, although Ghasemi et al. [46] reported that 
a minimum of 7 h was required to achieve the Hg(II) adsorption equi
librium over TiO2 at pH 8 starting from HgCl2. Interestingly, Lenzi et al. 
[25] found that HgCl2 adsorption over TiO2 at pH 4 was almost negli
gible. The results of C2H5Hg+ adsorption over TiO2 can be observed in 
Fig. 1 and indicate a higher than linear increase in qe with the C2H5Hg+

concentration. For [C2H5Hg+] ≤ 1 mM, the values of qe are lower than 
those found for HgCl2 adsorption over P25 under similar conditions of 
pH and [TiO2] [45], being the difference more significant as [C2H5Hg+] 
decreases. As no previous studies were performed regarding C2H5Hg+ or 
CH3Hg+ adsorption on TiO2, four adsorption models (two parameters), 
commonly used to evaluate Hg(II) adsorption over TiO2 and/or TiO2 
based materials [45–47], were used here to fit the experimental data: 
Langmuir (Eq. (A17)), Freundlich (Eq. (A18)), Temkin (Eq. (A19)) and 
Dubinin-Radushkevich (D-R) (Eqs. (A20) and (A21)) isotherms. Other 
isotherms could be also tested but they are less used (e.g., [48]). The 
values of the parameters, together with the correlation coefficients R2, 
can be observed in Table 1. 

As can be observed from Fig. 1 and Table 1, the Freundlich model 
gives the best fit for the obtained results, in agreement with that found 
by Ghasemi et al. [46] for HgCl2; however, a value of n < 1 was obtained 
for C2H5Hg+, indicating that the adsorption over P25 in aqueous sus
pension for this species is not favorable. The Langmuir isotherm also 
gave a good fitting (R2 = 0.98), but the KL value obtained (0.1 mM− 1) 
indicates that, for all the studied range, KL × [C2H5Hg+]e is almost one 
order of magnitude or smaller than 1 (9.64 × 10− 3 ≤ KL × [C2H5Hg+]e ≤

0.137). Then, according to Eq. (A17), an almost linear relation between 

[C2H5Hg+]e and qe is obtained (black dashed line in Fig. 1); besides, with 
this KL value, a 90 % coverage of the TiO2 surface (qe/qmL = 0.9) could 
only be obtained at [C2H5Hg+]e ≥ 90 mM (calculated from Eq. (A17)), i. 
e., 24 times higher than the C2H5Hg+ solubility limit (3.76 mM [49]), 
indicating that the qmL value obtained may be not realistic. Regarding 
Temkin and D–R models, Fig. 1 and Table 1 clearly show that those 
models do not fit the experimental data. 

3.2. Photocatalytic experiments of C2H5HgCl at different initial 
concentrations 

Experiments with different initial C2H5HgCl concentrations (0.1 ≤
[C2H5Hg+]0 ≤ 1.5 mM) were performed with the reactor open to air and 
at initial pH of 4.2, the pH of the 0.1 mM C2H5Hg+ solution in pure 
water. In all cases, the amount of the compound adsorbed in the dark 
(see Section 3.1) was discounted to analyze only the effect of light on the 
photocatalytic transformation. The results are shown in Fig. 2. 

The UV–vis spectrum of a 1.5 mM solution of C2H5Hg+ at pH 4.2 is 
shown in Section A3, Fig. A1. It can be seen that the compound only 
absorbs at wavelengths lower than 250 nm and that the absorption in the 
range of emission of the lamp (300 < λ/nm < 400) is very low. 

As it can be seen, the time required to remove C2H5Hg+ increases 
when [C2H5Hg+]0 increases, indicating that the photocatalytic process 
does not follow a pseudo-first order kinetics; also, for a given 
[C2H5Hg+]0, the removal rates decrease as the degradation of C2H5Hg+

takes place, indicating that the system does not follow either a zero- 
order kinetics. Then, a saturation kinetics, that approximates to zero- 

Fig. 1. Equilibrium adsorption of C2H5Hg+ over P25. Conditions: 
[C2H5Hg+]0 = 0.1-1.5 mM, [TiO2] = 1 g L− 1, T = 25 ◦C, pH0 4.2, reactor open 
to air. Dashed lines represent the fitting of experimental data to Langmuir, 
Freundlich, Temkin and Dubinin-Radushkevich isotherms (Eqs. (A17) to (A21), 
respectively). 

Table 1 
Fitting parameters and correlation coefficients of the results included in Fig. 1 to 
the Langmuir, Freundlich, Temkin and Dubinin-Radushkevich adsorption iso
therms (Eqs. A17) to (A21)).  

