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Abstract:

Background: Thiomersal (TM), a complex between 2-mercaptobenzoic acid (2-MBA) and
ethylmercury (C2HsHg"), is an antimicrobial preservative used in immunological, ophthalmic, cosmetic
products, and vaccines.

Objective: TM has been treated by UV/TiO2 photocatalysis in the presence or absence of oxygen at
acidic pH. CzHsHg*, 2-MBA, and 2-sulfobenzoic acid (2-SBA) were found as products. A 2-SBA
photocatalytic treatment was undertaken to study sulfur evolution.

Methods: Photocatalytic runs were performed using a UVA lamp (Amax = 352 nm), open to air or under
N2. A suspension of the corresponding TM or 2-SBA salt and TiO2 was prepared, and pH was adjusted.
Suspensions were stirred in the dark for 30 min and then irradiated. TM, 2-MBA, 2-SBA, and C2HsHg*
were quantified by HPLC, sulfur by TXRF, and the deposits on the photocatalyst were analyzed by
chemical reactions. The mineralization degree was followed by TOC. Sulfate was determined using
BaClz at 580 nm.

Results: Photocatalytic destruction of TM and total C2HsHg* was complete under N2 and air, but TM
degradation was much faster in air. The evolution of TM and the products followed a pseudo-first order
kinetics.

Conclusion: TiO2-photocatalytic degradation is a suitable technique for the treatment of TM and its
degradation products. In contrast to other organomercurial compounds, TM degradation is faster in the
presence of Oz, indicating that the oxidative mechanism is the preferred pathway. A significant TM
mineralization (> 60%, NPOC and total S) was obtained. TM was more easily degraded than 2-SBA.
Sulfate was the final product.

Keywords: Heterogeneous photocatalysis, Thimerosal, Ethylmercury 2-Mercaptobenzoic acid, 2-Sulfobenzoic acid,

Titanium dioxide.
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1. INTRODUCTION

Mercury is an extremely hazardous and persistent
contaminant, which can cause several health effects in
humans; polluted waters are the main exposure source with
contamination from anthropogenic and natural processes [1-
5].

Thiomersal (thimerosal, mercury((o-
carboxyphenylthio)ethyl sodium), TM), a complex between
2-mercaptobenzoic acid (2-MBA, thiosalicylic acid) and

ethylmercury (CoHsHg*), is an antimicrobial preservative and
stabilizer used in immunological, ophthalmic, and cosmetic
products, and mainly in human and veterinary vaccines [6-
11]. Yearly, loss of thousands of vaccines occurs due to
expiration, loss of cold chain and overstock, and safe disposal
of expired vaccines containing thimerosal has become a high
priority.
The chemical structure of TM is presented in Fig. 1.
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Fig. 1. Chemical structure of thiomersal.

TM is in equilibrium with the sodium salt of 2-MBA and
C:HsHg* (Eq. (1)) and TM is metabolized in the human body
to 2-MBA and ethyl mercury (a very toxic pollutant) [12].

C,H:HgS

NaOOC

+H+ S

SH

NaOOC + C,HsHg" 1)

In 1999, TM was suspected by the US Public Health
Service and the American Academy of Pediatrics to be toxic
in accumulated doses of ethylmercury in vaccinated infants
[13]. However, in 2006, the WHO concluded that there was
no relationship between vaccines containing TM and
neurological troubles in vaccinated children [14]. Nowadays,
the controversy is still open [15-21]. Ethylmercury, generated
from TM, is assumed to pass through the blood-brain barrier,
resulting in Hg accumulating in the brain [21], where it may
cause oxidative stress [22], and alter brain autoantibodies
formation [20]. The WHO limit for inorganic Hg in drinking
water is 0.006 mg L [23].

Because TM is likely to be present in waste streams from
hospitals, clinical laboratories, and pharmaceutical industries,
its degradation is of environmental concern. Spontaneous
oxidation [24], biodegradation by a mercury- resistant strain
of Pseudomonas putida [25], carbon adsorption processes [9],
and photodecomposition using UV irradiation of high energy
[26-28] have been evaluated for TM treatment. In all cases,
remediation processes require special conditions, suppose
high costs, or do not resolve the problem as the pollutant is
only transferred to another phase and not degraded to less
toxic products. Heterogeneous photocatalysis emerges as a
possible remediation technology. Previous works were made
on the TiO, photocatalytic inorganic mercury(ll) reduction
under UVA light and even under solar light [5, 29-34]. The
TiO, photocatalytic treatment of organomercurial compounds
is scarce, being phenylmercury [35,36], methylmercury
[37,38], and ethylmercury [39] the only studied systems
reported in the literature. In all cases, and depending on the
conditions, Hg, HgO, and/or calomel (Hg.Cl) were deposited
on the photocatalyst.

Only two studies report the photocatalytic degradation of
TM. Yepsen et al. [11] studied TiO, heterogeneous
photocatalysis (pH 2 and 0.2 g L™ TiO,, N2 bubbling) under
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UV-A in the presence of formic acid as a sacrificial agent.
Dissolved Hg(ll), Hg(0), salicylic acid, and other intermediate
oxidation products were found; all organic compounds were
finally mineralized. Miranda-Andrades et al. [40] performed
the photodegradation of TM under visible light using
graphene quantum dots as catalysts, which converted TM into
ethylmercury and then to Hg?*; this species was further
reduced to Hg(0) with SnCl..

