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Abstract The degradation of Methyl Orange (C,,H;4N;
SO;Na), chosen as a model sulfonated azo dye, was in-
vestigated in aqueous solutions containing suspended poly-
crystalline TiO, particles under irradiation with simulated
sunlight. The dye disappearance and the formation of the
mineralization end products were monitored; the forma-
tion of the main transient intermediates was also exam-
ined in detail. Particular attention was devoted to the iden-
tification and to the evolution of fragments retaining the
chromophoric group. The comparison of data coming from
various analytical techniques led to a possible reaction
mechanism for the degradation process, giving insight into
an aspect of the treatment which has not been considered
in previous studies.
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Introduction

Photocatalysis is one of the most promising advanced ox-
idation technologies (AOT) [1], based on the generation
of active radical species which can lead to the complete
destruction of a large number of organic and inorganic
pollutants. This treatment, which has great potential for
environmental remediation purposes and in particular for
water and wastewater purification [2, 3, 4, 5, 6] has been
developed over the past 15 years. It is based on a series of
processes taking place at the semiconductor—solution in-
terface which can be summarized as follows: irradiation
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with light of proper wavelength causes electron excitation
from the semiconductor valence band to the conduction
band, generating electron—hole pairs. Both electron and holes
migrate to the surface of the semiconductor particles where
they can react with water and dissolved oxygen giving
rise to the formation of various oxidising species, includ-
ing the highly reactive hydroxyl radicals [7, 8], whereas
superoxide and perhydroxyl radicals are formed from the
reaction of excited electrons with oxygen. The highly re-
active oxygen-containing species are, in turn, able to at-
tack and oxidise the organic molecules, generally leading
to a complete mineralization of the substrate after a proper
irradiation period.

The photocatalytic treatment of aqueous wastes con-
taining azo dyes has been reported in the literature [9, 10,
11, 12, 13, 14, 15, 16, 17, 18]. These studies mainly fo-
cused on the discolouration monitoring and on the study
of the substrate abatement (primary process), whereas less
attention has been devoted to the investigation of reaction
mechanisms. As a consequence, the identification and de-
termination of intermediates and end products have often
been disregarded.

The characterisation and the fate of transient species is
however of great concern, since these intermediates can in
some cases be even more dangerous than the initial sub-
strate. Moreover, the analysis of their evolution with time
can give insight into the reaction mechanism.

Taking into account the poor thermal stability and low
volatility of most sulfonated azo dyes, the HPLC-MS tech-
nique can represent a suitable tool to analyse the reaction
products as we demonstrated in a recent work concerning
the characterisation of various Methyl Orange (MO) degra-
dation products [18].

In the present article we discuss the results obtained
from a detailed study of the photocatalytic degradation of
Methyl Orange, chosen as a model azo dye because of its
relatively simple structure. The effect of initial pH on the
kinetics of MO abatement was investigated, together with
the mass balance and evolution of the end products com-
ing from the substrate mineralization, thus allowing us to
obtain a general picture of the overall process. We then fo-



cused our attention on the structures of the transient mol-
ecules retaining the chromophore, looking at their evolu-
tion and trying to assess the sequence of reactions occur-
ring among them.

Experimental

Reagents

The following analytical-grade reagents (all from Merck) were
used as received: Methyl Orange (MO), ammonium acetate, ace-
tonitrile (Lichrosolv), NaOH, HNO;, H,SO,, Na,CO;, NaHCO;,
and KNOj;. Ultrapure water was provided by a Milli-Q System
(Millipore). TiO, P25 from Degussa (ca. 80% anatase form) with a
surface area of approximately 55 m2g-! was used in all the photo-
catalytic experiments. The semiconductor was preliminarily irradi-
ated overnight to eliminate adsorbed organics and successively
washed repeatedly with water. After centrifugation, the solid ma-
terial was dried in an oven (ca. 12h at 80°C) and a stock suspen-
sion containing 2 g L-! of the dry powder in water was prepared by
sonication. Stock solutions of the dye in water were prepared, pro-
tected from light and stored at 5°C.

