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Abstract

The TiO;-photocatalyzed degradation of phenolic and non-phenolic benzyl alcohols, which can be considered simple lignin model
compounds has been studied in aqueous solution under a variety of conditions, with the aim of acquiring fundamental information on the
early stages of the degradation process. The role of the electron scavepgd€sS£Dg and NO on the degradation process as well as the
influence of pH have been investigated. A major role in the degradation process is pl&y@H land Q°~, while SQ;*~ plays a minor
role. *OH plays a fundamental role in the conversion of non-phenolic substrates into phenolic ones, ahilexérts its role mainly
by reacting with phenoxyl radicals to give aromatic ring-opening products. Addition8fBg as electron scavenger allows substantial
substrate degradation also in the absencepi@ile NoO which is an excellent scavenger for the hydrated electron seems to be a very poor
electron scavenger under the heterogeneous conditions employed. A general mechanistic scheme which proceeds through the formation o
aromatic radical cations via one-electron oxidation of the neutral substrates p{hT)Oaccounting for all the experimental observations
has been proposed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction However, these reagents are toxic and since attention to
cheap and environmentally friendly processes is growing,
Lignin, a tridimensional amorphous phenolic polymer chlorine-free reagents such as oxygen, UV-illuminated hy-
built from phenylpropane units linked together by different drogen peroxide or a combination of ozone and peroxides
bonds, is amongst the most abundant biopolymers on earthhave also been us¢8,4].
constituting approximately 30% of the dry weight of soft- An alternative approach to the degradation of residual
woods and 20% of hardwoodi]. The chemical separation  lignin in pulps and pulp treatment effluents is based on het-
of lignin from cellulose is one of the key-processes of erogeneous photocatalysis, which seems to be more appeal-
the pulp and paper industry, the aim being selective lignin ing than the conventional chemical oxidation methods be-
degradation without damaging the carbohydrate compo- cause several semiconductors are inexpensive, non-toxic and
nents[2]. However, an ideal pulping process does not exist capable of extended use without substantial loss of photo-
and all the current pulping methods represent a compromisecatalytic activity[5]. Semiconductors are characterized by a
between lignin removal and carbohydrate integrity (pulp series of closely spaced energy levels associated with cova-
yield versus pulp quality). Pulps as well as the effluents lent bonding between atoms (the valence band) and a sec-
from the pulp processes require bleaching for many endond series of spatially diffuse, energetically similar levels
uses: in fact the dark colour of pulps and waste waters is lying at higher energy and associated with conduction (the
due to the presence of residual lignin and of its degradation conduction band). The magnitude of the fixed energy gap
products. Strong oxidants are required for the decomposi- between the electronically populated valence band and the
tion of these organic molecules: chlorine and compounds of vacant conduction band governs the extent of thermal pop-
chlorine have been the most widely used bleaching agents.ulation of the conduction band and also defines the wave-
length sensitivity of the semiconductor to irradiation. Pho-
"+ Corresponding author. Tek:39-06-72594384; toexcitation with light of energy greater than the band gap
fax: +39-06-72594328. promotes an electron from the valence band to the conduc-
E-mail addressubietti@uniroma2.it (M. Bietti). tion band, creating an electronic vacancy or “hole*)at
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the valence band edge, a process which can be simply rep-The TiOy-photocatalyzed oxidation of substratkés4 has
resented as described ky. (1) for TiO2, the most widely been studied under a variety of experimental conditions,
used semiconductor. with the aim of acquiring fundamental information on the
early stages of the degradation process, the goal of this
study being the development of a set of experimental con-
ditions which allow the modulation of the lignin model
compound degradation: from extreme conditions to milder
ones, which, at least in principle, may be exploited for the
selective degradation of lignin model compounds in the
%resence of carbohydrate molecules.

Tio, 2 Tio, (e, h) (1)

In order for photocatalysis to be productive, electron—hole
pair recombination (the reverse &fy. (1) must be sup-
pressed. This can be accomplished by trapping either the
photogenerated electron or the photogenerated hole. Sinc
the position of the valence band of Tids very high
(3.1V/SCE) [6], the photogenerated hole can oxidize a
wide variety of organic substrates (S) to the corresponding o Experimental
radical cationsEq. (2).

