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mechanisms in the presence of TiO,, with a special address to conversion of aliphatic and aromatic organic
species. The aim was to clarify the steps of the photo-oxidation of the various classes of compounds and to
relate them with the properties of the catalysts and the experimental conditions used. Reactions carried
out to perform complete degradation and photocatalytic partial oxidations have been deeply discussed.
Recent isotopic studies highlighted new reaction pathways concerning partial oxidation of alcohols to

aldehyde and oxidation of benzene while EPR investigations confirmed that not only the photogenerated
hole but also the OH radicals are involved in the oxidation of the substrates.
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1. Introduction

Heterogeneous photocatalysis has been a broadly studied field
in the last decades, in which the main applications analyzed were
those correlated to the use of light and a solid catalyst, irradiated
by light with an appropriate wavelength, in order to degrade liquid
and gas-phase pollutants [1]. Unselective degradation takes place
by means of parallel and series redox reactions where the com-
pounds oxidized are the target ones, while the oxidizing reagent is
most commonly molecular oxygen in its radical forms or holes (h*)
formed upon irradiation on catalyst sites.

Many semiconductors have been used as photocatalysts: TiO5,
Zn0, W03, CdS and NiO can be found among the best performing
ones. Each photocatalyst is characterized by a different band gap
energy and oxidizing power.

TiO, semiconductor is activated by a mechanism involving rad-
ical reactive species, through the following series reactions:

TiO + hv — TiOa(e(cp) + hyypy) W
OH™ + hiyy — *OH @
02 +e — 0, ©)
*0; + H" — *HO, “)

2*HOy — Oy + Hy0, (5)
H202 + 'OE — OH™ + *OH —+ 02 (6)

The radical species resulting the most active in carrying out oxi-
dation were often found to be *O,~, *HO, and *OH. The possibility
to employ photocatalytic reactions in order not only to perform
complete oxidation but also to give rise to partial oxidation with
the aim of providing an alternative to more conventional synthetic
pathways has attracted a growing interest of many researchers [2].
Many case studies on different substrates have been fully devel-
oped hence demonstrating that this opportunity is real. Significant
examples of photocatalytic processes employed for synthetic pur-
poses have been produced, showing that the use of solar light as a
reagent in oxidative catalysis can be particularly relevant to realize
innovative and economically consistent processes and, at the same
time, to move toward a sustainable chemistry that has a minimal
environmental impact.

On one contrary, the application of photocatalytic reactions to
water and air remediation has been widely studied. In particular
TiO, presents a precious property that is the unselectivity in oxi-
dation reactions. Very few compounds are known that cannot be
degraded by TiO, irradiated by UV-light [3].

2. Aliphatic oxidation

In this section some case studies on photocatalytic oxidation of
aliphatic species [4,5] will be discussed. Oxygenation of alkanes, for
example, is a reaction of particular interest in both partial oxidation
and air remediation fields [6-8].

Oxidation is thought to be initiated via reaction 7a or 7b, after
activation of a photocatalyst:

RCH3 + ht - *RCH; + H* (7a)
RCH3 + *OH — *RCH; + H,0 (7b)

The alkyl radical can react as showed in reaction 8 or alterna-
tively via series reactions (9a)-(9d):

*RCH, + *OH — RCH,0H (8)
*RCH, + 0, — RCH,00° (9a)
RCH,00° + RCH3 + RCH00H + *RCH, (9b)
RCH,00H + e~ — RCH,0°* + ~OH (9¢)
RCH,0°* + RCH3 — RCH,OH + *RCH, (9d)

The obtained alcohol RCH,OH can be further oxidized to the
corresponding aldehyde and acid by the following series reactions:

RCH,OH + *OH — RCH,0° + H,0 (10a)
RCH,0° + *OH — RCHO + H,0 (10b)
RCHO + *OH — R*COOH (10c)
R*CHOOH + *OH — RCOOH + H,0 (10d)

Ketones can be obtained starting from secondary alcohols by the
following series reactions:

RCHOHR' + *OH — R*CHOR’ + H,0 (10e)

R*CHOR’ + *OH — RCOR’ + H,0 (10f)

By considering for instance the simplest hydrocarbon, methane,
mainly obtained by natural gas, which is copiously present in
nature, low-yield photocatalytic oxidation has been achieved
mainly by using near-UV irradiated semiconductors such as TiO,,
WOs3, NiO and Ga;03 [9-15].
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Fig. 1. Allylic alcohols photocatalytically oxidized [16].

Industrially natural gas is converted to synthesis gas (a mixture
of CO and H,), formed through a process known as steam reform-
ing, carried out under high temperature (973-1373 K). Methanol
is further obtained by synthesis gas, in its turn used to synthe-
size highly-requested compounds as formaldehyde, acetic acid and
MTBE (methyl tertiary-butyl ether). Yet methanol is employed as a
fuel source in fuel cells.

Under visible light irradiation the methane conversion to
methanol, hydrogen and acetic acid in the presence of La-doped
WO3 and of an electron transfer molecule in aqueous suspensions
(at ca. 367 K) is thought to proceed as reported in the following:

hv, A>410nm __

La/WO3 "= "eg; + hip (11a)
ecg + MV — Mve* (11b)
hig + H,0 - H™ +*OH (11c)
MVt + HF — 1H, + MV** (11d)
CH,4 + *OH — CH3* + H,0 (11e)
CH3* + H,0 — CH30H + 1H, (111)

where MV stands for methyl viologen. Conversion of methane is
low (ca. 4% and 10% in the presence of hydrogen peroxide) and no
reaction is observed at room temperature. A significant enhance-
ment of the process was reached by using methane hydrates, now
obtaining significant conversions even at very low temperatures
(268 K). Methane hydrates form in the ocean at depths between
ca. 280 and 4000 m enabling higher concentrations of methane in
water, higher even than those obtained in water-methane pressur-
ized systems. Hence the produced methanol in this case was more

(@)
hv

Ti0; ———— h' + ¢
H (PH
h"+ Ry—CH—R, —> Ri—C—R; + H'
H
Ri—C—R; —> R]—‘C—R;Z +H + &

H ?H

R1—(_3—R2 + 0O — Ri—C—R»
oo
o .
Rl—?—p\2 — > R—C—Ry + Oy + H
oo’

than 4-fold than that of methane-water system. The author also
observed that irradiating the suspensions with UV-vis rather than
visible light lowered the quantity of alcohol, causing an overoxida-
tion of methanol.

