
S
4

M
C
a

b

a

A
R
R
A
A

K
T
S
M
O
P

1

a
[
r
c
t
s
o
s
r

F
T

g

1
d

Journal of Photochemistry and Photobiology A: Chemistry 229 (2012) 53– 59

Contents lists available at SciVerse ScienceDirect

Journal  of  Photochemistry  and  Photobiology  A:
Chemistry

journa l h o me  pa g e: www .e lsev ier .com/ locate / jphotochem

urfactant  effect  on  titanium  dioxide  photosensitized  oxidation  of
-dodecyloxybenzyl  alcohol

arta  Bettonia, Lucia  Brinchib, Tiziana  Del  Giaccob, Raimondo  Germanib,∗,  Sara  Meniconia,
esare  Rolb,  Giovanni  Vittorio  Sebastiania,∗∗

Dipartimento di Ingegneria Civile ed Ambientale, Università di Perugia, Via G. Duranti, 06125 Perugia, Italy
CEMIN, Centro di Eccellenza Materiali Innovativi Nanostrutturati, Dipartimento di Chimica, Università di Perugia, Via Elce di Sotto 8, 06123 Perugia, Italy

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 21 September 2011
eceived in revised form 5 December 2011
ccepted 10 December 2011
vailable online 21 December 2011

eywords:
itanium dioxide
urfactants
icelles
xidation
hotocatalysis

a  b  s  t  r  a  c  t

The  TiO2 photosensitized  oxidation  of 4-dodecyloxybenzyl  alcohol  (1),  water  insoluble,  was  investigated
in  aqueous  surfactant  solutions.  A  variety  of  surfactants  of  different  charge  type  was  used  and  in  some
cases the pH  effect  was  investigated.  The  considered  surfactants  are:  cationic  (cetyltrimethylammonium
with  various  counterions,  CTAX  with  X  =  Cl,  Br  and  OMs),  zwitterionic  (dimethyldodecylamine  oxide,
DDAO,  tetradecyltrimethylammonium  propane  sulfonate,  SB3-14,  and  tetradecyltripropylammonium
propane sulfonate,  SBPr3-14)  and  anionic  (sodium  dodecylsulfate,  SDS,  sodium  dodecylbenzenesul-
fonate,  SDBS).  The  reaction,  that  is practically  absent  in  water,  is  greatly  enhanced  by  several  surfactants
at concentrations  higher  than  cmc  and  the effect  is strongly  dependent  on  the  nature  of  the  surfactant.
A  rationale  for that  is  suggested,  with  micellar  aggregates  rather  than  monomeric  surfactants  playing  a
main role.  The  effects  of  surfactant  concentration  on  the  conversion  to the  corresponding  benzaldehyde
were  studied.  We  suggest  that  the  increase  of  the  surfactant  concentration  leads  to an  increase  of  the
number of  substrate  molecules,  solubilized  (through  co-micellization)  in micelles,  which  can  be  trans-

ported  close  to  the TiO2 particle  surface  where  they  react.  After  a certain  concentration  which  varies
with  the  nature  of  the  surfactant,  the  presence  of  the  competitive  partition  between  the  co-micellized
substrate  1 adsorbed  on  TiO2 (where  reaction  occurs)  and  the  co-micellized  substrate  in the bulk  tends
to limit  more  and  more  the beneficial  kinetic  effect  of  the  surfactant.  The  surfactant  that  gives in  water
the  best  performance  in  terms  of 4-dodecyloxybenzaldehyde  yield  (42%)  is  SB3-14  0.015  M. Moreover,  a
better yield  (55%)  is obtained  in the  presence  of surfactant  CTABr  0.05  M with  added  HCl  0.1 M.
. Introduction

The TiO2 photosensitized oxidation in water of organic materi-
ls, as pollutant models, has been extensively studied and reviewed
1]. In this context the role of surfactants in the process is an envi-
onmentally interesting topic and has been generally investigated
onsidering their degradability in the reaction medium [2–4] or
heir kinetic effect on the photodegradation of totally or partially
oluble compounds [5–7]. Concerning the last point, it has been

bserved that the effect (beneficial or not) is dependent both on the
ubstrate and on the surfactant structure. Few studies have been
eported on the effect of surfactant structure and concentration on
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the rate of this photochemical process considering insoluble (and
consequently non reactive in the absence of surfactants) substrates
[8].