Degradation experiments

Most degradation experiments were performed under aerobic
conditions in stirred cylindrical closed Pyrex cells (40-mm i.d.
x25-mm high), on SmL of aqueous TiO, dispersions containing
20mgL-! of Methyl Orange and 200-600 mgL-! of semiconduc-
tor. In some experiments the pH of the suspension was modified
by adding either H,SO, or NaOH. A 1,500-W xenon lamp, equipped
with a 340-nm cut-off filter was used (Solarbox, from Cofomegra,
Milan) to produce a simulated sunlight to irradiate the stirred dis-
persions. The temperature measured within the cell was approxi-
mately 55°C.

Analytical determinations

Samples were taken from the reaction vessels and filtered through
0.45-um cellulose membranes (Millex, Millipore). After a defined
irradiation time, the residual dye, its degradation products and the
transient intermediates were determined according to the proce-
dures detailed below.

The amount of residual dye was determined, after each irradia-
tion cycle, by HPLC. Separations were obtained under isocratic
conditions by using an RP-C18 column (Lichrospher RP-18 5 um,
250-mm long and 4.6-mm i.d., from Merck) and a mobile phase
composed of acetonitrile—ammonium acetate 10 mM (24/76 v/v).
The eluent pH was 6.8; flow rate 0.8 mL min~!. Detector UV-Vis,
wavelengths 472 nm, 270 nm and 220 nm.

The formation of CO, was followed by head-space gas chro-
matography, after acidification of the reacted mixture with 5 mL of
H,SO, 5M and further thermal equilibration at 25°C. Samples of
the gas phase (typically 200 uL) were taken through the cell Teflon
stopcock by using a gas syringe and successively injected on a
Carlo Erba4600 gas chromatograph equipped with a Hayesep
80/100-mesh column (2-m long, 6-mm i.d.). Helium was used as
the carrier gas at a flow rate of 30 mL min~'. The column and in-
jector temperatures were 110°C and 130°C, respectively. A TCD
detector was used (block temperature 150°C, filament temperature
250°C). Calibration curves were obtained by analysing standard
solutions of Na,CO;, placed in the cells and treated as described
above. Blanks obtained after long-term irradiation experiments in-
dicated a negligible contribution from the reagents to the measured
CO,.

Analysis of inorganic anions formed upon the treatment (NO;~
and SO4%") was performed by using a Dionex DX 500 apparatus
equipped with a 200-mm-longx4-mm-i.d. AS9-HC column (Dionex)
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and electrochemical detector ED 40 (Dionex). Elution of the ana-
lytes was performed by using a solution composed of Na,CO3 12 mM
and NaHCO; 5 mM.

Ammonium was determined by using the Berthelot colourimet-
ric method. Absorbances were measured at 690 nm with a Uvikon
930 spectrophotometer (Kontron).

The analysis of organic transients was accomplished by HPLC-
MS. The apparatus consisted of a pump Thermoquest TP 4000, a
Thermoquest AS300 auto sampler and a Thermoquest UV 6000
diode array detector. The HPLC separation conditions were the
same used for the MO determination, as described above. The elu-
ent from the chromatographic column successively enter the UV-
Vis diode array detector, the ESI interface and the quadrupole ion
trap mass analyser. The detailed operative conditions can be found
elsewhere [18].

Results and discussion

It is known that upon irradiation of TiO, particles with
light of wavelength <400 nm, the formation of e cg—h*yg
pairs occurs, leading to the formation of reactive hydroxyl
radicals and superoxide radicals from water and dissolved
oxygen according to the following reactions:

ey +0, — O3 (1
205 +H,0 — H,0,+3/20, 2
ecg +H,0, — °*OH+OH- 3)
hi{g +H,O — °*OH+H* 4)

When dyes are present they can be excited by the incident
radiation and a successive electron injection from the ex-
cited dye to the conduction band of the semiconductor oc-
curs, leaving the corresponding cationic dye radical [20,
21]:

&)
(6)

Both the dye molecules and the dye radicals can further
react with the species generated at the semiconductor—so-
lution interface and the degradation proceeds [22]. The
above-mentioned degradation mechanisms can be present
simultaneously and are indistinguishable due to the nature
of the light source employed.

Dye+hv — Dye*

Dye*+TiO, — Dye** +TiO, (e")

Decomposition of MO (primary process)

Preliminary blank experiments performed in a Solarbox
without addition of TiO, showed no appreciable de-
colourisation of the irradiated solution, thus confirming a
good photostability of the dye under simulated solar light
irradiation conditions.