Adsorption 
isotherm 

Isotherm 
parameters 

R2 

Langmuir 
qmL 0.61 ± 0.03 mmol g− 1 0.98 
KL 0.1 ± 0.005 mM− 1  

Freundlich n 0.94 ± 0.08 0.99 
KF 0.054 ± 0.002 mM− 0.06 L g− 1  

Temkin b 100 ± 20 g J mmol− 2 0.84 
KT 9 ± 2 mM− 1  

D–R 
qmDR 0.06 ± 0.01 mmol g− 1 0.88 
KDR 8.0.10− 8 ± 1.10− 8 mol2 J− 2   

Fig. 2. Evolution of normalized mercury TiO2-photocatalytic concentration 
starting from C2H5HgCl. Conditions: [C2H5Hg+]0 = 0.1-1.5 mM, [TiO2] = 1 g 
L− 1, T = 25 ◦C. pH0 4.2, reactor open to air, q0

n,p/V = 2.87 μeinstein s− 1 L− 1. 
Dashed lines represent the fitting of experimental data to Eq. (24). Error bars 
represent the standard deviation between duplicates. 
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order rates at high concentrations and pseudo-first order rates at low 
concentrations, usually used to describe degradation kinetics in photo
catalytic experiments with TiO2 [50], and represented by Eq. (20), was 
used to fit the kinetic results: 

r = −
d[C2H5Hg+]

dt
=

k × KC2H5Hg × [C2H5Hg+]
∑

iK(i) × [i] + 1
(20)  

where k is the photocatalytic rate constant for C2H5Hg+ degradation, K(i) 
is the affinity (or binding) constant for all compounds competing for the 
same TiO2 surface sites under irradiation and KC2 H5 Hg is the affinity 
constant for C2H5Hg+. Although this empirical behavior does not mean 
that the mechanism involves adsorption processes onto the catalyst 
surface [51,52], it is supposed that the pollutant have, at least, to be 
close to catalyst surface to allow the occurrence of the reaction. If it is 
assumed that the degradation intermediates have less affinity than 
C2H5Hg+ for the TiO2 surface, that their concentrations are low 
compared with that of C2H5Hg+, and/or that they are adsorbed onto 
different TiO2 sites, then 

∑
i K(i) × [i] ≈ KC2 H5 Hg × [C2H5Hg+], and Eq. 

(20) can be simplified to Eq. (21): 

r = −
d[C2H5Hg+]

dt
=

k × KC2H5Hg × [C2H5Hg+]

KC2H5Hg × [C2H5Hg+] + 1
(21) 

According to Eq. (21), r can be approximated to a pseudo-first order 
model at low [C2H5Hg+], and to a pseudo-zero order model at high 
[C2H5Hg+]; however, the results of Fig. 2 show the opposite behavior: at 
[C2H5Hg+] ≤ 0.16 mM, the evolution follows an almost zero-order 
behavior, which is deviated to a pseudo-first order model at higher 
[C2H5Hg+]. This deviation from the model can be related with the 
deactivation of the photocatalyst, previously observed by Aguado et al. 
[23] during their experiments of Hg(II) nitrate photocatalytic reduction. 
Then, in order to consider the deactivation of the photocatalyst, in Eq. 
(21) the parameter k was replaced by a photocatalytic kinetic constant 
k0 modified by a deactivation function σd, according to Eq. (22): 

k = k0 × σd =
k0

(1 + α([C2H5Hg+]e − [C2H5Hg+]))
2 (22) 

In Eq. (22), an hyperbolic deactivation function was chosen, the 
same used by Aguado et al. [23], where α is the deactivation constant 
(mass TiO2/mass of C2H5Hg+; as [TiO2] was always 1 g L− 1, the units 
used here were mM− 1 of C2H5Hg+), and [C2H5Hg+]e-[C2H5Hg+] rep
resents the amount of C2H5Hg+ degraded, which in turn is related to the 
amount of Hg(0) over the photocatalyst, the species responsible for the 
deactivation (see below). By replacing Eq. (22) in Eq. (21), Eq. (23) is 
obtained. 

r = −
d[C2H5Hg+]

dt

=
k0 × KC2H5Hg × [C2H5Hg+]

(1 + α([C2H5Hg+]e − [C2H5Hg+]))
2( KC2H5Hg × [C2H5Hg+] + 1

) (23) 

Integrating Eq. (23), Eq. (24) is obtained:  

where A = ([C2H5Hg+]e − [C2H5Hg+]), B = (α × [C2H5Hg+]e + 1), and 
C =

KC2H5
3×α − 0.5 − B − B2 × ln(α× [C2H5Hg+]e). 

The value of [C2H5Hg+]e was set constant and equal to the value of 
[C2H5Hg+] in solution after the adsorption equilibrium was reached for 
each [C2H5Hg+]0 used, as shown in Fig. 2; the value of [C2H5Hg+]e and 

the fitting parameters (k0, KC2 H5 Hg and α) of the experimental points of 
Fig. 2 with Eq. (24) are displayed in Table 2. 