In contrast, the treatment of sulfur pollutants by
heterogeneous photocatalysis has been widely reported
(mainly in aqueous systems). Several years ago, Herrmann
[41] reviewed the subject and reported that, according to
previous papers [42-44], compounds containing sulfur atoms
are mineralized into sulfate ions. For example, Kerzhentsev et
al. [43] studied the degradation of the insecticide fenitrothion
using TiO aqueous suspensions under irradiation at A > 340
nm, achieving the mineralization into CO,, H,PO4~, SO4?~ and
NO;s~. Similarly, Pelizzetti et al. [44] studied the degradation
of the herbicide bentazon by AML1 simulated sunlight in
aqueous suspensions of TiOz, achieving the near quantitative
recovery of SO4>~ ions and CO.. Hun et al. [45] examined the
UVA photocatalytic degradation of sulfamethoxazole (SMX)
and related sulfonamide antimicrobial agents in TiO, aqueous
suspensions. Elmolla and Chaudhuri [46] analyzed the
heterogeneous photocatalytic degradation of amoxicillin,
ampicillin, and cloxacillin, three antibiotics containing C-S-C
bounds with H,O. addition; in all cases, sulfate was the final
degradation product containing S. Ampicillin was also treated
by heterogeneous photocatalysis in another work, finding that
the sulfur group was degraded to SO4>~ as final product [47].
The TiO, photocatalytic degradation of the antibiotic
dicloxacillin achieved a complete removal after 120 min, with
95% mineralization after 480 min [48]. TiO, photocatalysis of
B-lactam oxacillin in water was also studied [49], with 100%
degradation after 45 min, and 90% mineralization after 135
min. TiO; supported over SBA-15 mesoporous molecular
sieves has been tested for the photocatalytic degradation of
dimethoate; PO.*~, SO4*7, NO3~, CO- and H,O were the final
mineralization products [50]. Bian et al. [51] studied the
photocatalytic degradation of sodium isobutyl xanthate
(SIBX) in aqueous solution, using nitrogen and cerium co-
doping TiO.-coated activated carbon, SIBX was first
degraded to C4HsOH and CS,, which was then transformed
into CS,0H, COS, and HS".

In conclusion, organic sulfur compounds can be easily
degraded by photocatalytic processes, being the degradation
initiated by the attack of hyg* and HO* (superoxide radical can
be also involved) on the electron-rich S group, which is
oxidized, ending in SO,> as the final stable product; the
formation of volatile S compounds cannot be completely ruled
out.

Heterogeneous photocatalysis of S-containing compounds
in the gas phase or organic solvents have been also studied,
most using TiO, or modified TiO, as can be seen in references
[52-63] and other works.

In this paper, the conditions to perform efficient
heterogeneous photocatalysis to promote the degradation of
TM and sulfobenzoic acid (2-SBA, one of the products of the
TM photocatalytic degradation) have been studied. As far as
these authors know, no references exist in the literature
regarding the photocatalytic degradation of 2-SBA.
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2. MATERIALS AND METHOD
2.1. Materials

TiO2 was Evonik P25 Aeroxide (P25), used without
further purification. TM (CeHoHgNaO:S, purity > 97%) was
Sigma, and C,HsHgCI (purity 95%), 2-SBA (C7Hs0sS.xH-0,
purity 95%) and 2-MBA (C;HsO2S, purity 98%) were Alfa
Aesar. All other reagents were at least of reagent grade and
used without further purification. Solutions were prepared
with Milli-Q water (resistivity = 18 MQ.cm). Dilute NaOH
solutions were used to adjust pH.

2.2. Photocatalytic experiments

Photocatalytic runs were carried out in a recirculating
system previously described [39] (1.5 L min™ flow rate,
thermostatted at 25 °C). A black-light tubular UV lamp
(FLBLB, Toshiba Electric, 15 W, 300 < A/nm < 400, 100%
maximum emission at 352 nm) was used as source of
illumination. Actinometric measurements, performed by the
ferrioxalate method, indicated that the photon flux per unit of
volume (g% p/V) was 2.87 peinstein s L™,

The reaction was conducted under a water-saturated N>
stream bubbled in the suspension at 0.4 L min™! throughout
the experiment, or with the reactor open to air ([O2] 2 mg L
D. Inall cases, a fresh solution (500 mL) of the corresponding
salt was used (0.1 or 0.5 mM), the catalyst (1 g L™*) was
suspended in the solution, and the system was adjusted to the
desired pH value (4 or 10); then, the suspension was
ultrasonicated for 2 min. Before irradiation, suspensions were
stirred in the dark for 30 min to assure substrate — surface
equilibrium, a time frequently used in photocatalytic
experiments over TiO,. The extent of adsorption of mercury
compounds onto TiO, under Nz or in air was determined by
measuring concentrations in the filtrate (see below) before and
after stirring in the dark. Initial pH values of TM or 2-SBA
solutions were measured in the suspension after equilibration
in the dark, and pH was left to vary freely during the
experiments. Samples were periodically withdrawn and
filtered through 0.22 um Millipore filters. At least, duplicated
runs were carried out for each condition, averaging the results;
however, in some cases, several runs were performed to assure
reproducibility, especially in the presence of O,. In all cases,
the amount of the compound adsorbed in the dark was
discounted to analyze only the effect of light on the
photocatalytic transformation.