The oxidation of aliphatic alcohols by TiO, has been studied in
various media. Molinari et al. [16] have investigated also the pho-
tocatalytic partial oxidation of some allylic alcohols (showed in Fig.
1) as geraniol (1) and trans-2-penten-1-ol (3) along with primary
alcohols as citronellol (2) and 1-pentanol (4).

The study of the reaction mechanism by EPR revealed that not
only the photogenerated hole but also the OH radical are involved in
the oxidation of the substrate. In the absence of water the photocat-
alytic partial oxidation of geraniol produces only citral; however,
in the presence of water, OH radical can attack geraniol not selec-
tively giving rise to the total and not selective degradation of the
substrate. Moreover the authors indicate that the presence of water
inhibits the adsorption of geraniol and so it has a negative effect on
the formation of citral abating the selectivity. Already a 2% of water
increases significantly the polarity of the medium thus decreasing
the adsorption of the substrate that competes with water for the
adsorption sites.

As far as the two primary alcohols (geraniol and citronel-
lol) are concerned, their great hydrophobic tails hinder the
adsorption of these molecules in the presence of water that
displaces easily these substrates from the surface of the pho-
tocatalyst. On the contrary, 1-pentanol and trans-2-penten-1-ol
are less influenced by the presence of water; consequently
they are able to interact with the surface of the photocata-
lyst even when the surface is partially polar. Short alcohols as
methanol and 2-propanol [17,18] are degraded even in a water
medium.

(b)

Fig. 2. (a) Reaction scheme of photocatalytic alcohol oxidation in water [16] and (b) in benzotrifluoride [20].
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Fig. 3. Photocatalytic oxidation mechanism of glycerol [21].

Fig. 2 shows the hypothesized oxidation mechanisms for alco-
hols in water (Fig. 2a) and in an organic solvent (Fig. 2b) [19,20].
Zhangetal.[19,20] studied the mechanism of the photocatalytically
oxidative transformation of alcohols performed in benzotrifluoride
(BTF) by using bare TiO, anatase. They found an oxygen transfer
from molecular O, to the alcohol. The oxygen atom of the alcohol
is completely replaced by one of the oxygen atoms of the dioxy-
gen molecule, i.e. the process occurs by the selective cleavage of
the C—OH bond with the concomitant formation of a C=0 bond
to obtain the final product, where O comes from O,. The mecha-
nism proposed by authors (Fig. 2b) is the following one. The alcohol
molecule is adsorbed onto the surface of TiO, by a deprotona-
tion process, hence it reacts with the photogenerated hole on the
TiO, surface forming a carbon radical whereas the electron trans-
forms Ti(IV) in Ti(Ill). Both carbon radical and Ti(Ill) easily react

with O, and a Ti peroxide intermediate is formed. The cleavage
of this species gives rise to carbonylic species, coming from the
partial oxidation of the alcohol. The same authors carried out the
same reaction in the presence of Bronsted acids and they observed
an enhancement of both reaction rate and selectivity. The effect is
related to the decomposition of the relatively stable side-on per-
oxide intermediate by the protons of the Brénsted acids, which can
clean the catalytic Ti-OH, sites. This finding opens a new path to
obtain high selectivity and conversion by TiO, photocatalysis.
Among aliphatic alcohols, glycerol (1,2,3-propanetriol) has
widespread applications; this molecule is indeed used in tooth-
pastes, pharmaceuticals, cosmetics, soaps and as sweetener in
cakes and wetting agent in tobacco. Glycerol is also a co-product
of oils and fats industries and hence available in huge amounts.
Moreover, nowadays glycerol is also obtained from biodiesel: one

— H+ —_ — H+ —_— — —_
H
0, OH 0, O ™
loss of 92 Da loss of 46 Da H\ /0
Ry HT—GH , ‘I" loss of 26 Da
CHa [I:Hz CH,
CH, CH; GHy
OH OH
0
o OH o H m/z 185
COOH OH COCH
— - OH CH
mz 177 /2 269 mz 223
loss of 46 Da
loss of 92 Da
loss of 28 Da chioH -
®CH losscf 16 Da !:IH
m/z 149 ‘ I
CH, @ CH
%o %O
COOH COOH
mwz 131 m'7 113

Fig. 4. Oxidated species from glycerol detected by means of ESI-MS [21].
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Fig. 5. Reaction scheme of photocatalytic oxidation of citric acid upon attack on position (1) [26].

ton of biodiesel produces in fact about 100kg of pure glycerol.
Few amounts of glycerol, with respect of its high accessibility,
are used in synthesis of polyethers and esters. Many products
can be obtained from its partial oxidation: 1,3-dihydroxyacetone
(DHA), glyceraldehyde (GAD), glyceric acid, glycolic acid, hydrox-
ypyruvic acid, mesoxalic acid, oxalic acid, tartronic acid and all
of them are considered chemicals for highly specialized appli-
cations. Photocatalytic oxidation of glycerol [21-25] has been
reported to occur in water suspensions of TiO, photocatalyst
through two parallel pathways: one leading to the direct min-
eralization to CO, via a series of adsorbed and not detectable
intermediates; the other one producing various oxidized species
(reported in Figs. 3 and 4). Production of CO, results clear from the
data recorded by a TOC analyzer, showing a decrease of organic
carbon since the beginning of the reaction. On the other side ESI-
MS analyses demonstrated the formation of 1,3-dihydroxyacetone
and glyceraldehyde as peaks at m/z 145. Sequential enrichment
of the solution with these two species allowed to assign the
peak at m/z 145 to [DHA+MeOH +Na*] and [GAD + MeOH +Na*]
adducts.

Organic acids [26-30] can also be oxidized by heterogeneous
photocatalysis. Decarboxylation typically occurs finally bringing to
mineralization with the formation of CO, and H, 0. The degradation
pathways for citric acid by TiO, were studied in a water suspension

contained in a batch reactor or in a recirculating reactor, by ana-
lyzing its degradation intermediate products [26]. In particular the
most abundant product formed was 3-oxoglutaric acid (OGA), but
several other compounds, like acetoacetic, lactic, pyruvic, malic,
glyoxylic, acetic and formic acids plus acetone were found.