As can be observed from Fig. 2 and R2 values in Table 2, Eq. (24) 
gives a proper fitting of the temporal evolution of C2H5Hg+; however, 
for [C2H5Hg+]0 ≤ 0.16 mM, a value of α = 0 is obtained, indicating that 
no deactivation is taking place at these low concentrations, and that the 
system follows a normal saturation kinetics (the integrated form of Eq. 
(21)). 

The values of KC2 H5 Hg obtained are rather constant, as all are within 
the error reported in the fitting. An average value of 76 ± 17 mM− 1 for 
the different [C2H5Hg+]0 can be obtained; thus, under most conditions, 
KC2 H5 Hg × [C2H5Hg+] >> 1, and Eq. (23) is reduced to almost zero-order 
kinetics with hyperbolic deactivation. This can be clearly observed for 
the experiments at [C2H5Hg+]0 ≤ 0.16 mM, where, as indicated above, 
no deactivation is observed, and the experimental points follow an 
almost straight line. 

On the other hand, the values of k0 increase steadily as [C2H5Hg+]0 
increases; the dependence of this parameter with qe and with 
[C2H5Hg+]e is analyzed in Fig. 3. The results indicate that there is an 
almost linear relationship between k0 and qe, the experimental values 
fitting to a line within the experimental error (black dashed line in 
Fig. 3). A direct correlation between k0 and [C2H5Hg+]e can also be 
observed, but, in this case, the linear fitting is not so good. The better 
correlation of k0 with qe than with [C2H5Hg+]e can be rationalized 
considering that C2H5Hg+ degradation is initiated on the TiO2 surface, 
and that a higher C2H5Hg+ surface concentration increases the possi
bility that the generated eCB

− and hVB
+ react with this pollutant, as it will 

pointed out in section 4.2. As the relationship between qe and 
[C2H5Hg+]e is not linear (see section 3.1), an increase in [C2H5Hg+]e 
does not give a linear increase in qe, and thus, the correlation of k0 with 
[C2H5Hg+]e is not straightforward, but it is mediated by the adsorption 
equilibrium. 

No CH3Hg+ formation was detected under any of the initial C2H5Hg+

concentrations studied. NPOC evolution in solution during the photo

catalytic removal of C2H5HgCl ([C2H5Hg+]0 = 0.5 mM, pH 4.2, reactor 
open to air) is presented in Section A4, Fig. A2. Carbon decay is fast, and 
continues even after the complete degradation of C2H5Hg+, indicating 
that the organic products formed during the photocatalytic reaction can 
be further degraded; after 180 min, an 80 % of mineralization was 
achieved. 

Table 2 
C2H5Hg+ concentration in solution after adsorption equilibrium was reached 
([C2H5Hg+]e), and fitting parameters and correlation coefficients of Eq. (24) for 
the experimental results with different [C2H5Hg+]0 shown in Figs. 2 and 4. The 
value of the experiment with [C2H5Hg+]0 = 0.5 mM under N2 bubbling was also 
included.  

[C2H5Hg+]0 

(mM) 
[C2H5Hg+]e 

(mM) 
k0 × 103 

(mM 
min− 1) 

KC2 H5 Hg 

(mM− 1)  
α 
(mM− 1) 

R2 

0.1 0.096 ± 0.004 11.1 ± 0.3 90 ± 20 0 0.990 
0.16 0.154 ± 0.006 15.1 ± 0.3 90 ± 30 0 0.996 
0.27 0.26 ± 0.01 29 ± 2 73 ± 30 4.5 ± 0.4 0.982 
0.5 0.47 ± 0.02 54 ± 2 50 ± 15 4.5 ± 0.2 0.990 
0.5 (N2 

bubbling) 
0.47 ± 0.02 120 ± 10 50 ± 10 4.5 ± 0.2 0.982 

1 0.92 ± 0.03 188 ± 4 90 ± 30 4.5 ± 0.1 0.995 
1.5 1.37 ± 0.05 289 ± 7 60 ± 20 4.5 ± 0.1 0.993  

t =
(KC2 H5 Hg×(α×A+1)3)

3×α − 0.5 × (α × A + 1)2
− B × (α × A + 1) − B2 × ln(α × [C2H5Hg+]) − C
k0 × KC2H5Hg

(24)   
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3.3. Effect of pH and of the presence of oxygen 

Comparative experiments of removal of 0.5 mM C2H5HgCl solution 
with the reactor open to air or under N2 bubbling, now monitoring 
mercury speciation (C2H5Hg+ and Hg2+), show that the decay of C2H5Cl 
is faster in the absence of O2 (Fig. 4). As indicated in section 3.2, no 
CH3Hg+ formation was detected neither in the presence nor in the 
absence of O2. 

As indicated in Table 2, in the absence of dissolved O2, the temporal 
evolution of the C2H5Hg+ concentration could also be fitted with Eq. 
(24), with k0 = 120 × 10− 3 mM s− 1 (R2 = 0.982), being KC2 H5 Hg and α 
identical to the values obtained with the reactor open to air at the same 
[C2H5Hg+]0. The value of k0 shows a significant increase, reflecting the 
increase in the degradation rate in the absence of O2, which can be 
clearly appreciated in Fig. 4. 