In the presence of irradiated TiO, the dye degradation
occurs following a pseudo-first-order kinetic law, as pre-
viously reported in the literature for most organic substrates.
Experiments performed at initial pH 5.6 at different TiO,/
substrate ratios (10:1 and 30:1) showed, as expected, faster
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Fig.1 Effect of pH on the MO degradation. MO 20 ppm; TiO,
200 ppm

degradation rates in the presence of higher semiconductor
concentrations (k,:=0.08 min~! and 0.17 min~!, respectively).
A further increase of semiconductor concentration is gen-
erally useless, since it is known that above approximately
2gL! the increased light scattering drastically reduces
the photonic flux entering the irradiated solution.

In order to investigate the pH effects on MO degrada-
tion, experiments were performed at a fixed substrate/
TiO, ratio (1:10) at three different initial pH values (2.2,
5.6 and 7.6) which were below, around and above the iso-
electric point of the semiconductor oxide, respectively.
A value of pl of approximately 6.2 was reported in the lit-
erature for the employed TiO, [23].

The degradation curves (Fig.1) indicate that the
process is slower at pH 5.6 and is markedly faster at both
pH 2.2 and 7.6. The observed results can be explained by
taking into account the effect of pH upon the OH radical
production and on dye adsorption onto the semiconductor
particles, respectively. At higher pH values the formation
of active ‘OH species is favoured, due to an improved
transfer of holes to the adsorbed hydroxyls [24], but re-
pulsive effects between the negatively charged TiO, parti-
cles and the anionic dye start to be present. In contrast, at
pH 2.2, electrostatic attraction between positively charged
catalyst particles and the anionic dye operates, thus
favouring the process at the semiconductor—solution inter-
face. This hypothesis, sustained by literature data con-
cerning the adsorption of similar sulfonated dyes [12, 17],
is confirmed by the observed yellowish colour exhibited
by the filtered TiO,.

The obtained results indicate that adsorption effects
seem to predominate at pH 2.2, at which the TiO, particles
are neatly positively charged, whereas the increased radi-
cal formation reasonably predominates over repulsion at
pH7.6. At pH 5.6 there is a negligible dye adsorption and
a moderate production of active surface radicals, thus jus-
tifying the observed slower dye abatement. Nevertheless
most of the degradation experiments were run at an initial
pH value of 5.6, as it corresponds to the unmodified pH of
the aqueous Methyl Orange solution. By working at these
conditions with a 30:1 semiconductor/substrate ratio, the
complete degradation of the dye was observed, within the
sensitivity limits of the applied technique, after approxi-
mately 45 min irradiation.

—~ 08
=
O 06
£
£ 04
N
o)
O 0,2

0

0 50 100 150 200
time (min)

Fig.2 CO, evolution. a MO 20 ppm, TiO, 200 ppm, b MO 20 ppm,
TiO, 600 ppm; pH 5.6 in both cases

Evolution of the degradation products
Formation of CO,

The complete mineralization of one mole of the dye mol-
ecule implies the formation of the equivalent amount
(14 moles) of CO,. However, the formation profile of CO,
in the presence of a semiconductor/dye ratio=10 (see
Fig. 2a) clearly indicates that the mineralization is incom-
plete. In fact, after 150 min irradiation only about 70% of
the initial organic carbon is transformed into CO,, thus
implying that other organic compounds are still present in
the solution at that time. In contrast, quantitative forma-
tion of CO, was observed after about 1 h in experiments per-
formed with a semiconductor/dye ratio=30 (see Fig.2b).
These last conditions were chosen for most of the succes-
sive experiments.

Formation of nitrogen-containing products

Previous studies on photocatalytic degradation of nitro-
gen-containing aromatics demonstrated that the relative
abundance of the main mineralization end products (NH,*
and NOj;") largely depends on the initial oxidation state of
nitrogen in the substituent group and on substrate struc-
ture [25, 26].