Oxidation attack on citricacid is possible on different point of the
molecule: (1) on the carboxyl group bound to the tertiary carbon,
(2) on the methylenic groups, (3) on the OH bound to the cen-
tral carbon, or (4) on the carboxyl groups bound to the methylenic
groups. Several routes can give rise to the formation of the main
intermediate found, i.e. OGA.

Fig. 5 shows the three hypothesized reaction routes for the first
steps of citric acid oxidation, upon attack on position (1): hole or
hydroxyl radical attack gives rise to a radical, which can decay by
the three routes. From left to right, 3-hydroxyglutaric acid, OGA
and the hydrate form of OGA are formed. The pattern of interme-
diates concentrations suggests that the initial reaction mechanism
follows that shown in Fig. 5, with subsequent thermal decompo-
sition of OGA to acetoacetic acid (AAA) and acetone, as reported
in literature [26]. Photocatalytic oxidation of acetoacetic acid is,
indeed, inhibited in the presence of OGA.

Oxidation attack on methylenic groups (position (2)) gives rise
to H-abstraction to the a-hydrogen leading to products indicated
in Fig. 6 through routes II and III. Although these routes are less



V. Augugliaro et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13 (2012) 224-245 229

COOH
| h+/HO®

?OOH

HOOC-CH,-C-CH:-COOH —— HOOC-CH,-C-CH-COOH + H*+ H,0

|
ouy

Cit, MW = 192 g mol!

OH UL HO

?OOH
11, &

HOOC—CH:-Ci-CiH-CODH
O0H HO OH

HOOC-CH,-C-CH-COOH

COOH COOH

HO 00

|

tetraoxide

|

I .
Hooc-cuz.é-CHCOOH + HOOC-CHZ-C-(ﬁHCOOH + HOOC-CH3-C-CHO + COz +HOOC-CH,-C* + HOOC-CHO
I

Hl) OH HJ) o

MW = 208 g mol"!

MW = 206 g mol’ MW

COOH COOH
" Ly GA, MW =74 g mol”
= 162 g mol"! (H]
COOH
OH

MA, MW = 134 g mol"!

Fig. 6. Reaction scheme of photocatalytic oxidation of citric acid upon attack on position (2) [26].

probable, [27] they become significant at high hydroxyl radical
concentrations [28].

The attack on position (3), giving rise to an oxyl radical that can
be oxidized also to OGA plus *COOH (CO,*~ +H*), was not corrob-
orated by experimental results (Fig. 7). On the other side, attack to
position (4) follows similar mechanisms to those analyzed through
routes I, I and III (Fig. 8), leading to a carboxyl radical, then to a
methylenic radical by decarboxylation, ending in citramalic acid
by route I. Citramalic acid, if formed, can react by different routes,
ending in acetoacetic acid, among other products. By route II, the
peroxyl radical molecule would lead to the alcohol and aldehyde of
MW =164 and 162 gmol~, respectively. The same alcohol can be
formed by route III.

Attack on position (4) has been demonstrated by some analytical
evidence [26].

3-0xoglutaric acid, the main oxidation product of citric acid, can
be oxidized both by holes and hydroxyl radicals (free or trapped
at the TiO, surface) [31]. Oxidation can be carried out to two
different points of attack: the carboxyl group (position 1) or the
a-hydrogen (position 2). Firstly, the attack could lead to AAA (Fig.
9, route I). By route II, an alcohol (MW =118 gmol~1) and an alde-
hyde (MW=116gmol-1) can be formed. These last compounds
can be oxidized to oxalacetic acid (MW =132gmol-1), that is an
unstable -ketoacid, easily decarboxylated by a thermal reaction
probably by a simultaneous photo-Kolbe process like that indicated
in Fig. 9.

By attack to a-hydrogen (position 2) of 3-oxoglutaric acid, com-
pounds of MW =116, 160, 162 g mol~! can form, that generally will
be rapidly destroyed or transformed [31] (Fig. 10).

Acetoacetic acid, the main oxidation intermediate of 3-
oxoglutaric acid decays only thermally while 3-oxoglutaric acid is

present; however, soon after the photocatalytic oxidation becomes
effective. Attack can take place in two different positions: the car-
boxyl group (position 1) or the a-hydrogen (position 2). In the
first case (Fig. 11), acetone is produced by route I, while route
Il would produce an aldehyde (MW =72gmol~!) and an alcohol
(MW =74 gmol-1), both ending in pyruvic acid. Attack on position
(2) of AAA (Fig. 12) would lead to products of MW =116, 118 or
72 gmol~1; this last compound would lead to pyruvic acid.

The photocatalytic degradation of malic acid was studied under
ambient conditions in an aqueous TiO, suspension [32-34]. Pho-
togenerated holes and hydroxyl radicals are the oxidizing agents.
Carbon dioxide evolves soon and a carbon-centered radical is
formed:

HOOC—CH,—CHOH—COO~ + h* - HOOC—CH,—*CHOH + CO,
(12)

The corresponding aldehyde is formed upon reaction with
molecular oxygen:

HOOC—CH,—*CHOH + 0, - HOOC—CH,—COH + HOO* (13)

The decarboxylation of malic acid is a quite rapid process. The
initial rapid generation of CO, is attributed to this process whereby
a significant part of the initial malic acid has been adsorbed and
decarboxylated, predominantly forming Intermediate 1 (see Fig.
13) plus traces of other intermediates such as malonic acid. The
kinetic data suggest that the malic acid decarboxylation reaction
is preferred over subsequent photocatalytic steps in the degrada-
tion mechanism. Accordingly carboxylic acids are known to adsorb
well onto the TiO, surface, particularly at low pH, as the acids are
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Fig. 7. Reaction scheme of photocatalytic oxidation of citric acid upon attack on position (3) [26].

in their dissociated forms within this pH range and the TiO, surface
is positively charged [35].