2.3. Analytical procedures

TM, 2-MBA, 2-SBA, and C,;HsHg" were quantified by
HPLC. The chromatographic system consisted of an Alltech
301 HPLC Pump, a 100-uL loop, a Thermo C18 column (5
um, 15 cm x 4.6 mm), and a Spectra SYSTEM UV1000
detector. A methanol/10 mM phosphate buffer (pH 6) solution
(55:45) mobile phase at a flow rate of 0.4 mL min~* was used.
Detection was carried out at 250 nm. For total C;HsHg*
concentration (CoHsHg*r, equal to the sum of TM plus free
CzHsHg*") and mercury speciation in the filtrate, an HPLC
method developed by the group was used [64]. The mobile
phase was composed of CH;OH-CH3CN-5 mM NaH;PO,
(1:4:5) containing 0.1 mM 2-mercaptopropionic acid. A flow
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rate of 0.8 mL min? was employed, and analytical
measurements were carried out at 220 nm. Within the
experimental error, CoHsHg*t concentration measured by
both  HPLC techniques were identical. In all HPLC
measurements, data acquisition was processed with Konikrom
software.

Total sulfur analysis was carried out using an X-ray
fluorescence system with total reflection geometry (TXRF).
The spectrometer consists of a Seifert X-ray generator, and the
total reflection module was fitted with a cut-off-filtered
radiation from a fine focus diffraction molybdenum anode X-
ray tube. The detection and data acquisition system comprised
an 80 mm? Si(Li) detector with 166 eV FWHM for 5.9 keV,
an 8 um thick Be window, an Ortec 672 fast spectroscopy
amplifier, and an ADC Nucleus PCA2. Excitation conditions
were 50 kV and 30 mA in all cases. The acquisition time for
each spectrum was 300 s.

Absorbance measurements were done with an HP 8453
diode-array UV-Vis spectrophotometer, using 1 cm
pathlength quartz cells. Dissolved oxygen (DO)
measurements were performed with a Hach Senslon 156
dissolved oxygen meter (detection limit, DL, 0.05 mg O, LY).
The deposits on the recovered photocatalysts were analyzed
by chemical reactions for the identification of different
products. A gray deposit, soluble in concentrated nitric acid,
corresponded to metallic Hg (Hg(0)) [65,66], and was
observed just after 60 min reaction, either under N or in air.
Treatment of the deposit with 2.5 M KI, giving a filtrate
absorbing at 323 nm, indicated HgO [67,68].

The mineralization degree was followed by total organic
carbon (TOC) analysis, using a Shimadzu 5000A TOC
analyzer in the non-purgeable organic carbon mode (NPOC).
Sulfate in solution was determined by the turbidimetric
method using BaCl, at 580 nm (DL = 3 mg L) [69]. For the
analysis in the deposits, the TiO; separated by filtration was
resuspended in pure water and stirred in the dark for 5 min;
then, this suspension was filtered and the filtrate was
analyzed.

3. RESULTS

3.1 Reaction in the dark and in the absence of
photocatalyst

Preliminary assays in this work showed that no significant
TM degradation took place in the dark and that UV photolysis
of TM did not take place in the 300-400 nm range employed,
as expected from the lack of TM absorption in this range (see
Fig. S1 in the supporting information section (SI)). This is in
agreement with the results of Yepsen et al. [11], who reported
for TM two absorption bands in the UV-C range (233 and 263
nm), and no photolysis of the compound when using a UV-A
lamp in the absence of a photocatalyst. Besides, references
[26-28] indicate that high energy UV irradiation is needed for
an efficient TM photolysis. Besides, in the presence of TiO»,
UV irradiation emitted by the lamp would be largely absorbed
by the photocatalyst, as indicated in our previous study on
CszHg+ [39].

3.2. Photocatalytic removal of TM and its degradation
products

Photocatalytic experiments were mostly performed in
suspensions containing 0.5 MM TM atpH 4 and 1 g L™ TiO,
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at 25 °C under N, bubbling or with the reactor open to air. At
t = 0 min, TM is partially dissociated into 2-MBA and
CzHsHg* ([2-MBA] = 0.003 mM and [C2HsHg*] = 0.005 mM)
and, after the adsorption equilibrium was reached (30 min
stirring in the dark), TM concentration decreased from the
initial value ([TM]o = 0.500 mM) to an equilibrium
concentration ([TM]e = 0.46 mM). The adsorption of TM over
TiO; at pH 4 is favored due to electrostatic attraction, as at
this pH the compound is negatively charged (pK, 3.05 [70]),
and the P25 surface is positive (pH of PZC 6-7 [71]).
Therefore, [TM]e will be considered the initial concentration
for the photocatalytic experiments, and it is almost identical
to the equilibrium concentration of C,HsHg* ([CoHsHg]e =
0.47 mM) under the same initial experimental conditions
(0.50 mMm) [39].

Fig. 2 shows the evolution of TM and total ethylmercury
([C2HsHg* 1] = [TM] + [C2HsHg'], considering that CoHsHg*
can be produced by the hydrolysis of TM (see Fig. 1 and Eq.
(2)). Concentrations are normalized with respect to [TM]e and
[C2HsHg*r]e. As shown, photocatalytic destruction of TM and
C2HsHg*™r under N3 is complete at 240 min; TM reaction is
faster under air, being almost completely degraded at around
60 min; in contrast, for CoHsHg*t complete depletion, 240
min irradiation is required. It should be mentioned that as TM
photocatalytic degradation proceeds, the pH of the system
slightly decreases (from 4 to 3.5 at 240 min), either under N,
or air.