TiO2(ht) +S— TiO, + S°F 2) Water was obtained from a Millipore Milli-Q system.
TiO» was Degussa P-25, which consists of 75% anatase

The photogenerated electron is instead trapped by suitableand 25% rutile. Commercial samples of the highest purity
acceptors (electron scavengers)&( (3), the most widely available of 3,4-dimethoxybenzyl alcohd)( 3-hydroxy-
used being Q, which forms the SUperOXide radical anion 4-meth0xybenzy| a|C0h0|3§, 4-hydroxy-3-methoxybenzy|
Ox*~ [6]. alcohol @), 3,4-dimethoxyacetophenons) 3,4-dimetho-
Tioz(e*) +A N Tioz_i_Aof (3) Xybenzaldehydel@), HC|O4, KzSzOg, N@B40710 HZO

and Ba(OH) were used as received.

Semiconductor photocatalysis has been widely employed 1-(3,4-dimethoxyphenyl)ethanoll was prepared by
for the degradation of organic compounds. Extensive work reduction of the corresponding ketone with NaBlh
has shown that many organic pollutants or waste products2-propanol, purified by column chromatography (silica gel,
can be completely decomposed (mineralized) on irradiated eluent hexane/ethyl acetate 3:1) and identified by GC/MS.
semiconductor suspensiofig]. In this context, semicon- GC/MS m/z (relative abundance): M 182, 167, 164, 149,
ductor photocatalysis has also been successfully applied forl39 (100), 124, 108, 103, 91, 77, 65, 51.
the removal of residual lignin in pulp treatment effluents  GC analyses were performed on a Varian 3800 gas chro-
[8-17]. However, detailed mechanistic information on these matograph (CP-Sil 5 CB capillary column, 3040.25 mm).
processes is very limited. Since the complexity of the lignin GC-MS analyses were performed on a Shimadzu GC-17A
polymer only seldom allows detailed mechanistic studies of gas chromatograph (Supelco MDN-5S capillary column
these processes, the knowledge of lignin structural motifs 30 m x 0.25 mm) coupled with a QP-5000 mass spectrom-
makes possible the study of its reactivity by using suit- eter.
able lignin model compounds, relatively simple molecules  Steady-state photolysis was carried out employing a Pho-
containing isolated functional groups and/or typical lignin tochemical Multirays Reactor (Helios Italquartz) equipped
bonding patterng4]. Since amongst the bonding patterns with 10 x 15W lamps with emission maximum at =
present in lignin particularly abundant are the benzyl alco- 365 nm. The reactor was a cylindrical glass flask equipped
hol structures, constituting about 30% of the phenylpropane with a water cooling jacket thermostatted at°25 which
units [1], in this study the attention has been focused ensured cut off of the UV radiation at< 320 nm. In a typ-
on phenolic and non-phenolic benzyl alcohols such asical experiment, the heterogeneous mixture containing the
1-(3,4-dimethoxyphenyl)ethanoll), 3,4-dimethoxybenzyl  substrate (0.03 mmol), TiEX(13 mg) in BHO (5ml, pH 3, 7
alcohol @), 3-hydroxy-4-methoxybenzyl alcohoB) and or 10 employing 0.001 M HCI@ 0.001 M phosphate buffer
4-hydroxy-3-methoxybenzyl alcohold) (Plate 3, which or 0.01 M borate buffer, respectively) was stirred for 30 min
can be considered very simple lignin model compounds. in the dark before irradiation to achieve complete adsorp-

H—C—OH CH,OH CH,OH CH,OH
OCH; OCH; OH OCH;
OCH; OCH; OCHs OH
1 2 3 4

Plate 1.
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tion of the substrate on the catalyst’s surface. Irradiation was
then performed at = 365 nm (10x 15W lamps) under &

H OH

N2 or N2O bubbling. Irradiation times were varied between *OH

15 and 90 min. After paper filtration of Ti) the reaction -
mixture was acidified, poured into water and extracted with R R
ether (3x 10ml portions). Reaction products were iden-

tified by GC and by GC-MS (comparison with authentic Scheme 1.

specimens). The unreacted substrate and the reaction prod-

ucts were quantitatively determined by GC analysis in the °*OH is a strong oxidizing specie€ (= 2.32 V/INHE at
presence of an internal standard (1,2,4-trimethoxybenzenepH 7), but in spite of its high oxidizing power, it reacts
or 3,4-methylenedioxybenzyl alcohol). Blank experiments preferentially by addition to electron-rich aromatic moieties
were carried out under every condition showing negligible [27]. *OH addition leads to the formation of hydroxycyclo-

substrate consumption.
Evidence for CQ formation was obtained by bubbling the

hexadienyl radicals3cheme }, which may then undergo a
variety of reactions, the most important being hydroxylation

gas stream passing through the solution under irradiation intoand, with ring-methoxylated substrates, demethoxylation.

a saturated Ba(OHRqueous solution, through the formation
of a white Ba(CQ), suspension.