0,12

0,1
0,08
0,06
0,04
0,02

—— ammonium
—B— nitrate

mmol L™

0 50 100

time (min)

150 200

Fig.3 Nitrate and ammonium evolution. MO 20 ppm, TiO, 600 ppm,
pHS5.6



Figure 3 shows that ammonium reaches about 61% of
the stoichiometric nitrogen content after 3 h irradiation in
closed cells, whereas after this time approximately 15%
of the total nitrogen is found as NO5~. The relatively high
ammonium/nitrate ratio observed is not surprising, since
similar ratios were usually found starting from organic
substrates containing organic nitrogen in low oxidation
states. Since the sum of both products gives about 76% of
the stoichiometric nitrogen, only a partial mineralization
of organic nitrogen is inferred.

By increasing the oxygen excess in the reaction me-
dium, for example by fluxing air or simply by opening the
cells for some minutes during the treatment, the formation
of NH,* and NO;~ increases. In fact, after 4 h irradiation
the sum of nitrate and ammonium contributions arising
from the dye degradation in opened cells corresponded to
more than 90% of the expected stoichiometric value. Tak-
ing into account that the formation of N, from compounds
containing azo groups has been recently proven [17] and
that the formation of nitrogen oxides cannot be com-
pletely excluded during the photocatalytic treatments
[27], a partial formation of such products could justify the
observed lack of nitrogen. The absence of residual organic
carbon after the above reported irradiation times suggests
that nitrogen should be effectively mineralised.

Formation of SO /-

The evolution of the total concentration of this anion, the
typical transformation product of sulfonic groups, is
shown in Fig. 4. It can be seen that a plateau is reached af-
ter about 1h irradiation, which corresponds to approxi-
mately 98% of the amount of sulfate expected assuming
complete mineralization of the dye. The difference between
the stoichiometric and found values is negligible taking
into account that SO, can adsorb onto the TiO, particles
[28].

Analysis of organic transients

We focused our attention on the identification of transient
species still containing the chromophoric group and on
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Fig.4 Sulfate evolution. MO 20 ppm, TiO, 600 ppm, pH 5.6
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the detection of typical hydrophilic aromatic products
(polyhydroxybenzenes) which precede the aromatic ring
opening. The analysis of compounds coming from the
ring breaking, already described in detail in the literature,
has not been undertaken in our study.

Figure 5 shows the HPLC profile recorded at 470 nm
for a sample irradiated for 15 min. At this time nearly 50%
of the initial carbon amount has been mineralised, but many
peaks of coloured intermediates are still present. By ana-
lysing the same sample by means of HPLC-MS (under the
same chromatographic conditions) a very similar pattern of
peaks was observed. Methyl Orange (MO, fz=13.4 min)
exhibits a clear MS signal corresponding to a negative ion
of m/z304. An intermediate (A) with m/z=320 (value
higher than that of the parent molecule) exhibits a longer
retention time. The chromatographic peaks C and D (m/z=
290 and 276, respectively) correspond to fragments of the
starting molecule, whereas the peak B (m/z=306) should
originate from MO through the simultaneous introduction
and leaving of groups having a mass difference of 2.

Chromatographic profiles similar to that shown in Fig. 5
were also obtained after 10, 22, 27 and 35 min irradiation.
The disappearance of some components (or neat reduction
of their concentrations) and/or the formation of new de-
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Fig.5 HPLC profile of a sample irradiated for 15 min. MO 20 ppm,
TiO, 600 ppm, pH 5.6, detection at 470 nm
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Fig.6a,b Evolution profile of the intermediates identified by means
of HPLC-MS analysis

rivatives have been observed, as expected, depending on
the sampling time.

A detailed MS analysis of the HPLC peaks following
the previously described procedure [18] allowed us to
suggest the formation of derivatives coming from the in-
troduction of an hydroxyl group on MO (peak A, m/z=
320), on compound C (peak B, m/z=306) and on deriva-
tive D (peak G, m/z=292). Further hydroxylation of com-
pound B can lead to peak E (m/z 322), whereas hydroxyla-
tion of G can produce peak F (m/z=308). Compounds orig-
inating from MO through the loss of one methyl group (C,
m/z=290) or two methyl groups (D, m/z=276) are also ev-
idenced in the reaction system.

The above observations suggest that the presence of
coloured intermediates is related to the presence of the sul-
fonic group; in fact, all the identified compounds contain-
ing the conjugated azo group retain the sulfonic moiety.