T™N,

+
CohsHg - N,
TMair

< 4 O o

+ .
CoHgHg 1 air

+

[TMI[TM]g or [CoHgHG 11[CoHgHG 11

Fig. 2. Evolution profiles of TM and C,HsHg" concentrations
normalized with respect to [TM]e and [C2HsHg*r]e during TM
photocatalytic runs under Nz or air. Conditions: [TM]o = 0.5
mM, pHo 4, [TiO2] =1 g L% T = 25°C, ¢,V = 2.87
peinstein s L% Na: Qnz = 0.4 mg L ([O;] < 0.05 mg LY);
air: reactor open to air ([O2] = 2 mg L%). Solid lines are the
fittings of [TM] evolution to a pseudo-first order kinetics (Eq.
(S3)); short dashed lines represents C,HsHg*t evolution,
adjusted to a pseudo-first order for the case of the reaction
under N2 and to a pseudo-first order combined with a zero-
order kinetics for the case of the reaction in air (see text).

As it can be appreciated, TM and C,HsHg*r curves
followed a similar behavior, with a decreasing degradation
rate as the reaction proceeds, indicating that: 1) their
concentration plays a role in the photocatalytic degradation
rate, and 2) that TiO, deactivation, caused by Hg(0) deposition
[29, 39,72], is taking place.
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As intermediates of the organic moiety of TM, C,HsHg",
2-MBA, and 2-SBA have been identified and quantified by
HPLC. TM and C,HsHg* are the main toxic compounds. The
evolution profiles of CyHsHg", 2-MBA, and 2-SBA
concentrations and of an aromatic (due to the 250 nm
detection wavelength used), non-identified intermediate (UI)
during the TM photocatalytic experiment under N, are shown
in Fig. 3 together with the decay of [TM]. Hg?* ([Hg?*] = 0.05
mM), produced by the photocatalytic degradation of C,HsHg*
[39] was measured. Consequently, all Hg not found as TM,
CzHsHg*, or Hg(I1) would be deposited over the photocatalyst
as Hg(0) (see below). Other non-identified compounds were
also detected; these compounds are probably aromatics and
could be salicylic and dithiosalicylic acids, as found by
Yepsen et al. 2015 [11]. As said before, due to partial
dissociation of TM into 2-MBA and C;HsHg", at t = 0 min,
the 2-MBA concentration is 0.003 mM and that of CoHsHg*
is 0.005 mM. As it can be appreciated, both 2-MBA and
C2HsHg" reached their maximal concentration (0.11 and 0.05
mM, respectively) at 30 min, followed by a rather fast
decrease. At longer times, the degradation rates decrease, and
those compounds can be still detected after 240 min (0.008
and 0.005 mM for 2-MBA and C;HsHg", respectively). The
maximum 2-SBA concentration can be viewed at around 60
min, followed by a slow decrease at longer times. A similar
behavior is observed for Ul, which showed a maximum
concentration at around t = 120 min; both 2-SBA and Ul are
still present in important concentrations after 240 min.

0.50 30
® ™
0.40 v 2-MBA
+ 25
0.30 g
A
0.20 . 20

0.15
r 15

[uin, a.u.

0.10 4
r 10

0.05 4

0.00

[TM], [2-MBA], [C,HgHg '] or [2-SBA], mM

0 50 100 150 200 250

Time, min

Fig. 3. Evolution of the concentration of TM and of
intermediates formed during the photocatalytic reaction under
N2 bubbling. Conditions of Fig. 2. Lines represent the fittings
of [TM], [C:HsHg'], [2-MBA], [2-SBA] and [UI] to Egs.
(S3), (S6), (S7), (S9), and (S11), respectively. Note: for [Ul],
absorbance data reported by the equipment are plotted.

In addition, it should be emphasized that, under No, at t =
240 min, C,HsHg* can be still detected (see Fig. 2 and Fig. 3
below, [C2HsHg™] = 0.005 mM), despite TM was almost
completely degraded at t = 120 min ([TM] = 0.019 mM).
Further Co,HsHg" generation was stopped ([C2HsHg*] = 0.015
mM at t = 120 min). From t = 120 up to 240 min, only 0.029
mM of CoHsHg* (considering that 0.019 mM of TM were
completely transformed into C,HsHg*", and 0.015 mM
corresponds to C,HsHg*) were degraded; in contrast, when
starting from pure C;HsHg*, under almost identical
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conditions, 0.16 mM C,HsHg* were degraded in less than 15
min, and 0.50 mM where degraded in 60 min [39]. This
indicates that, when TM is degraded, a strong inhibition on
the C,HsHg* photocatalytic degradation takes place, which
can be attributed to TiO, deactivation, and to the competition
between CyHsHg* and other intermediates for the
photocatalyst active sites.

The explanation for the pseudo-first order decay for
CoHsHg*r under Na (k = 20 + 2 x 10 min?, R? = 0.98) is that
both TM and C,HsHg" adjust to a pseudo-first order Kinetics.
In contrast, CoHsHg*r in air follows a pseudo-first order
combined with a zero order kinetics probably because TM
follows a first order and CoHsHg" follows a first order plus a
zero order behavior (k=98 + 7 x 10°min?, k=12 + 6 x 10
mM min?, R? = 0.998), i.e., C;HsHg*r follows a similar
behavior as TM + C,HsHg*.