3. Resaults

As mentioned above, electron—hole pair recombination
must be avoided in order for photocatalysis to be productive.
An efficient trapping of the electroiie€. (3) makes possible
the reaction of Ti@ (h*) with the substrateHq. (2). Ac-
cordingly, experiments carried out fbrand2 at pH 7 under

N>, in the absence of an electron scavenger, showed that after

90 min negligible substrate consumption had occurred, indi-

not compete significantly with electron—hole pair recombi-

nation. An observation that also suggests that hydroxyl rad-

ical formation by electron—hole oxidation of water is likely
to play a minor role in substrate degradatj8ri8]. Oxygen
(O2), potassium peroxydisulfate (&,0g) or nitrous oxide

(N20O) have thus been used as electron scavengers, all o

them leading, after reaction with the electron, to reactive
species which may be involved in the degradation process.
Reaction of the electron with oxygen leads to the forma-
tion of the superoxide radical anionb,© (Eq. (4), an ox-
idizing agent{19,20], which is known to promote aromatic
ring-opening of phenols via addition to intermediate phe-
noxyl radicals[4,21].
O +e — O~ 4)

Reaction of the electron with #5,0g leads to the forma-
tion of SOy*~ (Eq. (5), a very strong one-electron oxidant
which is known to react with aromatic compounds to give
the corresponding radical catiorisd. (6) [22—25]

$08% + € — SO* +SOp*
SOs*~ + ArH — ArH*T + SO2~

(%)
(6)

Reaction of the electron with )D leads to the formation of
N2 and of an hydroxyl radical*OH) (Eq. (7)) [26].

NoO+H,O+ e~ — Ny +°*OH+ "OH 7

It is thus possible, at least in the early stages of the photo-
catalyzed degradatiérto modulate the reaction conditions
in order to selectively generate one or more of these reac-
tive species (@, SO;*~, *OH), and thus try to establish
their relative role in the degradation process.

3.1. Photocatalyzed degradation of non-phenolic
substrates

3.1.1. 1-(3,4-Dimethoxyphenyl)ethand) @nd
3,4-dimethoxybenzyl alcohd)(

The TiO-photocatalyzed oxidation of substrateand2
was initially studied in the presence ohb@t pH 3 and 7.

SUnder these conditions, the oxidationbfed to the forma-

tion of 3,4-dimethoxyacetophenong) (@s the major prod-
uct accompanied by smaller amounts of phenolic benzyl
alcohols (1-(3-hydroxy-4-methoxyphenyl)ethand) (and
1-(4-hydroxy-3-methoxyphenyl)ethanol7)] and ketones

1(:-E—hydroxy—4—methoxyacetophenonéi) (and 4-hydroxy-

3-methoxyacetophenon®)j. The results are summarized
in Table 1

Similar results were obtained whea was irradiated
under analogous experimental conditions: 3,4-dimethoxy-
benzaldheyde 10) was formed as the major prod-
uct together with smaller amounts of the phenolic al-
cohols (3-hydroxy-4-methoxybenzyl alcohol3)( and
4-hydroxy-3-methoxybenzyl alcohol4)) and aldheydes
(3-hydroxy-4-methoxybenzaldheyd#lj and 4-hydroxy-3-
methoxybenzaldheydd 2)).

Interestingly, the results dfable 1show that significant
material loss was observed in all experiments, the mass bal-
ance being around 10% after 90 min of irradiation at pH 7.

Experiments carried out bubbling the stream of oxygen
passing through the solution under irradiation into a satu-
rated Ba(OH) aqueous solution showed the formation of
Ba(Cy)2 (indicative of CQ formation) after approximately