Fig. 4 shows that at 60 min, with and without O2, C2H5Hg+ has been 
almost completely degraded (faster without O2). Hg(II) remains in so
lution, mainly as HgCl2 (99.6 % of total Hg(II) in solution) as it can be 
calculated from the equilibrium constants [24] and total [Cl− ] ≈ 0.5 mM 
(see section A5). Hg2+ concentration was almost constant even after 
180 min of irradiation (see inset in Fig. 4), with a value around 0.05 mM, 

under both conditions (0.053 +/- 0.003 mM under N2, and 0.047 +/- 
0.005 under O2, Fig. 4). However, the temporal evolution is quite 
different as, under N2, a fast increase in Hg(II) is observed at initial times 
(0.076 mM at 6 min) followed by a slow decrease, even after complete 
C2H5Hg+ removal. When O2 was present, the highest Hg(II) concen
tration (0.066 mM) was obtained after complete C2H5Hg+ degradation 
(at 60 min). The slow photocatalytic removal of Hg(II) can be related to 
the photocatalyst deactivation mentioned before, and agrees with pre
vious reports that indicate that the photocatalytic removal of Hg2+ is 
slow at acidic pH in the absence of donors [14,16,24]. 

The photocatalytic conversion of C2H5HgCl under N2 at pH 4.2 
produced a deposit composed of a Hg(0) and Hg2Cl2 mixture. Calomel 
was detected by XRD (the wide and low intensity peak is at 2θ = 21.45 
corresponding to the (101) diffraction), together with anatase (JCPDS 
No. 21-1272) and rutile (JCPDS No. 75-1753) peaks (Fig. 5) in agree
ment with previous papers of the group [14,36]. Hg(0) was visually 
identified as a dark grey solid, soluble in HNO3(c) (see Section 2.3). The 
influence of O2 on the obtained deposits on TiO2 at the end of the 
treatment is proved, as only Hg(0) was observed under this condition. 

As previous papers have demonstrated that Hg(II) removal from 
inorganic Hg and organomercurials is higher at basic pH [14,36], a 
separate experiment was done with 0.5 mM C2H5Hg+ under similar 
conditions, open to air, but increasing pH to 10 at 120 min. Under this 
situation, no C2H5Hg+ remained in solution, with an acceleration of Hg 
(II) removal. Total removal of mercury species ([C2H5Hg+] < 1.8 × 10− 4 

mM, [Hg2+] < 5.4 × 10− 4 mM) was obtained at 240 min of reaction. 
Only initial and final values are reported. 

4. Discussion 

4.1. Adsorption of C2H5Hg+ over P25 

It has been reported that, in the case of mercury chloride, which gave 
generally much higher photocatalytic mercury removal than other 
mercury compounds, the dominant species is always uncharged: HgCl2 
at pH < 6 and Hg(OH)2 at pH > 6 [21]; consistently, a rather constant 
adsorption in the dark was found between pH 3 and 11 for HgCl2 [14, 
53]. 

As indicated in Section 3.1, adsorption of C2H5Hg+ over P25 is best 
fitted by the Freundlich isotherm with n < 1, indicating that the 
adsorption is not favorable, and/or that competitive adsorption by water 
molecules is taking place; this is also reflected by the rather low value of 
KL obtained using the Langmuir isotherm (0.1 mM− 1), much smaller 
than the values obtained for other substances that are readily adsorbed 

Fig. 4. Influence of dissolved O2 on the photocatalytic C2H5HgCl treatment. 
Open symbols: free Hg2+ in solution. Conditions: [C2H5HgCl]0 = 0.5 mM, 
[TiO2] = 1 g L− 1, T = 25 ◦C, pH0 4.2, q◦

n,p/V = 2.87 μeinstein s− 1 L− 1. Solid 
lines: fitting of [C2H5Hg+] to Eq. (24). Dashed lines are only for visualization 
and do not correspond to any fitting model. Inset: extension up to 180 min. 

Fig. 5. XRD pattern of the recovered TiO2 after photocatalysis of C2H5HgCl 
under N2. Conditions of Fig. 4. 