Fig. 4 shows the evolution of intermediate species during
the photocatalytic reaction of TM under the same conditions
of Fig. 2 with the reactor open to air.

35

o

o
10—
b 4

™

o> I «0

[ui], a.u.

[TM], [2-MBA], [CoH5Hg '] or [2-SBA], mM

0 50 100 150 200 250

Time, min

Fig. 4. Evolution of the concentration of TM and of
intermediates formed during the photocatalytic reaction of
TM with the reactor open to air. Conditions of Fig. 2, [O2]
2mg L. Solid lines represent the fittings of [TM], [C2HsHg™],
[2-MBA], [2-SBA] and [UI] to Egs. (S3), (S6), (S7), (S9), and
(S11), respectively; the dashed line represents the fitting of
CzHsHg* for t> 15 min to a mixed, exponential plus zero order
decay.

Profiles of Fig. 4 follow a similar behavior as those under
N2. TM is almost completely degraded at t = 60 min, and
CoHsHg* is within the DL at t = 240 min (Figs. 2 and 4),
indicating that the reaction is more efficient under these
conditions, contrarily to Co;HsHg" photocatalytic degradation,
which was faster in the absence of O [46]. This reinforces the
strong inhibition on the C;HsHg* photocatalytic degradation,
as it was explained for the system under No. Hg?* ([Hg?*] =
0.05 mM) is produced. As it can be appreciated, both 2-MBA
and C;HsHg* reached their maximal concentrations at 15 min
(0.27 mM and 0.03 mM, respectively, values higher than those
under N2 and produced in a shorter time), followed by a rather
fast decrease; these species can still be detected after 240 min
at very low concentrations (0.004 and 0.001 mM for 2-MBA
and C,HsHg*, respectively). On the other hand, the maximum
2-SBA concentration can be viewed at around 60 min,
followed by a slow decrease at longer times. A similar
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behavior is observed for Ul, produced here at higher
concentrations than those observed under N,. Both
compounds are still present in important concentrations at 240
min.

Fig. 5 shows the evolution of [TM] and [2-SBA]
normalized with respect to their equilibrium concentrations
([TM]e and [2-SBA]e, respectively), for experiments starting
from either TM or 2-SBA.

0.6 100
® T™
& v 2-SBA(TM)
° v 2-SBA
= - H UI(T™) + 80
o >~ B UI(2-SBA)
%] ~ [%]
N ~ b=t
= c
< S L60 =
» ~ )
& S g
5 Ay >~ la B
=2 S~ 5
= S~a —
£ - TS~ 5
s ~ S~
= E ~ ~g 20
e ~—
‘‘‘‘‘ 0
100 150 200
Time, min

Fig. 5. Temporal profiles of normalized [TM] and [2-SBA] for
experiments starting from either TM or 2-SBA,; in the right y-
axis, evolution of Ul concentration (in arbitrary units).
Conditions: [TM]o or [2-SBA]o = 0.5 mM, [TiO;] =1g L™,
T =25 °C. pHo 4, reactor open to air, g%, p/V = 2.87 peinstein
st L1 Black solid line: fitting of TM to Eq. (S3); black
dashed line: fitting of 2-SBA generated from TM to Eq. (S9);
black dashed-pointed line: fitting of Ul from TM to Eq. (S11).
Red lines for experiments starting from 2-SBA are explained
in section 4.2. The line for Ul generated from 2-SBA is only
for visualization.

Fig. 5 indicates that, under the same experimental
conditions, 2-SBA decays slower than TM; after an arrest in
the degradation between 15 and 60 min of reaction, a
continuous decrease can be observed, but the compound never
disappears, in contrast with TM, which is totally depleted
before 60 min. The Ul intermediate formed from 2-SBA
degradation presents a much higher concentration compared
with that observed when starting from TM.

In Fig. 6, the NPOC and total S mineralization during the
degradation of TM and 2-SBA with the reactor open to air are
shown.
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Fig. 6. Temporal profile of normalized NPOC and total
sulphur (St) during the photocatalytic destruction of TM and
SBA. Conditions: [TM] = [2-SBA] = 0.5 mM, [TiO] =1¢g
L™, T = 25 °C. pHo 4, reactor open to air, q°%p/V = 2.87
peinstein st L2, Lines are only for visualization.

Fig. 6 shows that NPOC mineralization for TM up to 30
min is fast, in agreement with TM degradation (Fig. 2),
reflecting that some mineralization occurs in the first
degradation steps; then, the TM mineralization is arrested
between 30 and 180 min, correspondingly with the
degradation of 2-MBA into 2-SBA (as expected considering
that no C mineralization occurs during this oxidation because
both molecules have the same number of carbons), and of 2-
SBA into Ul. Then, once 2-SBA and Ul degradation proceeds,
C mineralization continues. NPOC mineralization for 2-SBA
is initially fast (t < 30 min), and then continues with a slower
decrease, similar to the behavior followed by 2-SBA (Fig. 5).
No total mineralization is observed in any case, at least up to
240 min of reaction. On the other hand, S mineralization from
TM decreases constantly during the whole process, indicating
that S is continuously transformed into either sulfate, which is
retained over the TiO; photocatalyst, and/or to volatile S
compounds (i.e., SH2 or organic sulfides of high vapor
pressure).