1 sufficiently long irradiation times may increase the importance of
additional pathways for the generation of reactive oxygen species leading
to a more complex mechanistic picture. See[f].
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Table 1
TiO,-photocatalyzed oxidation df in the presence of at T = 25°C?
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Irradiation pH  Recovered substrate Mass Reaction products
time (min) (rmol) balance (%)
fIJHs (|3H3 CHs3 <|3H3 <|:H3
C=0 CH—OH CH—OH C=0 C=0
OCH3 OH OCH3 OH OCH3
OCHjs OCHj3 OH OCHjs OH
(5) (wmol) (6) (pmol) (7) (wmol) (8) (pmol) (9) (pmol)
30 7 7.3 (24%) 33 18 - 0.4 - 0.3
90 7 1.2 (4%) 11 1.6 0.1 0.2 0.1 0.2
90 3 4.5 (15%) 23 17 - 0.4 - 0.4
90°¢ 7 1.3 (4%) 7 0.5 0.1 0.1 0.1 0.1

a[Substrate] = 0.006M, [TiOz] = 2.6g1~L, Ajy = 365nm.
b Error <10%.
¢1n the presence of 0.006 M K>S,0g.

30min of irradiation. No attempt was, however, made to
guantitatively determine COs,.

O, wasthen replaced by N>, and the TiO»-photocatal yzed
oxidation of substrates 1 and 2 was studied at pH 3, 7 and 10.
In al these experiments 0.006 M K,S,0g was added since,
as mentioned above, no reaction takes place in the absence
of asuitable electron scavenger. Under these conditions, the
photocatalyzed oxidation of 1 led to the formation of the
same products observed under an O, atmosphere (5-9, see
Table 1) but significantly lower substrate consumptions and
higher mass bal ances were observed (Table 2). Interestingly,
adlight decreasein mass balance was observed asthe pH was
increased, changing, for example, after 30 min of irradiation,
from 81% (pH 3) to 71% (pH 10).

Similar results were obtained when 2 wasirradiated under
analogous experimental conditions (see above).

Also under these conditions some experiments were car-
ried out bubbling the stream of nitrogen passing through the

Table 2

solution under irradiation into a saturated Ba(OH), aqueous
solution. Formation of Ba(CO3); (indicative of CO, forma-
tion) was observed after approximately 90min of irradia-
tion. Again, no attempt was made to quantitatively deter-
mine COo.

Under these conditions, the effect of the concentration of
electron scavenger (K2S;0g) was also studied. The results
of the TiO2-photocatalyzed oxidation of 1 under N at pH
3and 7, in the presence of different KoS;Og concentrations
(between 0.006 and 0.06 M) are collected in Table 3. Inter-
estingly, a decrease in mass balance is observed, both at pH
3 and 7, by increasing K2S,Og concentration.

In order to investigate the possible role played by
‘OH in the degradation process, some experiments
were carried out in the presence of N2O (see Eq. (7)).
The TiO»-photocatalyzed oxidation of 1 was thus stud-
ied aa pH 3 and 7, in the absence or presence of
added K»$S,0g (0.006 M). The results are collected in

TiO,-photocatalyzed oxidation of 1 in the presence of N, and K,S,0g, at different pH values?

pH  Irradiation Recovered substrate Mass Reaction productsb
time (min) (pmol) balance (%)
CH3 (|:H3 (I:Hg
CH OH CH OH C=0 C=0
i ~OCH; i XO) @ocwj i ~0 OCHjz
OCH3 OCH3 OCH;z OH
(5) (rmol) (6) (mol) (7) (Mmol) (8) (mol) (9) (mol)
10 30 19.3 (64%) 71 0.9 04 04 0.1 -
10 20 15.2 (51%) 63 15 1.0 09 0.3 -
7 30 21.3 (71%) 77 0.7 0.5 05 Traces Traces
7 90 16.3 (54%) 69 15 12 12 0.2 0.2
3 30 20.2 (67%) 81 19 10 0.9 0.2 0.2
3 20 14.0 (47%) 74 24 17 1.9 0.4 0.4

a[Substrate] = 0.006M, [TiO,] = 2.6g1-L, [K2S,08] = 0.006M, Ai;y = 365nm, T = 25°C.

b Error <10%.
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Table 3
Effect of K»S,0g concentration on the TiO,-photocatalyzed oxidation of 1 in the presence of Ny, a pH 3 and 72
pH  [K2$0g]  Recovered Mass Reaction products?
(M) substrate (mol) balance (%)
CH3 ¢Hs
CH OH CH OH C=0
i ~OCH; i "0 @OCHg i 0 OCHjz
OCH3 OCH3 OCH3 OH
(5) (rmol) (6) (rmol) (7) (umol) (8) (mmol) (9) (wmol)
7 0.006 16.3 (54%) 69 15 12 12 0.2 0.2
7 0.03 13.1 (44%) 61 23 12 12 0.3 0.3
7 0.06 11.7 (39%) 51 22 0.6 0.6 0.2 0.2
3 0.006 14.0 (47%) 74 24 17 19 0.4 0.4
3 0.06 11.5 (38%) 62 23 18 2.0 0.5 05

a[Substrate] = 0.006M, [TiOz] = 2.6g1~L, irradiation time = 90min, Aj; = 365nm, T = 25°C.

b Error <10%.