The decline in Intermediate 1 (Fig. 13) represents the begin-
ning of stage Il and is characterized by a substantial decrease
in the mineralization rate. This indicates that the degradation of

COOH .
I h+/HO

Intermediate 1 is less favored than malic acid. It was suggested that
the preferential adsorption of malic acid delayed the degradation
of this intermediate in the system. The malonic acid concentration
also continues to increase. Malonic acid is believed to form by the
H atom abstraction and the *OH addition to the aldehyde group

CITOOH

HOOC-CH,-C-CH,-COOH ——» HOOC-CH,-C-CH,COO + H™+ H,0

OH OH
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Fig. 8. Reaction scheme of photocatalytic oxidation of citric acid upon attack on position (4) [26].
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of Intermediate 1. Photodegradation of malonic acid is believed to
occur via the photo-Kolbe process, leading to decarboxylation of
the C3 chain and creating the acetate radical (*CH,COOH). Further
reaction with *OH yields glycolic acid and/or generate acetic acid
via the H addition.

Stage Il is marked by a decrease in the mineralization rate and
encompasses the decrease in acetic acid concentration in the solu-
tion. Acetate radical can form oxalic acid by reaction with peroxide
radicals as reported by Dolamic and Biirgi [36]; they found oxalic
acid to be the major intermediate product during malonic acid min-
eralization in a small volume flow-through cell. Alternatively, the
acetic acid may undergo a sequence of reactions with photogener-
ated *OH in solution leading to CO, formation.

Trichloroethylene oxidation in gas phase has been carried out in
a flat-plate photoreactor at inlet concentrations of 100-500 ppm,
relative humidities (RH) of 0-62%, gas residence times 0f 2.5-60.3 s,
and incidentirradiance of 2.86 x 10~4 meinstein g~ s=1[37-40].In
the first step, trichloroethylene converts to dichloroacetyl chloride
(Cl,CHCCIO) and in the second one dichloroacetyl chloride converts

to phosgene (COCl;), CO, and Cl, with the aid of one electron-hole
pair [37]:

CHCI,CCIO + h™ — CHCl,C*ClO® (14a)
e +0y;—> 0y (14b)
CHCI,C*CIO®* + O,°*~ — CHCI,CCI(0*)00° (14c)

2CHCI,CCI(0*)00* — 2CHCI,CCI(0*)0* + O, Russel mechanism

(14d)
CHCl,CCI(0*)0* — C*HCl; + CCI(0*)0 (14e)
C*HCl, + 0, — C(00°*)HCl, (14f)
2C(00*)HCl — 2C(0°*)HCl; +0, Russel mechanism (14g)
C(0*)HCl, — COCl, +H* (14h)

CCI(0*)0 — COy +Cl° (14i)
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l CO, + HO,
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Fig. 10. Reaction scheme of photocatalytic oxidation of 3-oxoglutaric acid upon attack in position (2) [31].
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Fig. 11. Reaction scheme of photocatalytic oxidation of acetoacetic acid upon attack in position (1) [31].



V. Augugliaro et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13 (2012) 224-245

2
\ h+/HO*

HOOCCH,COCH; — HOOCCHCOCH; + H+ (H,0)
AAA, MW =102 g mol-! \
0,

HOOCCHCOCH;

0;

|

tetraoxide

|

CH;COCOCOOH + CH;COCH(OH)COOH + CHOCOCH; + CO;

MW =118 g mol-1 MW =116 gmolt MW =72 g mol

HOOCCOCH;
PA, MW = 88 g mol-!

Fig. 12. Reaction scheme of photocatalytic oxidation of acetoacetic acid upon attack in position (2) [31].
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Fig. 14. Transformation pathways of phosphamidon during the photocatalytic degradation over TiO, suspensions [46].

Literature reports a mechanism mediated by OH radicals formed
by holes attacking adsorbed water, whereas other researchers
found the highest photocatalytic degradation rate of trichloroethy-
lene in the absence of water [41]. Two mechanisms, indeed, can be
responsible for the inhibitive effect of water: competitive adsorp-
tion of water and trichloroethylene on the catalyst surface, and inhi-
bition of an oxidative chain reaction involving the chlorine radical.

In the third step, phosgene is converted to CO, and Cl,, through
reaction with one electron-hole pair.

Epoxidation of propene is a reaction of paramount importance
in the chemical industry. It has been reported that metal oxide

HicO_ _S (o)
|
N—N—CHy—S—P—OCH,

M.W. 286 / OCHjg

M.W. 142 l
H,CO_ S _O

HCO_ S
1]

s

species, when they are highly dispersed on silica, alumina, meso-
porous silica or zeolites, exhibit photocatalytic activity for partial
oxidation reactions [42]. TiO,-SiO, with low TiO, content is active
in yielding propylene oxide from propene by molecular oxygen
(Fig. 13) at room temperature with a selectivity of 60% [43]. When
the highly dispersed active sites are quantum sized isolated metal
oxide species, as isolated tethaedra TiO4 on silica, these species
could promote selective oxidations [44]. The excited state is local-
ized at the isolated quantum sized metal oxides, well characterized
by their phosphorescence emission [45]. The quantum photocat-
alysts can induce epoxidation of propene by molecular oxygen

S

HS\ | OCHs

C=N—NH—CH;—8—FZ
1] H.CO™ OCHs,

s M.W. 276
(o]
N i
N—N—CH,—S—P—0CH,; M.W. 158

|
OCH;

S [
N—N—CH, l l
M.W. 146 HS—FI’—OCHs — > HS—P—OH
OCH, OCH;
M.W. 158
l M.W. 144
CH30 S 0
X 7 0
N—N_ HS—P—OCH;
CH,0OH [ o)
M.W. 162 OCH;, Il
M.W. 142 HO—R—OCH,
OCH,
M.W. 126

Fig. 15. Transformation pathways of methidathion during the photocatalytic degradation over TiO, suspensions [46].
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but also direct methane coupling or photomethatesis of olefines.
Accordingly reaction 15 shows the photocatalytic oxidation of
propene over TiO,-SiO, catalysts:

(15)

Organophosphorous pesticides are other relevant aliphatic
compounds containing phosphorous and nitrogen atoms, that
can be oxidized by applying heterogeneous photocatalysis using
TiO, [46-50]. This class of compounds constitutes one of the
most important groups of insecticides applied in agricultural areas
for pest control. The oxidation pathways of azinphos methyl,
phosphamidon and methidathion have been, for instance, deeply
investigated by using HPLC-MS, ion chromatography and TOC anal-
ysis supports.