Although sulfur mineralization is observed from the
beginning when starting from either TM or 2-SBA, S04, the
final product of 2-SBA sulfur mineralization, was found to be
present only after 120 min of reaction time. This also indicates
that, even at a low rate, 2-SBA mineralization is taking place,
simultaneously  with  TM, CHsHg*, and 2-MBA
photocatalytic degradation. A possible explanation of the high
mineralization into sulfate is that it proceeds from sulfur
volatile compounds, but this was not verified in this work.

3.3. Effect of pH on the photocatalytic TM removal and
deposits found on the photocatalyst surface after the
reaction

In Fig. 7, the results with the reactor open to air and [TM]
= 0.1 mM, at two pHo values, 4 and 7, are shown; this
concentration was chosen to see faster results. For both
conditions, an adsorption degree of = 50% of TM was
measured.
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Fig. 7. Temporal profiles of TM normalized concentration
during a photocatalytic run at two different pHo. Conditions:
[TM] = 0.1 mM, [TiOz] =1g L™, T=25°C, %V =287
ueinstein st L1, reactor open to air.

As it can be observed, no significant differences were
obtained at the two pH values, and a significant removal (~
70%) resulted after only 5 min of irradiation. For both
conditions, TM degradation follows a fast, pseudo-first order
kinetics, followed by a far slower, zero order one (k = 250 +
30 x 103 min®, ko = 2.2 £ 0.8 x 10° mM min, R? = 0.995 at
pH 4; k=300 =50 x 10°min™, ko =4 + 1 x 10> mM min?,
R? = 0.991 at pH 10), probably because, at this lower TM
concentration, the degradation of the formed by-products can
compete more efficiently with TM for the TiO; active places,
causing then the partial deactivation of the photocatalyst (i.e.,
by Hg(0) deposition and/or 2-SBA competition). An almost
complete TM removal is obtained at 120 min; when compared
with the experiment with 0.5 mM TM (Fig. 2), it is seen that
the overall process is more efficient for the highest TM
concentration (which disappears at 60 min). This contrasts
with the behavior of other pollutants, e.g., Cr(VI) in the
presence of citric acid [73] and other examples.

Deposits on the photocatalyst were observed at the end of
the experiments. The compounds were identified by chemical
methods, as indicated in the experimental section. Hg(0) was
identified at pH 4.

The measurement of Hg(ll) in solution at pH 4 indicated
that the species reached the highest value of 0.05 mM after
complete C;HsHg* degradation. However, after 240 min of
reaction, Hg(ll) in solution was below the detection limit,
which leads to the conclusion that the species was almost
completely reduced to Hg(0); the appearance of the gray color
on the photocatalyst confirms this assumption.

In contrast, at pH 10, no Hg(ll) was detected in the
solution. However, the analysis of the solids showed that a
mixture of Hg(0) and HgO was formed, being these mercury
species the only ones detected under these conditions. This
indicates that, also at this pH, free Hg(ll) is formed during TM
photocatalytic degradation, which is fast transformed. As the
analytical techniques used to measure Hg(0) and HgO are not
very accurate, we cannot indicate how much of each species
was formed at pH 10. Besides, Hg(0) is difficult to be
measured because: 1) it is volatile; 2) it remains on the
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photocatalyst surface, probably at a low concentration, which
makes difficult the determination.

4. DISCUSSION
4.1. Mechanisms of TM photocatalytic removal

In order to propose a mechanism for TM photocatalytic
removal, it is important to remember that the compound is in
equilibrium with 2-MBA and C;HsHg* (Eg. (1)). No reference
was found in the literature regarding the value of the
equilibrium constant of Eq. (1). However, the stability
constants for the complex between 2-MBA and Hg(ll) are
high (10%7 [74]), while constants of methylmercury with thiol
groups are in the range of 10 — 10% [75]; although no
constants for ethylmercury were found, they might be
considered similar to those of methylmercury.

It can be proposed that the decay of C;HsHg*, 2-MBA, 2-
SBA, and Ul formed in the photocatalytic reaction of TM can
be modeled as consecutive steps. It can be hypothesized that
two different radicals are formed from TM, as shown in Egs.
(2) and (3), this depending if the attack to TM takes place on
the 2-MBA or on the C;HsHg* moiety. This hypothesis is
sustained by the experimental results of this work because
both compounds have been detected. These reactions are
followed by 2-MBA degradation to 2-SBA and of 2-SBA to
Ul, ending in SO4%, CO,, etc. A simplified reaction scheme is
displayed by Eqgs. (2) to (7).