Table 4, and are directly compared with the results ob-
tained in the corresponding experiments carried out in
the presence of N, previously described in Tables 2
and 3.

3.1.2. 3,4-Dimethoxyacetophenor® énd
3,4-dimethoxybenzaldehydEy

Since under al conditions the oxidation of 1 and 2 led to
3,4-dimethoxyacetophenone (5) and 3,4-dimethoxybenzal-
dehyde (10), respectively, asmajor products (see Tables 1-4),
the oxidation of 5 and 10 was also studied. The results
of the TiO»-photocatalyzed oxidation of 5 and 10 under a
variety of conditions are collected in Table 5.

The photocatalyzed oxidation of 5 was studied only
in the presence of O, at pH 7. Under these conditions,
comparable amounts of 3-hydroxy-4-methoxyacetophenone

Table 4

(8) and 4-hydroxy-3-methoxyacetophenone (9) were ob-
served as exclusive products. Material loss was again
observed, the mass balance decreasing from 78 to 61%
by increasing irradiation time from 15 to 60min, even
though, as compared to the corresponding alcohol (1) the
mass balance is now significantly higher (compare with
Table 1).

The photocatalyzed oxidation of 10 was instead studied
in the presence of Oz or N2 a pH 3 and 7. All experiments
were carried out in the presence of 0.006 M K2S,0g. Un-
der al conditions 3-hydroxy-4-methoxybenzaldehyde (11)
and 4-hydroxy-3-methoxybenzaldehyde (12), in compara-
ble amounts, were observed as exclusive products. Signifi-
cant material loss was observed also in these experiments,
the mass balance decreasing by increasing pH and on going
from N2 to Oo.

TiOz-photocatalyzed oxidation of 1 at pH 3 and 7, in the presence of N, or N,O?

Gas pH Recovered Mass Reaction products?
substrate (wmol) balance (%)
(|:H3 (I:Hg
CH OH CH OH C=0 C=0
@OCHg @\ ©\OCH3 <j\ OCHs
OCHs OCHs OCHs OH
(5) (wmol) (6) (rmol) (7) (MmOl) (8) (wmol) (9) (wmo)
N2O 3 26.9 (90%) 95 11 0.3 0.3 Traces 0.1
NoO° 3 15.5 (52%) 70 29 1.0 0.9 0.3 04
N2¢ 3 14.0 (47%) 74 24 17 19 0.4 0.4
N2O 7 24.7 (82%) 94 22 06 05 Traces Traces
N,O° 7 20.7 (69%) 78 0.8 0.9 0.9 0.1 Traces
N2® 7 16.3 (54%) 69 15 12 12 02 02

a[Substrate] = 0.006M, [TiOz] = 2.6g1~%, irradiation time = 90min, iy = 365 nm, T = 25°C.

b Error <10%.
¢1n the presence of 0.006 M K>$,Og.
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Table 5

C.S.A. Antunes et al./Journal of Photochemistry and Photobiology A: Chemistry 163 (2004) 453-462

TiO,-photocatalyzed oxidation of 3,4-dimethoxyacetophenone (5) and 3,4-dimethoxybenzaldehyde (10) under a variety of conditions?

Substrate Gas [K2S$;0g] pH Irradiation  Recovered Mass Reaction products?
(M) time (min)  substrate (wmol)  balance (%)
(I:H3 CI:H3
C=0 C=0
CHO CHO
©\OH ©\C)CH3 OH @\OCHa
OCHs OH OCHjg OH
(8) (pmol)  (9) (wmol) (11) (pmol) ~ (12) (wmol)
5 0, - 7 15 21.6 (72%) 78 0.8 0.9 - -
5 O - 7 30 17.7 (59%) 66 10 11 - -
5 0, - 7 60 14.6 (49%) 61 18 18 - -
10 N2 0.006 3 90 23.2 (77%) 85 - - 1.0 1.9
10 N2  0.006 7 90 17.5 (58%) 61 - - 0.4 04
10 O2 0.006 3 90 8.2 (27%) 37 - - 0.9 1.9
10 O, 0.006 7 90 2.1 (7.0%) 10 - - 0.4 05

a[Substrate] = 0.006M, [TiO] = 2.6g1-1, Airr = 365nm, T = 25°C.
b Error <10%.