Analyzing for instance the phosphamidon degradation, four
intermediate compounds were detected; they are shown in Fig.
14. The formed molecules are more hydrophilic than the reagent.
The predominant transformation pathway is thought to be the
one carrying to the intermediate species at [M+H]|* 316. A species
at [M+H]* 332 was also formed and was identified as the bihy-
droxylated phosphamidon. Two compounds with lower molecular
weight were also detected: the first one at [M+H]" 282 was
consistent with the detachment of the chlorine atom, as assessed
by the absence in its MS spectrum of the typical chlorine isotopic
pattern and was recognized as 2-hydroxy-2-diethylcarbamoyl-
1-methylvinyldimethyl phosphate; the second compound at
[M+H]* 192 should be formed through the detachment of the
organophosphorus moiety. This hypothesis found support in the
contemporaneous formation of phosphate ions.

The cited compounds can be formed through 3 different reac-
tion pathways, summarized in Fig. 14: the first one leads to the
formation of the mono and bihydroxylated derivatives. A second
pathway leads to the detachment of the organophosphorus moi-
ety, with the formation of the species at [M+H]* 192 and a third
pathway proceeds through the formation of dechlorinated product
with [M+H]* 282.

(@)

OH h* 0 CgHg + h
e | _t_rg. —r _HQ

h"
CeHs

All the reported intermediates are photocatalytically degraded
soon, mineralization being conversely a much slower process.

The photocatalytic degradation pathways of another rele-
vant organophosphorous pesticide, namely methidathion, have
been deeply investigated [46]. The formation of the inter-
mediates reported in Fig. 15 involves the breakage of C—S
(route I) and P—S (route II) bonds. The former leads to the
contemporaneous formation of the species at [M+H]* 147, 1,3,
4-thiadiazol-2(3H)-one,5-methoxy-3-methyl and at [M+H]* 159,
0,0-dimethylhydrogen dithiophosphate. The latter brings about
the formation of the species at [M+H]|* 287.

A parallel transformation involves the breakage of the thiadi-
azolic ring, with the formation of a species at [M+H]* 277, that
still contains three sulfur atom (see pathway III). The elimina-
tion of a molecule of CH30CH,SH in its MS/MS spectrum supports
the hypothesis of the ring cleavage. Analogously to pathway I,
the molecule could then break down with the release of 0,0-
dimethylhydrogen dithiophosphate.

Further oxidation of intermediates is highlighted in Fig. 15. Com-
plete mineralization of the compound through the formation of
ionic species could be obtained. As far as the fate of the nitrogen is
concerned, it was released mainly as ammonium ions.

3. Aromatic oxidation

In this section some case studies on photocatalytic oxidation
of aromatic species [51-73] will be discussed. Photocatalytic
oxidation of benzene was studied in aqueous solutions using
different kinds of TiO, powders [74-77]. The main intermediate
of the reaction was phenol that was subsequently converted into
CO, via many oxidation steps. It has been proposed that phenol
is produced as a result of reaction between benzene and an HO®
radical, which is produced by oxidation of an OH group on TiO, by
a photogenerated hole. Bui et al. [74], by means of isotopic studies
using a stable isotope of oxygen (180) included in H,!80 and '80,,
determined two different oxygen sources for the hydroxylation of
benzene: water and molecular oxygen (Fig. 16). The processes using
water and molecular oxygen as the oxygen sources are ascribed,

OH
o Hy0 OH
—fi— —— + —T—
H
OH
+ H20

Fig. 16. Mechanism for production of phenol from benzene through an oxygen transfer process using: (a) water (b) O, as oxygen source [74].
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Fig. 17. Two pathways for decomposition of benzene on TiO, photocatalyst: (a) via phenol and (b) via muconaldehyde [75].
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Fig. 18. Proposed dichloro-benzene photocatalytic oxidation mechanism in TiO, suspensions [78a].

respectively, to oxygen transfer and hole transfer processes in the
initial step of benzene oxidation. Cation radicals, which are formed
by the hole transfer mechanism, are the species that react with
oxygen, as shown in Fig. 16. The peroxide radical formed as a result
of the reaction between the benzene cation radical and an O,
molecule can be converted to phenol through reductive processes,
for which a variety of intermediates produced before conversion
into CO, may be used as reductants. In addition to molecular
oxygen, 0,°~, produced by reduction of O, on TiO, may also be
used in the reaction with benzene cation radicals. The authors,
moreover, demonstrated that in the presence of anatase powders,
70-90% of oxygen introduced into phenol was from water. On the
contrary, when rutile powders were used, only 20-40% of the oxy-
gen was from water. The rest was from molecular oxygen in both
cases.

In a subsequent study [75] the same authors using 13C isotope
clarified the initial oxidation process of benzene: muconaldehyde
(Fig. 17), one of the intermediate of the degradation of benzene,
was not produced from phenol, indicating that the two products
are produced by independent pathways. The pathway via phe-
nol accounts for 30-40% and the pathway via muconaldehyde
accounts for 60-70% of benzene consumption. Muconaldehyde
is easily oxidized to carboxylic acids, which is then mineral-
ized successively. On the contrary, it is rather difficult to oxidize
phenol and phenolic compounds. As a result, CO, is mostly
produced via the muconaldehyde pathway while benzene is oxi-
dized.

Chloro-benzenes are for instance target compounds that have
been deeply studied due to their frequent use as intermediates in
the production of commodities such as herbicides, dyestuffs, and
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Fig. 21. Proposed phenol photocatalytic oxidation mechanism in TiO, suspensions [90].

rubber [78]. In particular dichlorobenzene photocatalytic oxida-
tion has been studied in a batch slurry reactor and in a semi-batch
reactor with continuous recycle with titania immobilized on inert
supports [78a]. The mechanism, corroborated by HPLC and GC/MS
analysis, involves hydroxyl radical that attacks the meta posi-
tion of dichlorobenzene (DCB) to generate 2,3-dichlorophenol, as
showed in Fig. 18. Substitution of a chloro-group by hydroxyl
group generates 2-chlorophenol (2), which subsequently may
lead to the formation of hydroquinone or 1,2-dihydroxybenzene
(3a) and o-benzoquinone (4a). Further analogous substitutions on
2,3-dichlorophenol (1) will lead to 1,2,3-trihydroxybenzene (pyro-
gallol) (5). The ultimate oxidation products are chloride ions in
solution. Moreover the formation of various organic acids was qual-
itatively proved and the pH of solution changes from neutral to
acidic due to organic acids and CO,.