T™ — C;HsHg" + 2-MBA*® Kitma (2)
TM — CoHsHg* + 2-MBA Kitmb (3)
C,HsHg" — degradation products — Hg?* Kethg (4)
2-MBA — 2-SBA kmea (5)
2-SBA — Ul ksza (6)
Ul — degradation products — SO42 kur (7)

The previous paper on the photocatalytic ethylmercury
destruction [39] indicates that, after the formation of electron-
hole pairs by TiO; irradiation (Eq. (8)), C:HsHg" can be
oxidized by HO* or hyg* (Egs. (10) and (11)), or reduced by
ece” (Eq. (12)). Then, Hg(Il), Hg(l) and Hg(0) can be formed;
Hg(ll) can be formed by C,HsHg* oxidation (Eq. (10)), Hg(l)
oxidation (Eqg. (15)) or disproportionation (Eq. (18)). Hg(l)
can be formed by Egs. (11) and (19) followed by dimerization
to Hg2?* (Eq. (12) (15)), or reduction to Hg(0) by ecs™ (EQ.
(19)) or even by an organic radical present in the system. It
can be also oxidized to Hg(Il) by ecs™ injection into the TiO;
conduction band (Eq. (17)). Hg(0) can be formed from Hg(l)
(Eq. (20)) or by C.HsHg* dimerization (Eqg. (14)), remaining
over the TiO; surface, and in equilibrium with Hg,?* by
reaction with Hg(ll) (Eqg. (19)). The proposed steps are the
following:

TiO2 + hv — hyg* + ecs™ ©))
H>0 + hyg* - HO® + H* 9)
CoHsHg* + hvg*/HO®* — CyHs* + ng+ (+ OHY) (10)
CzHsHg* + hyg*/HO* — CyH4Hg* + HY (+ H20) —»

CoHa + Hg* (11)
2 Hg" — Hg?** (12)
CzHsHg* + ecg™ — CoHsHg® (13)

2 C2H5Hg° - (Csz)zHg + Hg(O) (14)
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Hg* + 0z — Hg?' + 05" (15)
CyHsHg® + H* + ecg” > CoHg + Hg(O) (16)
Hg* — Hg?* + ecs™ 17
Hg2%* 2 Hg(0) + Hg(11) (18)
Hg(ll) + ece™ — Hg(l) (19)
Hg(l) + ece™ — Hg(0) (20)

In the case of TM, these reactions enhance TM removal
and shift the equilibrium of complexation between C,HsHg*
with 2-MBA to the right. Anodic reactions lead to the
formation of intermediates (CoHsHg", 2-MBA, 2-SBA, U,
etc., expressed as RH) and to mineralization (Eq. (21)):

RH + hyg* (HO') — ... > C0O,+H,0 (21)

For example, for 2-SBA, mineralization would take place
through Eq. (22):

SO,H

NaOOC + hyg* (HO.) — Ul

—... CO2 + H0 + SO (22)

The already described heterogeneous photocatalytic
treatment of C,HsHQCI [39] is faster than that of C,HsHg*
destruction formed during the photocatalysis of TM because
2-MBA and other derivatives may compete with the reaction
of CoHsHg" (Eq. (21)) for hys™/HO*® and/or for the active sites
over the TiO, surface.

Regarding SO.%", it has been reported that TiO- has a good
affinity for this anion [76] at acid pH, where the catalyst is
positively charged. SO4* reacts then with hyg* or HO" to yield
the sulfate radical anion (SO4*), a very strong oxidant (E° =
2.5 eV vs. SHE [77]), which enhances the mineralization.
SO4* can also react with ecg ~ or H20 (Egs. (23) to (26)). ([78,
79] and references therein).,

S04 + hyg* — SO (23)
SO2 + HO* — SO, + OH- (24)
S04 +ecg” — S04 (25)
SO, + HO — HO® + SO, + H* (26)
4.2. Kinetics

The temporal evolution of TM under N, was first fitted to
the modified Langmuir-Hinshelwood model with three
parameters adjusted to a hyperbolic deactivation, developed
in the previous work for C;HsHg* [39] and displayed in Eqg.
(S1) of section S2.1, together with a brief discussion. The
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comparison with results of ref. [39] indicates that TM is more
resistant to the photocatalytic treatment than CoHsHg*. With
the reactor open to air, the rate constant for TM decay was 4
times higher than the value for the system under N»; however,
the fitting to this model under this condition was quite poor.

On the other hand, a simpler pseudo-first order decay was
used to evaluate TM photocatalytic degradation. All equations
are included in sections S2.2 and S2.3. In this case, the rate of
the total TM decay to C,HsHg* and 2-MBA was calculated
with a very good fitting (R? = 0.990) for both systems (under
N2 and in air). The Kkinetic parameters and correlation
coefficients of the results of Figs. 2, 3, and 4, corresponding
to the temporal profiles of TM, C:HsHg*, 2-MBA, 2-SBA,
and Ul to these equations are in Table S1 of section S2.4. The
comparison of both kinetic models (Egs. (S1) and S3)) for TM
degradation showed that the fitting was almost identical for
TM under Ny, but that the fitting with Eqg. (S3) was much
better under air (see Fig. S2).

The Kinetic constant kitm was obtained from Eqg. (S3) by
integrating Eg. (S2) [80]. In Eq. (S3), [TM]e is the TM
concentration after the adsorption equilibrium was reached,
and C represents the amount of TM that will be not degraded
even after very long irradiation times; both TM values were
fixed parameters for a given run, and were determined from
the experimental data shown in Fig. 2. A possible reason for
the good fitting is that TM adsorption equilibrium can be fast
and, therefore, [TM]e is representative of adsorbed TM; this is
especially possible because no deactivation of the
photocatalyst seems to take place before TM has been
completely degraded, either under N2 or in air. Indeed, no
significant Hg(0) deposition, appreciated by the change in the
suspension color from pure white to gray, was observed up to
60 min, when TM degradation was ~ 80% and almost 100%
under N2 or in air, respectively (see Figs. (2)-(4)). As the
presence of O inhibits Hg(0) deposition and thus, TiO:
deactivation [29,33], this supports the fact that TM is
degraded faster in the presence of O2. On the other hand, this
contrasts with other organomercurial compounds and suggests
that the degradation takes place almost exclusively by the
oxidative pathway. If the ece” had contributed, the degradation
rate would be smaller by the competence of O, with ecg".