In this paper we report on the TiO2 photosensitized oxidation
of a water insoluble organic substrate in aqueous surfactant solu-
tions, using a variety of surfactants, both commercially available
and not. We  introduced also some modifications in the structure of
the surfactant, in order to understand the possible role played by
the surfactant type on the photocatalytic activity of TiO2.

In particular, we used cationic, zwitterionic (sulfobetaines and
amine oxides) and anionic surfactants shown in Scheme 1, where
acronyms used are also indicated. In the cationic family the coun-
terion was  changed, in the sulfobetaine family the head group bulk
was increased and in the anionic family the nature of the nega-
tively charged group was  changed. In all systems the concentration
effects were investigated and in some cases the pH was changed. As

a model reaction we chose the photocatalytic oxidation of two  p-
alkoxybenzyl alcohols to the corresponding aldehydes and focused
our attention on the amount of aldehyde produced; the reac-
tion is shown in Scheme 2. This is an oxidative transformation of

dx.doi.org/10.1016/j.jphotochem.2011.12.003
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:germani@unipg.it
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CH3(CH2)14CH2N+(CH3)3 X-       CTABr  (X = Br) 

         CTACl (X = Cl) 

         CTAOMs (X = OSO2CH3)

CH3(CH2)10CH2N+(CH3)2O-    DDAO 

CH3(CH2)12CH2N+(R)2(CH2)3SO3
-    SB3-14 (R = Me) 

         SBPr3 -14  (R = n-Pr) 

CH3(CH2)10CH2OSO3
- Na+     SDS 

CH3(CH2)10CH2ArSO3
- Na+    SDBS 

Scheme 1. Surfactants used in this work with acronyms.
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Scheme 2. Photo-oxidation reaction.

unctional groups and this kind of reaction is fundamental in
rganic chemistry being often used in synthesis and also in manu-
acturing bulk chemicals [9–11]. In particular, as substrate we  have
onsidered 4-dodecyloxybenzyl alcohol (1), a completely water
nsoluble compound, initially comparing the obtained results with
hose observed with 4-methoxybenzyl alcohol (2). The last one
s a more hydrophilic substrate, soluble in water, whose photo-
atalytic reaction has been extensively studied in acetonitrile [12]
nd in water [13], and its mechanism, operative in both media, is
ell understood. It’s reasonable to assume the same mechanistic

ehavior for 1 that differs from 2 only for R chain length.

. Experimental

.1. General remarks

Melting points are uncorrected and registered on a Büchi 510
nstrument. 1H NMR  spectra were measured on a 200 MHz  FT
ruker instrument in CDCl3 and chemical shifts are relative to inter-
al TMS.

.2. Material

Preparation and purification of surfactants has been described
lsewhere [14,15]. CH3CN (Carlo Erba, HPLC grade) and TiO2 (P25,
egussa 99.5%, dried at 110 ◦C) were analytical grade commer-

ial products. Internal standard, dibenzyl, was from Aldrich (99%
ure) and used without further purification. Milli Q water (18 M�,
H 6.32) was used. 4-Methoxybenzylalcohol (2) was commercial
ample, from Sigma–Aldrich, used without further purification.
hotobiology A: Chemistry 229 (2012) 53– 59