Table 6
TiOz-photocatalyzed oxidation of 3,4-dimethoxybenzyl acohol (2), 3-hydroxy-4-methoxybenzyl alcohol (3) and 4-hydroxy-3-methoxybenzyl acohol (4)
apH =32
Substrate Gas Irradiation  Recovered Mass Reaction products”
time (min)  substrate (umol)  balance (%
ime (min) (pumol) 0 CH,OH CH,OH
CHO
i ~OCH3 i ~0 i ~OCHs @\O @\ocm
OCHjs OCH3 OCHs H
(10) (umol) () (wmol) (4) (Mmol) (11) (umol) ~ (12) (wmol)
2 0O, 30 16.4 (54%) 70 42 0.2 - 0.2 0.1
3 O, 30 6.9 (23%) 27 - - - 12 -
4 0, 30 4.5 (15%) 21 - - - - 17
2 No¢ 90 15.9 (53%) 76 34 13 0.2 15 04
3 N2¢ 90 9.1 (31%) 41 - - - 33 -
4 N2¢ 90 7.4 (25%) 38 - - - - 39

a[Substrate] = 0.006M, [TiO,] = 2.6g1~L, Ay = 365nm, T = 25°C.
b Error <10%.
¢1n the presence of 0.006 M K,S,0s.

3.2. Photocatalyzed degradation of phenolic
substrates

3.2.1. 3-Hydroxy-4-methoxybenzyl alcoh8) and
4-hydroxy-3-methoxybenzyl alcohd) (

The reactivity of 3,4-dimethoxybenzyl acohol (2)
was also compared with that of the corresponding phe-
nolic alcohols 3-hydroxy-4-methoxybenzyl alcohol (3)
and 4-hydroxy-3-methoxybenzyl acohol (4). The re
sults of the TiO»-photocatalyzed oxidation of 2, 3 and
4 a pH 3 in the presence of O, or N2 are collected in
Table 6.

The results show that in the presence of both O, and Na,
degradation of the phenolic acohols 3 and 4 is significantly
more pronounced than that of the non-phenolic alcohol 2,

the mass balance being between 20 and 40% for 3 and 4 and
around 70% for 2.

4. Discussion

As clearly shown in Table 1, the photocatalyzed ox-
idation of 1 under an O, atmosphere both at pH 3 and
7 leads to the formation of 3,4-dimethoxyacetophenone
(5) as the magor product accompanied by 1-(3-hydroxy-
4-methoxyphenyl)ethanol  (6), 1-(4-hydroxy-3-methoxy-
phenyl)ethanol (7), 3-hydroxy-4-methoxyacetophenone (8)
and 4-hydroxy-3-methoxyacetophenone (9).

3,4-Dimethoxyacetophenone (5) very likely derives from
the deprotonation of an intermediate radical cation (1°%)
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CH OH CH OH

T102 (h
OCH3 OCH;
OCH;
1: R=CH;
2:R=H

COH

T
OCH, OCH,
CH; OCH;
5. R=CHjs
10:R=H

Scheme 2.

formed by oxidation of the substrate by TiO, (h™) to give
an a-hydroxybenzyl-type radical which is then oxidized in
the reaction medium to give ketone 5 (Scheme 2; R =
CHa3), in analogy with one-electron oxidations of arylalka
nols [28-33].

Similar results were obtained when 2 was irradiated un-
der the same conditions: 3,4-dimethoxybenzaldheyde (10)
was formed as the major product together with 3-hydroxy-
4-methoxybenzyl alcohol (3), 4-hydroxy-3-methoxybenzyl
alcohol (4), 3-hydroxy-4-methoxybenzaldheyde (11) and
4-hydroxy-3-methoxybenzaldheyde (12). Formation of
3,4-dimethoxybenzaldheyde (10) can be again rationalized
on the basis of the involvement of an intermediate radical
cation (Scheme 2; R = H), as described above for 1 [23].

Formation of the phenolic products can be instead ex-
plained in terms of *OH addition to the aromatic ring of
the substrates (1 or 2), or of the primary oxidation products
5 and 10 [27], leading to the corresponding phenolic ben-
zyl acohols (6 and 7 or 3 and 4, respectively), acetophe-
nones (8 and 9) and benzaldehydes (11 and 12). Accord-
ingly, in the TiO»-photocatalyzed oxidation of 5 and 10 de-
scribed in Table 5, the only products observed were ace-
tophenones 8 and 9 (from 5) and benzaldehydes 11 and 12
(from 10).