Fluorinated aromatics can usually pollute the natural environ-
ment and condensate in living bodies. Moreover environmentally
persistent compounds such as fluoride-chloride-bearing aromat-
ics (such as cyanuric acid) present a formidable challenge in their
disposal. Photocatalytic oxidation mechanisms have been deeply
studied, as for instance in the case of chloro/fluoro-benzoic acid
derivatives [79].

A mechanism of the partial oxidation of 2-chloro,4-fluoro ben-
zoic acid has been proposed (Fig. 19) on the basis of the obtained
mass spectral patterns. OH radicals give rise to oxidation generally
attacking substrates at positions of the highest electron densities.
Fig. 19 shows that the primary step can be dechlorination, decar-
boxylation, or dehydroxylation, whereas defluorination is hindered
due to the energy of the C—F bond, that is much greater than that of
C—Cl bond. Open-ring products are finally intermediates through
which total oxidation occurs giving rise to formic acid and CO».
It should be underlined that dechlorination typically appears to be
somewhat faster than photodegradation through ring cleavage and
evolution of carbon dioxide (photomineralization).

The phenolic compounds are used as raw material in chem-
ical industries and agriculture productions and their presence
in the air and in aqueous effluents cause environmental prob-
lems because of their high toxicity and bio-recalcitrant nature
[80-86]. Phenol photocatalytic oxidation mechanisms have been
deeply studied and intermediates carefully identified and ana-
lyzed [87-90]. Parallel oxidation pathways take place like for
several other organics, yielding poly-hydroxylated derivatives, and
namely 1,4-dihydroxybenzene, 1,2-dihydroxybenzene and 1,2,4-
trihydroxybenzene (Fig. 20), along with CO,. The first species
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participates to a ketoenolic equilibrium giving rise to benzo-
quinone, whereas 1,3-dihydroxybenzene has never been detected,
accordingly to the general rule that one electron donor group
impedes the entrance of hydroxyl radical in meta position [91].

Formation of various open-ring intermediates has also been
proved (Fig. 21) and in particular fumaric acid (FuAc), maleic acid
(MaAc), oxalic acid (OxAc) and formic acid (FoAc). A detailed kinet-
ics has also been developed, based on Langmuir-Hinshelwood
model, considering most of the series-parallel reactions demon-
strated [90].

High phenol concentrations (>1 g/L) can yield peroxocompound
formation which is not affected by the hydroxyl radical insertion
process. This is due to the higher amount of chemisorbed phenol
molecules, which causes that fewer photons reach the surface and
lower amounts of hydroxyl are formed. Consequently, holes can
generate phenol-like species, which subsequently yield phenoxy
radicals. The process in this case may be driven by the interaction of
these species with *O, and the degradation cycle is then completed
on the catalyst surface [92].

Pyridine and pyridine derivatives are widely used for the pro-
duction of pesticides, medicinal drugs, industrial solvents, dyes
and rubber chemicals, thus they are often encountered in wastew-
ater and must be degraded because of their dangerous effects
on human health. Combined photolytic/photocatalytic degrada-
tion of 2-chloropyridine (2-CPY), 2-fluoropyridine (2-FPY) and
2-hydroxypyridine (2-HPY) has been recently studied [93].

Wavelengths higher than 290 nm have been used in order to
study the pure photocatalytic degradation (TiO, Degussa P25 was

used as catalyst), whereas irradiation at 254 nm was applied in
order to study the combined degradation. In the latter case, pho-
tolytic 2-CPY removal rate was found to be unaffected by pH,
whereas its photocatalytic degradation rate was found to depend
on pH, probably due to substrate adsorption, which typically
depends on pH. The addition of chloride ions (in large amounts)
resulted in a decreased rate of degradation, while the addition of
the same ion in stoichiometric amounts with respect to the reagent
caused negligible effect on this rate. On one contrary the influence
of fluoride ions was very impressive in improving degradation rate
that was about doubled.

In the pure photocatalytic degradation of 2-CPY, a hydroxylation
reaction occurs on the position 3 and the chloride position is left
intact, unlike in the direct photolysis (Fig. 22).

Photocatalytic degradation of 2-CFY gave rise to several species,
including someone deriving from coupling reactions, such as
2,2'-5-fluoro-bipyridine and 2,2’-5-fluoro-4-hydroxy-bipyridine,
and others deriving from ring opening, such as N-formyl-3
-carbamoylpropenal. 2-CPY conversely did not give rise to coupling
species.

Herbicide diphenamid (DPA) photodegradation has been stud-
ied both in homogeneous and heterogeneous conditions, under
UVC (254 nm) in the former case and UVA (350 nm, coupled to
TiO, films) in the latter case [94]. Direct photolysis with UVC
showed that DPA was totally degraded after 360 min at pH 3.5,
7.2 and 9.6, whereas the corresponding organic carbon was only
reduced by 11%, 8% and 9%, respectively. This behavior can be
ascribed to the poor selectivity of photocatalytic processes that are



V. Augugliaro et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13 (2012) 224-245 241

c ’CH'—CHJ
‘\ NH—CH—CHy 2 Q_ C—CHeOH
2

C—CH,C!

H—-CHa 9
N (IZI-CH:I

photo-Fnas

i

CH—CH; 14 C—CH;
HD_Q_N\

%—c H4ClI +OH

CH3
CH—CH3
OH
—CH,0H
16 ? ?

CHa
NH=—CH=—CHj

&
B .
Q
L]
Q
o; ;z—o—
3

C—CH,C!

=0

0

C—CHa
HO—Q_N\
?Hn ¢—C HLH

5 c':—CH3 ] S \ NH_CH_Cm P
phototFries H-—-CH
CHj 2 Friedel ]_2 C—CH2C1 ¥ photo-Fries
CHa Crafis :
C—CH:g |
7 NH-CH-CHy = v
+© o]
C-CH; hio, I
¥ 0 ]_l KO NH—C—CHy
Q, ) IC CHjz
1 ’ { > N G—CHOH
9 fl:-'CHg
8 NH—C—CH3 \ 0
phnm-l-rlcﬁi
C—CHs .k-‘c‘:H ¥ e
o a Q
HO NH—C—CHj
C—CH; w
+
i - HO NH; --3» --3 --3 COz + H;O * NHy
OH E -OH
13 (I'IJ—CH:i

Fig. 25. Proposed pathways of photocatalytic degradation of propachlor [96].

able to carry out mineralization of several species differently from
photolysis.