Plots of the peak areas of each of the detected interme-
diates against the irradiation time show bell-shaped profiles,
thus indicating that photocatalytic degradation of such tran-
sient species occurs. Two sets of components have been
grouped, one of them (Fig.6a) representing the more
abundant intermediates, whereas the second one (Fig. 6b)
shows the behaviour of components detected at low con-
centration levels. None of these intermediates appear to
be more persistent than MO in the reaction system. After
few minutes of irradiation, HPLC and HPLC-MS analysis
confirm the presence of compounds A—C as main degra-
dation products; these intermediates can thus be consid-
ered as possible precursors of compounds observed at
longer irradiation times.

Taking into account the above considerations and data,
the reaction mechanism shown in Scheme 1 can be sug-
gested.

a) "0;S—Ar—-N
=N-Ar-N(CH;3),+°*OH — ~O;S—Ar-N
=N-Ar'(OH)-N(CH;), + *H

b) "O;S—-Ar—-N
=N-Ar-N(CH;),+*H — ~0;S-Ar-N
=N—-Ar—NH-CH; + *CH,

Oxidation of methyl radicals can give rise to the forma-
tion of formic acid, in turn oxidised to CO, through the
photo-Kolbe reaction.

Compounds A-F can further degrade through different
reactions paths including: sulfonic group removal (c),
with successive formation of sulfate; removal of amino
groups (d) and formation of ammonia; breaking of the azo
group (e) with possible N, loss. Some of these reactions
can be summarized as follows:

¢) "O3S—Ar—-N
=N-Ar-N(CH;), + *OH - HO-Ar-N
=N-Ar—N(CH;), +S03SO3” +OH- —SO; +°H

d) “O;S—-Ar—N
=N-Ar—-NH,+°*H—> ~0;S-Ar—N
=N-Ar* +NH; (or NH,*)

e) "O3;S—Ar—N
=N-Ar"(OH)-N(CH;), +°*H— ~0;S—Ar-N
=N*+H-Ar'(OH)-N(CH;),” O;S—Ar—N
=N* — "0O;S-Ar*+N,

in which Ar and Ar’ represent the (C¢H,) and (Cg¢H;)
groups, respectively.

Coloured compounds originating through sulfonic
group removal should be more hydrophobic than the start-
ing molecules. However, we have not observed the ap-
pearance of chromatographic peaks absorbing at 472 nm
at longer retention times. Moreover, the gradient elution
up to 90% acetonitrile did not show the presence of any
peak, thus suggesting that the sulfonic group removal and
the chromophore breaking could proceed simultaneously.

The chromatographic analysis with UV detection at
220 nm of solutions sampled after 37 min irradiation still
showed the presence of residual organic products. How-
ever, the HPLC-MS analysis of the same samples did not
give any results, both in negative and in positive ion de-
tection modes, thus allowing us to exclude the presence of
molecules containing sulfonate groups or other groups
(e.g. amino) able to take part in an acid—base equilibrium.
After that time, only small amounts of very hydrophilic
compounds having retention times slightly higher than ¢,
are detected. The presence of catechol, hydroquinone, and
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1,3,5-trihydroxybenzene (verified by using authentic stan-
dards) is consistent with the chromatographic pattern ob-
served at lower retention times and confirms the typical
results obtained during the photocatalytic treatment of most
aromatic substrates.

The identification of residual compounds present at
this reaction stage was not undertaken; this task is difficult
due to the complex nature of the mixture (various ring-
opening aliphatic products are usually simultaneously pre-
sent together with aromatic by-products) and to the low
concentration levels of these components.

Conclusions

The photocatalytic degradation of Methyl Orange can be
readily performed under the investigated experimental
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|
OH

conditions, leading to the complete mineralization of the
dye. The structures of the reaction transient products formed
during the treatment are consistent with a degradation
route based mainly on hydroxylation and demethylation
processes. This implies a considerable persistence of a yel-
lowish colour in the solution, which remains even in the
presence of very low concentrations of Methyl Orange.
The observed intermediates are themselves degraded within
about 45 min through further reaction steps including the
crucial C—N bonds breaking and sulfonic group removal,
mainly responsible for the observed waste discoloration.
The evolution of both the end products and the organic
transients during the time interval between the complete
removal of MO and the CO, formation plateau suggests
that a further fast oxidation of the residual organics oc-
curs, with a complete dye mineralization achievable after
about 1 h irradiation.
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