In the presence of Oy, significant material loss was ob-
served for the oxidation reactions of both 1 and 2, and clear
evidence for the formation of CO, (indicative of substrate
mineralization) after 30 min of irradiation was obtained. On
the basis of these observations and of the results of previ-
ous studies showing the formation of aromatic ring-opening
products (aliphatic esters and acids) as degradation interme-
diatesinthe TiO2-photocatalyzed degradation of dimethoxy-
benzenes in aqueous solution [34], compounds structurally
related to 1 and 2; the material loss observed after irradi-
ation can be reasonably attributed to the formation of aro-
matic ring-opening products and, increasing irradiation time,
COs.

Inthe TiO,-photocatal yzed degradation of dimethoxyben-
zenes, it has been proposed that an important role in the
formation of ring-opening products is played by O2*~ [35],
formed according to Eq. (4), and a similar explanation can
be reasonably extended also to the photocatalyzed oxida-
tions of 1 and 2.

The results of Table 1 aso provide information on the
effect of pH and of added K>S,0Og on the photocatalyzed
degradation of 1. Substrate consumption increases slightly
by increasing pH (from 85 to 96% on going from pH 3
to 7). Since the amount of 3,4-dimethoxyacetophenone (5),
formed by deprotonation of 1°* (Scheme 2), appears to be
pH independent (at least in the pH range between 3 and
7), the observed increase in substrate consumption can be
tentatively interpreted in terms of the pH dependence of the
reaction between 1°+ and O,°*~ [35], which is favored on
going from pH 3 to 7, based on the pK, value of 4.7 for the
equilibrium between HO»* and O,°*~ [19].

No significant difference wasinstead observed by addition
of K2S,0g, suggesting that under these conditions either O,
is a much better electron scavenger than K>$;0g or that
S04*~ doesnot play amajor rolein the degradation process.

On the basis of these results, it appears that in the pres-
ence of O, the TiO»-photocatalyzed degradation of 1 and 2
isan extremely efficient processin line with previous studies
where semiconductor photocatalysis was successfully ap-
plied for the mineralization of residual lignin in pulp treat-
ment effluents [8-17]. However, due to this high reactivity,
in pulp treatments selectivity is expected to be very low and
thus lignin degradation is likely to be accompanied by ex-
tensive carbohydrate degradation, limiting the application of
such system for the removal of lignin from pulp.

In order to find milder conditions for the degradation of
substrates 1 and 2, oxygen was replaced by nitrogen and
K2S,0g was added as electron scavenger. In the absence of
oxygen, direct formation of O,°~, according to Eq. (4), can-
not occur and substrate degradation is expected to be less
pronounced, even though, as mentioned above, indirect path-
waysfor theformation of O,*~ cannot be excluded [18]. Un-
der these conditions, the photocatalyzed oxidation of 1 and
2 led to the formation of the same products observed under
an oxygen atmosphere (5-9 from 1 and 3, 4, 10-12 from 2);
however, comparison between the results of Tables 1 and 2
shows that in the presence of Ny significantly higher mass
balances and lower substrate consumptions were observed.

For what concerns the influence of pH on the oxidation
products, their amount decreases by increasing pH, a result
which may reflect the greater ease of oxidation of phenols
as the pH increases [27].
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The increase in K2$;0g concentration (Table 3) influ-
ences both the amount of recovered substrate and, to a
smaller extent, of oxidation products, suggesting that un-
der these conditions the main role of K»S,0g is to act as
an electron scavenger (Eg. (5)), thus initiating the photocat-
alyzed oxidation process (Eg. (2)). SO4*~, formed accord-
ing to Eq. (5), plays an additional role through its action
as a one-electron oxidant (Eg. (6)); however, it is not easy
to establish the relative contribution of this pathway to the
degradation process.

The fact that the mass balance is aways significantly be-
low 100%, points again towards the presence of products
of aromatic ring-opening (see above) and CO», as clearly
shown by the observation of Ba(COz), formation after ap-
proximately 90 min of irradiation.