Fig. 3. Dependence of the photocatalytic kinetic constant k0 (shown in Table 2) 
with qe and [C2H5Hg+]e, both at initial times. Dashed lines show the linear 
regression of each series, passing through the origin. Conditions of Fig. 2. 
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over P25 at acid pH, such as Cr(VI) (12 mM− 1 [54]) and carboxylic acids 
(40 to 8000 mM− 1 [55]). The unfavorable adsorption can be ascribed to 
electrostatic repulsion as, at the working pH (4.2), C2H5Hg+ is largely 
found as the cationic species (pKa = 4.90) [56], and the P25 surface is 
positively charged (pH of PZC for P25 TiO2 = 6–7 [45]); the authors of 
reference [24] arrived to the same conclusions regarding Hg(II) 
adsorption over TiO2. Another possible explanation is that, as qe in
creases, the organic moiety of C2H5Hg+ makes the surface less hydro
philic, favoring C2H5Hg+ adsorption, a phenomenon called “cooperative 
adsorption” [57], where the adsorbate enhances the adsorption of more 
adsorbate molecules, and this is consistent with n < 1 in the Freundlich 
isotherm [48] (see Section A2, Appendix A). This behavior has been 
observed for Hg(II) adsorption over γ-Fe2O3 nanoparticles [58], and for 
thiomersal adsorption onto activated carbon, especially at pH conditions 
where both thiomersal and the carbon adsorbent are negatively charged 
[59]. The results of Fig. 1 correspond to the C2H5Hg+ adsorption before 
the inflection point of an S-shaped [57] (Giles classification [60]) or 
Type V [61] (IUPAC classification [62]) isotherms, or with a Type III 
isotherms [61]. Finally, it can be considered that the highest 
[C2H5Hg+]e values are close to the solubility limit, which, as said, is 
lower than 3.76 mM [49]; this favors C2H5Hg+ multilayer adsorption, 
and is consistent with a cooperative adsorption [61]. The adsorption 
energy E, calculated from the Dubinin-Radushkevich isotherm using 
Eqs. (A20) and (A21), was 2.50 kJ mol− 1, clearly indicating physical 
adsorption [46]. 

4.2. Photocatalytic results 

In the present work, no control experiments were performed to 
evaluate the possible contribution of direct C2H5Hg+ photolysis to the 
C2H5Hg+ degradation, and no reference was found in the literature 
regarding C2H5Hg+ stability under UV irradiation at λ > 300 nm. 
However, considering that: 1) Zhang et al. [28] indicate that CH3Hg+, a 
compound with a UV–vis spectrum similar to that of C2H5Hg+, was 
stable under simulated sunlight in pure water; 2) under the irradiation 
wavelengths used in this work (300− 400 nm), the absorbance of 
C2H5Hg+ is almost negligible (see Fig. A1); and 3) P25 absorbance is 
high (especially at λ < 375 nm [63]), it can be concluded that the 
contribution of the C2H5Hg+ photolysis can be neglected. 

As can be observed from the results of Fig. 2 and Table 2, during a 
given run, the temporal evolution of C2H5Hg+ can be fitted to a satu
ration, Langmuir-Hinshelwood (LH) type kinetics (Eq. (20)), as observed 
for TiO2 photocatalytic degradation of other organomercurial com
pounds [34,36,37]); this indicates that C2H5Hg+ adsorption is a critical 
step in the photocatalytic degradation mechanism [37]. An average 
value of 76 ± 17 mM− 1 was obtained for the affinity constant KC2 H5 Hg, 
similar to the value obtained for CH3Hg+ (288 mM− 1 [34]), but very 
different from the values reported for phenylmercury: 1.56 mM− 1 by de 
la Fournière et al. [36] (calculated as k1/k0 mM− 1 from the values there 
reported: k1 = 3.9 × 10− 4 s− 1, and k0 = 2.5 × 10− 7 M s− 1); and 
7.1 × 105 mM− 1 by Miranda et al. [34]. The value of KC2 H5 Hg was much 
higher than that obtained for KL in the dark (0.1 mM− 1, Table 1), and 
this difference can be ascribed to changes that take place on the TiO2 
surface under irradiation and/or to the fact that KC2 H5 Hg is a phenome
nological constant [51], which only indicates the influence of C2H5Hg+

concentration in solution on the photocatalytic degradation rate (as 
KC2 H5 Hg. increases, r is less dependent on [C2H5Hg+]). No changes on 
KC2 H5 Hg where obtained when working under N2 compared with the 
experiment in the presence of O2 at [C2H5Hg+]0 = 0.5 mM, reflecting 
that the effect of C2H5Hg+ concentration in solution on the kinetic 
behavior was identical under both conditions, despite the differences in 
C2H5Hg+ photocatalytic degradation rate. 

At [C2H5Hg+]0 ≥ 0.27 mM, a deviation from this model is observed, 
with a decrease of the C2H5Hg+ photocatalytic degradation rate more 
pronounced than the expected from the LH model. As said, this can be 