4-Dodecyloxybenzylalcohol (1) was prepared from 4-
hydroxybenzaldehyde. It was  refluxed for 24 h in CH3CN with
dodecylbromide in the presence of K2CO3 and the resulting mix-
ture was poured into water and diluted with Et2O. The aqueous
phase was separated and extracted twice with Et2O;  the combined
organic extracts were washed twice with NaOH 10%, then with
water until neutral pH; they were dried over Na2SO4 and evap-
orated in vacuum to give a pale yellow oil as crude product. The
crude was  crystallized from methanol at −20 ◦C to give a white
crystalline solid, 4-dodecyloxybenzaldehyde, with m.p. < 30 ◦C
[1H NMR  (CDCl3, 200 MHz): ı 0.85–0.91 (t, CH3); 1.10–1.50 (m,
8CH2); 1.55–1.90 (m,  CH2); 3.92–3.98 (t, CH2); 6.95–7.15 (d, 2H);
7.75–7.95 (d, 2H); 10.00 (s, H)]. 4-Dodecyloxybenzaldehyde was
reduced to the corresponding alcohol using NaBH4 in a mixture
of THF/CH3OH (200 ml/3 ml). The mixture was initially heated to
50 ◦C and, after the reaction started, it was kept warm by the heat
produced by the reaction. After 2 h the mixture was cooled in an
ice-bath; after addition of H2SO4 10%, the mixture was  poured
into water and extracted three times with n-hexane. Combined
organic extracts were washed with water until neutral pH and
they were then dried over Na2SO4 and partially evaporated in
vacuum. Resulting solution was kept at −20 ◦C and the white solid
obtained was  dried in vacuum overnight to give a crystalline solid,
1, with m.p. = 68–70 ◦C [1H NMR  (CDCl3, 200 MHz): ı 0.85–0.91 (t,
CH3); 1.10–1.50 (m,  8CH2); 1.55–1.90 (m,  CH2); 3.92–3.98 (t, CH2);
4.61 (s, CH2); 6.86–6.90 (d, 2H); 7.20–7.30 (d, 2H)].

2.3. Conductivity

Conductivity was measured with a conductimeter (Analytical
Control, model 120) equipped with platinum cell (cell constant
1.13 cm−1). Solutions were prepared in deionized bidistilled water
at 25.0 ± 0.1 ◦C and kept under magnetic stirring during measure-
ments. The values of the critical micellar concentration (cmc) and
of the ionization degree (˛) have been obtained by analyzing the
experimental curves by Evans method [16].

2.4. Reaction of 1 in aqueous surfactant solutions

Reactions were carried out in 15 ml-cylindric flask equipped
with cooled jacket and under magnetic stirring. Previously pre-
pared surfactant solution (10 ml)  was added to the substrate
(0.05 mmol), the mixture was sonicated for ca. 5 min  and there-
after stirred for 1 h at room temperature. TiO2 P25 (17 mg)  was then
added and magnetically stirred for 1 h; the resulting heterogeneous
mixture was  then externally irradiated using a Helios Italquartz
500 W high pressure mercury lamp (through Pyrex filter) for 3 h.
At the end of reaction a known amount of dibenzyl (internal stan-
dard) in ethyl ether and NaCl were added to the mixture. Extraction
was carried out using Et2O and few drops of MeOH. Due to difficult
separation of aqueous and ethyl ether layers, centrifugation was
necessary (10 min  at 15,000 rpm) and ether was  separated using
Pasteur pipette. The aqueous layer was extracted 3 times. The com-
bined organic extracts were dried over Na2SO4 and analyzed by
GC.

2.5. Reaction in water

Reactions were carried out in 15 ml-cylindric flask equipped
with cooled jacket and under magnetic stirring; 10 ml  of water was
added to the substrate (0.05 mmol) and the mixture was  stirred
for 1 h at room temperature. The mixture is homogeneous with

substrate 2 and heterogeneous with substrate 1. TiO2 P25 (17 mg)
was then added and magnetically stirred for 1 h. The resulting
opalescent mixture was  then externally irradiated using a Helios
Italquartz 500 W high pressure mercury lamp (through Pyrex filter).
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t the end of reaction, a known amount of dibenzyl was added as
he internal standard in ethyl ether; in the case of substrate 1 NaCl
as added to the mixture. Further elaboration was  as described

bove.

.6. Reaction in CH3CN

Reactions were carried out in 15 ml-cylindric flask equipped
ith cooled jacket and under magnetic stirring; 10 ml  of ace-

onitrile were added to the substrate (0.05 mmol) and the
omogeneous mixture was stirred for 1 h at room temperature.
iO2 P25 (17 mg)  was then added and magnetically stirred for 1 h.
he resulting opalescent mixture was then externally irradiated
sing a Helios Italquartz 500 W high pressure mercury lamp. At
he end of reaction, a known amount of dibenzyl was added as the
nternal standard in ethyl ether and the mixture was  poured into

ater. Elaboration was as described above.