The experiments carried out for substrate 1 in the pres-
ence of N>O (Table 4) show that after 90 min of irradiation
almost no oxidation has occurred both at pH 3 and 7.
Addition of K>2$,0g significantly increases substrate con-
sumption, which is now comparable to that observed in
the presence of N2/K2S;0g. At a first sight, these results
suggest that *OH plays a minor role in the degradation
process, an observation which however is in contrast with
many studies indicating that in the TiO2-photocatalyzed

degradation of organic compounds *OH plays a major role
[3,18].

This apparent discrepancy can, however, be reconciled if
one considers that the observation of a very low reactivity
for the oxidation of 1 in the presence of N>O and of similar
reactivities with the systems N2O/K2S,0g and N2/K2S,0g
reflects the fact that NoO, which is an excellent scavenger
for the hydrated electron [26], becomes a very poor electron
scavenger under the heterogeneous conditions employed,
unable to compete significantly with electron—hole pair re-
combination. Accordingly, by addition of K2S;Og, substan-
tial substrate consumption is observed, quite independently
from the nature of the gas used (N2O or N»), in line with its
role as electron scavenger. Unfortunately, these experiments
did not add any new information on the role played by *OH
in the degradation process.

In order to compare the reactivity of non-phenolic sub-
strates with that of phenolic ones, the TiO»-photocatalyzed
oxidation of 3,4-dimethoxybenzyl acohol (2) was compared
with that of 3-hydroxy-4-methoxybenzyl alcohol (3) and
4-hydroxy-3-methoxybenzy! alcohol (4) (Table 6). Under all
conditions degradation of the phenolic alcohols 3 and 4 is
significantly more pronounced than that of the non-phenolic
acohol 2, the mass balance being between 20 and 40% for

i i

CH—OH CH—OH

hv R=H, CH;
TiO,
OCH, OCH,

OCH; OCH;
t ) | £
CH-OH CH—-OH CH—-OH C=0

demethoxylation ‘ Co-H deprotonation
-— @ —_—— >
OCHj OH OCH,s OCH;

OH OCH; OCH,3 OCHs

ring opening products

demethoxylation l

|
C=0 C=0

CO,

Scheme 3.
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3 and 4 and around 70% for 2. This result indicates that
degradation is strongly favored by the presence of phenolic
groups. In fact, it is well-known that one-electron oxidation
of phenolic substrates leads to the formation of phenoxyl
radicals [27], which are known to undergo ring-opening re-
actions in the presence of O2°~ [4,21].

On the basis of the results collected in Tables 1-6, it
is thus possible to propose a general mechanism for the
photocatalyzed degradation of 1 and 2, which is able to
account for all the experimental observations outlined above
(Scheme 3).

The substrate is oxidized by TiO,(h™) to give the cor-
responding radical cation. The radical cation can then
undergo two pathways. (@) C,—H deprotonation to give
a carbon-centered radical, which is then oxidized in the
reaction medium to give the corresponding carbonyl com-
pound (Scheme 2); (b) demethoxylation via *OH addition
to give the corresponding phenolic compound. In the same
way, oxidation of the non-methoxylated carbonyl com-
pounds leads to the formation of the corresponding phenolic
derivatives.

Oxidation of the phenolic compounds occurs more rapidly
than that of the non-phenolic ones, leading to the formation
of phenoxyl radicalswhich react with O»*~ to give products
of aromatic ring-opening, precursors of CO,. However, also
the direct reaction between the radical cation and O,°~ is
likely to play arole in substrate degradation. The smaller
extent of substrate degradation observed in the presence of
N> as compared to Oy, can be thus ascribed to the fact that
under these conditions a much lower concentration of Ox°*~
is present.

In conclusion, the TiO,-photocatalyzed degradation of
substrates 1-4 has been studied under a variety of condi-
tions and it has been shown that substrate degradation can
be strongly influenced by the experimental conditions em-
ployed. A genera mechanistic scheme accounting for all
the experimental observations has been proposed. A major
role in the degradation processis played by *OH and O°~,
while SO4°~ appearsto play aminor role. *OH plays afun-
damental role in the conversion of non-phenolic substrates
into phenolic ones, while O2°*~ exertsits role mainly by re-
acting with phenoxy! radicals to give aromatic ring-opening
products, and, to a smaller extent, by direct reaction with
the intermediate aromatic radical cations. Interestingly, ad-
dition of K2$;Og as electron scavenger alows substantial
substrate degradation also in the absence of O, while N2O
which is an excellent scavenger for the hydrated electron
seems to be a very poor electron scavenger under the het-
erogeneous conditions employed.
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