ascribed to partial TiO2 deactivation caused by Hg(0) deposition, as 
previously reported for Hg(II) photocatalytic reduction [23]. By 
including the hyperbolic deactivation function σd to the photocatalytic 
rate constant (k) (Eq. (22)), a very good fitting was obtained for all 
experiments performed at [C2H5Hg+]0 ≥ 0.27 mM with Eq. (24), being 
the photocatalytic kinetic constant k0 the only parameter that changed 
significantly and showing an almost linear correlation with qe; this 
finding reinforces the assumption that C2H5Hg+ photocatalytic degra
dation is initiated, at least to a large extent, on C2H5Hg+ adsorbed onto 
the TiO2 surface. Although the LH model has been used before to fit the 
photocatalytic destruction of organomercurial compounds [34,36,37], 
only initial degradation rates were evaluated in those works. Under 
similar experimental conditions, the values of k0 of Table 2 were at least 
one order of magnitude higher than those reported for CH3Hg+ [34], 
most probably due to the higher efficiency of the photocatalytic reactor 
used here. For phenylmercury, the lower k0 values obtained are similar 
to those reported by de la Fournière et al. [36] (15 × 10− 3 mM min− 1) 
and Miranda et al. [37] (19.8 × 10− 3 mM min− 1). The value of k0 under 
N2 was twice the value obtained when O2 was present, confirming that 
C2H5Hg+ photocatalytic degradation is more efficient in the absence of 
O2; the reasons for this effect will be analyzed below. 

As mentioned before, at any [C2H5Hg+]0 value ≥ 0.27 mM, a 
continuous decrease in C2H5Hg+ degradation rate is appreciated despite 
the system should have a pseudo zero-order behavior according to the 
high KC2 H5 Hg values obtained (≈ 76 mM− 1); this decrease can be asso
ciated with the competition between C2H5Hg+ and its degradation by- 
products for surface active sites, and/or to the deposition of insoluble 
Hg species like Hg(0) and Hg2Cl2, which would block C2H5Hg+ and UV 
radiation, agglomerate the TiO2 nanoparticles decreasing the reaction 
surface and serve as hVB

+ -eCB
− recombination centers [14,23,29,34]. The 

value of α (4.5 mM− 1, Table 2) is equivalent to 20 g TiO2/g C2H5Hg+

degraded, as can be calculated from the ratio between 4.5 mM− 1 and the 
MW of C2H5Hg+ (0.2296 g mmol− 1), multiplied by the TiO2 concen
tration (1 g L− 1); if deposited Hg(0) is used for calculating α (considering 
that all degraded C2H5Hg+ is transformed into Hg(0), neglecting Hg(II) 
in solution), by replacing the MW of C2H5Hg+ by the atomic weight of 
Hg (0.20059 g mmol− 1), a value of 22 g TiO2/g Hg(0) deposited can be 
obtained. This value of α is one order of magnitude higher that the 
values reported by Aguado et al. [23], indicating that the deactivation 
caused by Hg(0) is more significant for C2H5Hg+ degradation than for 
Hg(II) reduction, and/or that other by-products formed (as Hg2Cl2 and 
organic compounds generated from the ethyl moiety degradation) are 
contributing to the photocatalyst deactivation. The fact that α had the 
same value in the presence and in the absence of O2 supports the fact 
that the TiO2 deactivation is directly proportional to the amount of 
C2H5Hg+ degraded and transformed into Hg(0) (the main final product, 
either with or without O2), and not by other factors, e.g., reaction time, 
impurities present in the system, etc. Also, it indicates that the tiny 
amounts of Hg2Cl2 formed under N2 have only a minor contribution to 
TiO2 deactivation, if any at all. 

It has been reported that, initially, the Hg(II) photocatalytic reduc
tion rate is increased once small amounts of Hg(0) are deposited over the 
TiO2, either by eCB

− trapping by Hg(0), reducing thus hVB
+ -eCB

− recombi
nation [14], and/or by reaction (25) while further Hg deposition de
activates the photocatalyst [14,23]:  

Hg(II) + Hg(0)s → Hg2
2+ (25) 

No initial increase in the C2H5Hg+ degradation rate could be 
observed in the results shown in Fig. 3, and this can be explained 
considering that the decrease in the hVB

+ -eCB
− recombination rate due to 

the Hg(0) deposition is not significant or, most probably, because the 
reaction represented by Eq. (25) does not involve C2H5Hg+ and, thus, 
would not exert any effect on C2H5Hg+ degradation. 

In the present paper, it can be proposed that C2H5Hg+ photocatalysis 
leads to Hg removal (Eqs. (26)–(33)), through both oxidative and 
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reductive mechanisms; the Hg(II) species involved were proposed ac
cording the equilibrium reactions included in section A5 (SD). The 
following reasons can explain the proposed mechanism:  

1) C2H5Hg+ removal takes place at a rather high rate under acidic 
conditions even in the presence of O2 and in the absence of donors, 
while, under similar conditions, Hg(II) reduction is almost negligible 
[14,24].  

2) Under N2, the C2H5Hg+ degradation rate increases; if only an 
oxidative mechanism would take place, the degradation rate should 
slow down or even completely stop, due to the absence of an electron 
acceptor.  

3) According to Serpone et al. [29], the degradation rate of CH3Hg+ (a 
compound very similar to C2H5Hg+) increased in the presence of 
methanol, indicating that the presence of a donor, capable of 
inhibiting the oxidative pathway, does not arrest the degradation 
rate. 