The fittings of the temporal evolution of C.HsHg*, 2-
MBA, 2-SBA, and Ul according to Egs. (S6), (S7), (S9), and
(S11) are displayed in Figs. 3 and 4, and the fitting parameters
are shown in Table S1, with [TM]e and C having the same
meaning as in Eq. (S3). The rather good fitting reinforces the
fact that this consecutive first-order reaction model represents
quite well the behavior of the system, according to the reaction
scheme proposed in Egs. (2) to (7) and is consistent with the
experimental results. Table S1 also shows that the results are
similar under Nz and in air, with the exception of the rate
constants, which are higher under air.

It is important to remember that, in a photocatalytic
system, reactions are not strictly first-order, because, i.e.,
species involved in adsorption/desorption equilibria or charge
transfer reactions may not attain steady-state concentrations.
Therefore, pseudo-first order regimes should be considered,
although the almost identical values obtained for kimga, Kissa,
and kyu in Table S1 under both N and air supports the
consecutive first order regime proposed. However, a deviation
is clearly observed on the decay of TM, as kirm should be
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equal to the sum of Kigwg and kimea; contrarily, kitm is always
less than half the sum of Kietg and kimea, either under Ny or
in air. The parameter [TM]e, representing the concentration of
TM that is degraded either to C,HsHg* or to 2-MBA, was
calculated from Eqgs. (S6) and (S7), respectively. In Table S1,
it can be appreciated that the sum of [TM]. for CoHsHg* and
for 2-MBA is close to the initial TM concentration (= 0.5
mM). The parameters kiewg and kimsa represent the time that
the degradation pathway (Egs. (2) and (3)) will contribute to
TM degradation, with the smaller Kinetic parameters
contributing at longer times.

It should be remembered that the concentration of 2-MBA
measured corresponds to a complex between 2-MBA and
Hg?* (or other Hg-containing compounds), otherwise
CoHsHg* and 2-MBA would rapidly recombine to generate
TM. As said, no significant TM degradation was detected in
control experiments in the dark, indicating that this enhanced
decomposition of TM into CoHsHg*" + 2-MBA takes place
only under irradiation.

Taking into account that kitm under N2 is lower than the
value under air (Table S1), this confirms that TM degradation
takes place mainly by an oxidative mechanism initiated by
hys™/HO®, most probably because the first degradation step
does not involve the reduction of the Hg-containing group.
This contrasts with the degradation of other organomercurial
compounds, such as CHsHg*, C,HsHg*, or phenylmercury,
which are degraded faster under N, atmosphere, indicating
that both oxidative and reductive mechanisms take place
simultaneously [5,35,39].

On the other hand, Fig. 4 shows that the fitting of C.HsHg*
deviates significantly from the consecutive pseudo-first order
kinetics of formation and decay at t > 60 min; indeed, a better
fitting of CoHsHg* can be obtained using a combined pseudo-
first order plus zero order decay for t > 15 min (green dashed
lines). This can be rationalized considering that at t = 15 min,
TM degradation is almost complete and, thus, C;HsHg"
formation is arrested. After this time, C;HsHg" degradation
continues by the pseudo-first order model; however, due to the
TiO2 deactivation and/or to the competition of other by-
products, the degradation kinetics slows down in a more
pronounced way than that expected from a pseudo-first order
and continues instead by an almost zero order behavior,
especially at t > 60 min.

It is important to point out that the amount of Hg in
solution found at the end of the experiments is not low (1 mg
L%, and 0.2 mg L%, under N, and air respectively). These
values were obtained from TM + C;HsHg* and the value of
free Hg(ll) is around 10 mg L under both conditions.
However, the value recommended by the WHO for inorganic
Hg in drinking water (0.006 mg L [23]) might be reached
with longer reaction times or increasing the pH after the
complete removal of Co,HsHg*, as indicated in reference [39].

CONCLUSION

TiO,-photocatalytic degradation is a suitable technique for
the treatment of TM and its degradation products. In contrast
to the treatment of ethyl- or phenylmercury salts reported in
the previous articles of the group, and of methylmercury
reported by others, the degradation of TM is faster in the
presence of O,.
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The degradation kinetics of TM under N, or with the
reactor open to air could be properly fitted to a pseudo-first
order Kinetics, together with the formation and degradation of
the detected intermediates (C,HsHg*, 2-MBA, 2-SBA, and an
aromatic unidentified intermediate). Mercury release from the
organic structure is due to the attack of HO* or hyg*. After 240
min of reaction, a significant TM mineralization (> 60%)
could be obtained, for both NPOC and total S.

The photocatalytic reaction of 2-SBA is also efficient, and
mineralization can be reached. However, TM proved to be
more easily degraded than 2-SBA. Sulfate ions are the final
product of all these reactions.

It has been suggested that Hg(0) can be transferred to the
gas phase, becoming a hew contaminant in air. To avoid this
problem, the system can be coupled with a gas-phase
photocatalytic reactor, which can efficiently remove Hg(0)
[81] or using a Cu(0) powder filter that can retain 90% Hg(0)
as amalgam [38]. This study will be undertaken in the future.
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