LC-MS and 'H NMR analyses were used to detect the pro-
duced intermediates: authors identified three principal groups of
intermediate products in both homogeneous and heterogeneous
degradation processes: (i) products from the reactions relevant
to only the N-methyl oxidation or replacement; (ii) products
from the reactions of the hydroxylation of the aromatic ring; and
(iii) products from the N-demethylation, oxidation and ring
opening. In particular the reaction mechanism proposed for pho-
tocatalytic degradation is represented in Fig. 23: in the first step
the hydroxyl radical enters aromatic ring and it is worth noting
that isomer 5 showed the highest concentration level, followed
by isomers 6 and 7. These results indicate that the monohy-
droxylation of aromatic ring with corresponding H abstraction
by hydroxyl radical attack took place regioselectively on the aro-
matic ring. Further attack of OH radical to the aromatic ring also
occurred but as a minor route. Conversely breakage of aromatic
ring was favored to yield for instance maleic acid (compound
21). The ring opening was possibly due to the formation of
a hydroxycyclohexadienyl radical in photocatalytic process (e.g.
radical B). Moreover, both oxidation of N-methyl groups and N-
demethylation on the urea moiety of DPA were also proposed
(mechanism not shown).

Organoarsenic compounds are often found into the environ-
ment because they are produced by agricultural applications.
Phenylated arsenic compounds such as 4-hydroxy-3-nitrophenyl-
arsenic acid (roxarsone), 4-aminophenylarsenic acid (p-arsanilic
acid) and phenylarsonic acid are commonly utilized in the broiler
poultry industry as feed additives to control cecal coccidiosis.
Phenylarsonic acid, in particular, has been photocatalytically

degraded and the mechanism of its oxidation has been deeply
investigated [95].

Photoreactions in the presence and absence of TiO, Degussa P25
were performed and it was found that monohydroxylated and dihy-
droxylated phenylarsonic acids are intermediate products present
at relatively low concentrations (<10%) during TiO, photocataly-
sis, whereas under homogeneous conditions computational and
product studies suggest that *OH radical preferentially adds to
the ortho- and para-positions of PA, yielding 2- and 4-hydroxyl
adducts as the major initial products. Conversely phenol, catechol
and hydroquinone are major degradation products in heteroge-
neous conditions. As showed in Fig. 24, the strong adsorption of
phenylarsonicacid and hydroxylated phenylarsonic acid to the TiO,
surface, where hydroxyl radicals are localized, probably enhanced
the dihydroxylation. The absence of meta- isomer was attributed
to the electronic directing effect of the arsenate group in the parent
compound.

Propachlor (2-chloro-N-isopropylacetanilide) is one of the most
used herbicide in European countries and its degradation under
irradiation was studied in the presence of TiO, Degussa P25, par-
ticularly focusing on reaction mechanism [96]. GC-MS analysis has
supported the pathway represented in Fig. 25. The reactions may
involve either addition of hydroxyl radicals or direct hole transfer
to the organic substrate by three possible routes.

Dechlorination - route (a) of Fig. 25 — can occur through posi-
tive holes or solvated electrons, to form the hydroxyl or aliphatic
derivatives. The hypothesized route (b) consists of scission of the
amide bond or the N—C bond via nitrogen ionization by posi-
tive holes leading to the formation of compounds 1, 2, 3 and
13. In the route (c), finally, hydrogen abstraction takes place,
followed either by the addition of oxygen to the alkyl radical



242

V. Augugliaro et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13 (2012) 224-245

112
m/z=341 un/©
e
1
a
CH OH:
OH
o = o o} O
| —on
m/2=357 N e N = KN/C,
5
t ' 240r5 2 8,
f
m/z=373

lou

o = o <] OH o 0 =
7 a A a >-OH o o m_‘k” cl
| :—0“ | /<°" = @ | }ou "
{ J J
| |

7,8,9,100r 11
m/z=172
o 0
m/z=156 ™ OH R OH
| L
N/ cl NT a
16 13,14 0r 15
.co,
Photo-kolbe
m/z=112 O
N o
17

6orl12

<N .

S

-COo,
1 Photo-kolbe

o

A
m/z=224 o

18

Fig. 26. Proposed pathways of photocatalytic degradation of boscalid [97].

and decomposition of the peroxyl radical formed or by hydrox-
ylation of the ring. Products 9 and 16 were favored because
hydroxyl radicals preferentially attack the aromatic moiety due
to its electrophilic character. Species 5 and 11 were probably
formed from the produced organic cation through the attack by

the positive holes to the position 2 of the aromatic ring fol-
lowed by the Friedel-Crafts reaction. Lastly, the compounds 7,
12, and 14 derived probably by the breakage of the amide bond
and the attack of the chloroacetyl group in the positions ortho,
meta or para. Alkylation was found to occur preferentially in ortho



V. Augugliaro et al. / Journal of Photochemistry and Photobiology C: Photochemistry Reviews 13 (2012) 224-245 243

O
SMX 0 N)\)_ CH,
.OH A H2N©,
B
\3'J'H+ -OH
0.0 NQ

N fp-CHy N-O

~
H:N  ~oH HN HoN
Int 1: m/z 270 RLaEwEn
+
e/H* |- OH
\\//

N-O
J5-on
oN

Int 3: m/z 99 l
+
O‘\sff l
| ; OH
H,N
2 OH — —~— l /
\ y

S04 NOy. NH*. CO,

Int 2: mv/z 288 : \:S/,
nt .C-IZ \H CH:.;

- OH

e.m»fl. OH HoN

NH,OH

Fig. 27. Proposed pathways of photocatalytic degradation of sulfamethoxazole [98].

position, accordingly to the ortho/para orienting effect given by
amino group.