Therefore, the main reaction mechanism can be proposed as:  

C2H5Hg+Cl− + hVB
+ /HO• → C2H5

•

+ HgCl+ (+ OH− )                         (26)  

C2H5Hg+Cl− + hVB
+ /HO• → C2H4Hg+•Cl− + H+ (+ H2O) → C2H4 + HgCl  

(27)  

2 HgCl → Hg2Cl2                                                                          (28)  

HgCl + O2 → HgCl+ + O2
• − (29)  

HgCl → HgCl+ + eCB
− (30)  

C2H5Hg+ + eCB
− → C2H5Hg• (31)  

2 C2H5Hg• → (C2H5)2Hg + Hg(0)                                                    (32)  

C2H5Hg•

+ H+ + eCB
− → C2H6 + Hg(0)                                            (33) 

Reactions (1)-(4) are also included in this mechanism. 
In the degradation of phenylmercury, de la Fournière et al. [36] and 

Miranda et al. [37] proposed that the direct reaction of HO• with 
C6H5Hg+ gives phenol plus Hg2+, a different case compared with 
C2H5Hg+Cl− , that neither has an aromatic ring nor a C––C double bond. 
Regarding the formation of Hg(I) by Eqs. (1) and (27), it should be 
remembered that, as already mentioned in Section 1, the formation of 
HgCl is feasible, as E0 (HgCl2/HgCl) is − 0.47 V ([21] and references 
therein). 

C2H5
• radicals formed in reaction (26) may react with O2 to give the 

peroxide radical C2H5O2
• , which would end in CO2 after the photo

catalytic degradation (Eq. (34)), or would decay by disproportionation 
(Eq. (35)) or recombination (Eq. (36)) [64]; although very unlikely, the 
contribution of C2H5

• to C2H5Hg+ (Eq. (37)) and/or Hg(II) (Eq. (38)) 
reduction by an electron-transfer mechanism cannot be completely 
ruled out, considering that it has been reported that this radical can 
reduce [CoIIIW12O40]5− to [CoIIW12O40]6− (E◦ = 1.01 V) [65]:  

C2H5
•

+ O2 → C2H5O2
• → → CO2 + H2O                                          (34)  

2 C2H5
• → C2H4 + C2H6                                                                 (35)  

2 C2H5
• → C4H10                                                                           (36)  

C2H5
•

+ C2H5Hg+ (+ H2O) → C2H5Hg•

+ C2H4 (C2H5OH) + H+ (37)  

C2H5
•

+ HgCl2 (+ H2O) → HgCl + C2H4 (C2H5OH) + H+ + Cl− (38) 

When O2 is present, a decrease on C2H5Hg+ removal rate can be 
appreciated compared with the system under N2 (Fig. 4), which can be 
related to the competition between C2H5Hg+ and O2 for eCB

− (Eq. (9)) and 
to the reoxidation of C2H5Hg• (Eq. (39)), with superoxide production in 
both cases; O2

• − in turn will be further transformed to H2O (Eq. (40)):  

C2H5Hg•

+ O2 → C2H5Hg+ + O2
• − (39)  

O2
• − + 2 H+ + eCB

− → H2O2 + eCB
− → HO− + HO• → H2O                 (40) 

If the reactions proposed by Eqs. (26) and (27) were the main 
scavenging mechanism of hVB

+ /HO•, intense Hg2Cl2 signals should have 
been observed by XRD; the tiny amount of Hg2Cl2 detected under N2 and 
the lack of signals when O2 was present can be ascribed to Hg2Cl2 
consumption by C2H5Hg• (Eq. (41)), as proposed by Hush and Oldham 
([66], see Eqs. (27) and (28) of that paper).  

C2H5Hg•

+ ½ Hg2Cl2 → C2H5Hg+ + Hg(0) + Cl− (41) 

Then, the small amount of Hg2Cl2 detected under N2 can be related 
with the Hg(II) photocatalytic reduction (decreasing from 0.076 mM at 
5 min to 0.05 mM after 60 min, Fig. 4). This takes place after C2H5Hg+

has been almost completely degraded, and thus, C2H5Hg• is no longer 
formed. Botta et al. [14] reported that HgCl2 is only partially reduced by 
the photocatalytic treatment under acid conditions and under N2, being 
Hg2Cl2 (and Hg(0)) formed by successive monoelectronic reductions. 
When O2 is present, the amount of Hg(II) reduced is smaller than under 
N2 (from 0.066 mM at 60 min to 0.05 mM after 180 min), and this may 
be the reason for the lack of detection of Hg2Cl2 under this condition; 
despite Hg(II) reduction under acid conditions was reported to be 
negligible when O2 is present [14,24], the organic fraction of C2H5Hg+

could act as an organic donor, enabling the small Hg(II) reduction 
detected, as observed i.e. when formic acid was added [24]. Using 
stopped-flow, it has been determined that the second order reaction rate 
between trapped eCB