Among fungicides applied to preserve grapes from disease,
boscalid [2-chloro-N(4’-chloro-biphenyl-2-yl)-nicotinamide] is a
completely new active ingredient belonging to the anilid group
of fungicides; this compound follows a completely novel mode of
action for the prevention and treatment of the grey mold (Botry-
tis cinerea) in fruit plants and vines. Its treatment in waters is
important because this species is a persistent pollutant [97]. Pho-
tocatalytic transformation of boscalid has been studied in the
presence of TiO, and UV light, with a particular care to reaction
mechanisms. HPLC-MS/MS analysis has proven the presence of
various intermediates suggesting the pathway reported in Fig. 26.

Boscalid was first attacked by OH radicals both in aromatic
ring and in pyridine one, yielding four mono-hydroxylated prod-
ucts (2-5). Product 2 was the major hydroxylation intermediate
whereas products 3-5 are much less important and are formed at
very low concentrations, indicating a regioselective attack for the
hydroxylradicals due to the highest electron density of the benzene
carbon sites. Moreover hydroxyl radicals attack took place mainly
on the carbonin ortho position with respect to chloride atom proba-
bly due toits higher nucleophility. Further hydroxylation of the first
intermediates (2-5) lead to seven dihydroxylated products (6-12).
Product 11 was the most abundant among those, indicating that
the OH radicals attack occurs mainly in benzene rings and hydrox-
ylation of pyridine moiety represents only a minor pathway. The
ultimate intermediates were formed from the scission of the amide
bond (N—C bond) leading to the formation of compounds 13-18.
As showed in Fig. 26, products 13-15 resulted from the breakage
of the amine bond in molecules with the pyridine moiety hydrox-
ylated (3, 6 and 12) and the product 16 from the dihydroxylated
products only in benzene rings (7-11). The product 16 is the most
abundant. Moreover, the products dihydroxylated with the two

hydroxyl groups in neighbor carbon sites could be transformed in
product 18 by the opening of the aromatic ring observed through-
out the photocatalysis process and a final step of decarboxylation
via photo-Kolbe reaction. Finally mineralization is the last step of
the oxidation process as often in photocatalytic degradations.

The presence of pharmaceutically active compounds in aquatic
environments [98,99] is raising public health concerns and, as a
result, there is a growing interest in the development of innovative
technologies to efficiently transform these compounds to non-toxic
and pharmaceutically inactive byproducts. Among pharmaceutics
the photocatalytic degradation mechanism of sulfamethoxazole
(SMX) has been deeply studied in aqueous suspensions of nanos-
tructured TiO, [98]. SMX was mineralized by TiO, irradiated with
ultraviolet-A light. Surprisingly reaction rates were not sensitive to
changes in sulfonamide structure; indeed substituting SMX with
analogues species such as sulfisoxazole or sulfathiazole did not
yield significant changes in rates. Fig. 27 shows the hypothesized
mechanism initiated by OH attack on either the aromatic or hetero-
cyclic rings or the sulfonamide bond. Three pathways (A, B, and C)
were proposed based upon identification carried out by LC/MS/MS.
In pathway A the addition of a hydroxyl radical to the aromatic ring
formed a hydroxycyclo-hexadienyl radical (not shown in Fig. 27),
from which a second hydroxyl radical can abstract another hydro-
gen to form the non-radical hydroxy-substituted intermediate 1.
Hydroxyl radical attack on the sulfonamide bond resulted in the
cleavage of the S—N bond. Further abstraction of a hydrogen by
the cleaved nitrogen resulted in the formation of intermediate 3
(pathways A and B), sulfanilic acid (pathways B and C) and hydrox-
ysulfanilic acid (pathway A). Pathway C was initiated by formation
of the dihydroxy-substituted intermediate 2. This can be degraded
by hydroxyl radical attack on the S—N bond (pathway C-1) or alter-
natively rearranged to a carbonyl prior to hydroxyl radical attack
on the S—N bond via a hemi-ketal equilibrium step that cleaves the
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heterocyclic ring at the O—C bond and forms an oxime at the N—O
position (pathway C-2). Addition of water causes the formation of
a second carbonyl. The dihydroxy isoxazole intermediate depicted
in pathway C-1 could also be subject to hemi-ketal rearrangement.

4. Conclusions

This review provides the reader with a general overview on het-
erogeneous photocatalytic oxidation mechanisms, with a special
address to conversion of aliphatic and aromatic organic species.
Analysis of reactions carried out in order to perform complete
degradation finalized to mineralization and photocatalytic partial
oxidation has been deeply discussed.

It can be said that the oxidation of a substrate proceeds by
involving not only the photogenerated holes but also the OH rad-
icals. In particular, the oxygenation of alkanes evolves via alkyl
radical reactions that lead mainly to the corresponding alcohols
which can be further oxidized to the corresponding aldehydes and
acids or ketones. Autooxidation reactions, of course, depending on
the initial substrate, cannot be excluded; these typically occur in
open air or in presence of oxygen and/or UV radiation and give rise
to formation of peroxides and hydroperoxides. It was also found
that oxidation attack on aliphatic organic acids is possible on dif-
ferent points of the molecule, and several reaction routes produce
the main intermediates.

Moreover, for reactions carried out in gas phase, the role of
adsorbed water was emphasized. Indeed, mechanisms mediated by
OH radicals formed by holes attacking adsorbed water can strongly
influence the degradation rate.

As far as the aromatic compounds are concerned, generally the
oxidation proceeds via hydroxyl groups insertion. For example, for
dichlorobenzene the primary attack of hydroxyl radical generates
itsinsertion in meta position followed by the substitution of chloro-
groups by hydroxyl groups before the complete mineralization.

The same mechanism was hypothesized by the photocatalytic
oxidation of phenolic compounds, in which poly-hydroxylated
derivatives are formed before the opening of the ring and subse-
quent mineralization.

In herbicide diphenamid photo-oxidation results indicated that
the monohydroxylation of aromatic ring with corresponding H
abstraction by hydroxyl radical attack took place regioselectively
on the aromatic ring. Further attack of OH radical to the aromatic
ring also occurred but as a minor route. Conversely breakage of
aromatic ring was favored to yield maleic acid. Finally mineral-
ization is the last step of the oxidation process as often occurs in
photocatalytic degradations.

By concluding, many works presented were carried out under
mild oxidation conditions, although it should be highlighted that
organic unsafe solvents were used in most investigations.
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