− (etrap
− ) and Hg(II) (1.89 × 105 M− 1 s− 1, [67]) is one 

order of magnitude higher than that between etrap
− and O2 (2.1 × 104 M− 1 

s− 1 [68]), indicating that the inhibition effect of O2 is most probably 
related to the fast reoxidation of the Hg(0) clusters formed after Hg(II) 
reduction [67]. Indeed, Fig. 4 shows that Hg(II) concentration under O2 
still increases even when C2H5Hg+ has been completely degraded, 
indicating that Hg(0) oxidation by O2 and/or hVB

+ /HO• is taking place. 
The final concentration of Hg2+ obtained (0.05 mM) is much higher 

than the maximum allowed level set by the WHO [69] for water con
sumption (6 μg L− 1 for inorganic Hg) and those established by the 
US-EPA and the Argentine legislation (2 and 1 μg L− 1, respectively) [2, 
70]). However, complete Hg(II) removal using TiO2 under UV irradia
tion could be achieved by increasing the reaction pH up to 7–10 [14,25], 
where the insoluble and non-volatile HgO is formed by oxidation of 
metallic Hg, in the presence of oxygen [71] (Eq. (42)):  

Hg(0) + ½ O2 → HgO                                                                   (42) 

Also, particular care should be taken regarding the possible stripping 
of Hg(0) when gas is sparged in the system, but this inconvenience can 
be overcome by using a Cu(0) powder filter that can retain 90 % Hg(0) as 
amalgam [34]. 

As mentioned above, no CH3Hg+ has been found as a product of Hg2+

methylation, which could be possible if compounds such as acetic acid, 
acetaldehyde, ethanol and methanol, compounds that, as mentioned 
before, could be formed during the photocatalytic degradation of the 
organic moiety of C2H5Hg+, can generate methyl radicals under the 
range of UV irradiation (300–400 nm) used in our runs [8 and references 
therein], or after their own photocatalytic degradation. Fortunately, 
CH3Hg+, the most toxic mercury species [5,72] (responsible for the 
occurrence of the neurotoxic Minamata disease (1953–1960) among 
residents of the Minamata Bay in Japan, with 121 persons poisoned, 46 
fatally from eating the contaminated fish [5]), was not detected among 
the products of C2H5Hg+ photocatalytic degradation, indicating that, if 
formed by hVB

+ /OH• attack on the organic moiety of C2H5Hg+, it would 
be rapidly destroyed by the photocatalytic process. 

5. Conclusions 

As in similar works, TiO2-photocatalytic degradation has been found 
once again convenient for the treatment of organomercurials. The 
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adsorption of C2H5Hg+ over TiO2 in the dark can be described as a 
physical process regarding the energy involved, and it could be properly 
fitted with the Freundlich isotherm with n < 1, reflecting a not favorable 
adsorption, with a cooperative adsorption taking place. The photo
catalytic kinetics of C2H5Hg+ degradation for the different conditions 
studied can be fitted to a saturation two parameter LH like model type 
kinetics, modified to include a parameter that accounted for the deac
tivation occurring by the poisoning of TiO2 by the deposited Hg(0). This 
model could fit the experimental results in the [C2H5Hg+]0 studied 
range (0.1–1.5 mM) with only three parameters: 1) the photocatalytic 
kinetic constant k0, directly related with the surface concentration of qe, 
the amount of C2H5Hg+ adsorbed over the TiO2 and thus, dependent on 
[C2H5Hg+]0; 2) the affinity constant KC2 H5 Hg; and 3) the deactivation 
constant α, only significant at [C2H5Hg+]0 > 0.16 mM, when a consid
erable amount of Hg(0) was deposited over the TiO2. At [C2H5Hg+]0 ≥

0.27 mM, both KC2 H5 Hg and α were almost independent of [C2H5Hg+]0. 
Under N2 atmosphere, the photocatalytic degradation rate is more 

than twice that observed in the presence of O2, indicating a strong O2 
inhibition, ascribed to a reoxidation of the C2H5Hg• formed by reduction 
of C2H5Hg+ by eCB

− . By comparison with the treatment of phenylmercury 
salts reported in our previous article [36], the system described here has 
common pathways: reduction of Hg2+ through successive one-electron 
transfer reactions passing through mercurous forms and mineraliza
tion of the organic moiety. Mercury release from the organic structure is 
due to the attack of HO• or hVB

+ , but also by a reduction mechanism, 
initiated by eCB

− and partially inhibited by O2. 
Total destruction of C2H5Hg+ is found before 120 min of treatment 

when following the temporal evolution of the mercury species, but 
mercury remains partially in solution as Hg2+. This drawback can be 
solved by increasing pH after C2H5Hg+ has been eliminated. In this way, 
international level quality standards for mercury species in water can be 
reached. 
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