.7. Product analysis

Analysis of the reaction mixture was carried out quantitatively
y GC on an HP 5890 instrument (FID) with on column injec-
ion, equipped with a 30 m × 0.53 mm DB5-MS J&W column, 1 �m
lm thickness. Response factors were determined by using known
ixtures of the products and the internal standard dibenzyl. All

nalyses were made in duplicate and errors of <5% were obtained.

.8. Determination of substrate 1 solubility in surfactant solutions

Substrate 1 was added to 50 ml  of 0.05 M surfactant solution
nd the mixture was sonicated and stirred at 25.0 ◦C. Addition of
ubstrates was  continued until saturation. After centrifugation, a
nown aliquot (20 ml)  of the limpid solution was  withdrawn. After
ddition of dibenzyl as internal standard, further elaboration was  as
escribed for the reaction mixture work up (Section 2.4). Extracts
ere analyzed by GC.

. Results

For the sake of comparison, preliminary experiments were car-
ied out in water and in acetonitrile in the absence of surfactants;
n Table 1 are shown the results of the photocatalytic oxidation of
oth substrates 1 and 2 in various reaction media. In acetonitrile

he amount of aldehyde formed is smaller for substrate 1 than for
ubstrate 2 (compare Entry 1 with Entry 6) and for the last one the
ield is consistent with literature data [12a]. Substrate 2 is water
oluble and its reaction takes also place in water, but yields are

able 1
hotocatalytic oxidation of 4-dodecyloxybenzyl alcohol (1) and 4-methoxybenzyl
lcohol (2) in presence of TiO2 in different reaction media.a

Entry Substrate Reaction medium Reaction
time (h)

4-alkoxybenzaldehyde
(mol%)

1 1 CH3CN 1 30
2  1 CH3CN 2 47
3  1 CH3CN 3 60
4  1 H2O 3 1
5 1 H2O–HCl 0.1 M 3 –
6 2 CH3CN 1 75
7  2 H2O 1 6
8 2 H2O 2 10
9  2 H2O 3 14

10 2  H2O–HCl 0.1 M 1 31
11 2  H2O–HCl 0.1 M 2 46
12  2 H2O–HCl 0.1 M 3 82

a At room temperature; TiO2, 17 mg;  substrate, 0.05 mmol; yields by GC; the
aterial recovery (unreacted alcohol + formed aldehyde) is quantitative (≥90%).
Fig. 1. Values of conductivity of suspension A (see Table 2) at different CTABr con-
centration with (�) and without (�) TiO2 added.

(nearly ten times) lower than in acetonitrile (compare Entry 6 with
Entry 7). The pH plays a role in the product yield of reaction of this
substrate and in particular the yield increases significantly at pH 1
(compare, for example, Entry 7 with Entry 10). On the other hand,
the lack of solubility of substrate 1 in water can account for the
absence (or almost) of product when the reaction medium is water
(Entry 4). No improvement was registered for substrate 1 with a
change of pH (Entry 5).

Conductivity experiments were carried out in the presence of
surfactants and TiO2 to understand if micelles are formed in the
presence of the semiconductor in water and which is the influ-
ence of TiO2 on the inset of micellization. Typical plots are reported
in Fig. 1 for CTABr, with and without TiO2. Values of the cmc  are
reported in Table 2 for all surfactants, both in the presence and
the absence of TiO2; zwitterionic surfactants cannot be studied
with this method because of their neutral nature. Values of cmc
in the absence of TiO2 are consistent with literature data [17]. Data
reported in Table 2 show that values of cmc  are rather the same in
the presence and in the absence of TiO2. In the case of CTABr, cmc
was measured in the presence of two different amounts of TiO2 in
water and values substantially do not vary.

Reaction of substrate 1 occurs in the presence of aqueous
cationic surfactants CTACl, CTABr and CTAOMs, as shown in Table 3.
The nature of the counterion in the cationic surfactant seems to play
an important role: in fact the use of CTAOMs does not almost affect
reaction and the yields are similar to those determined in water

in the absence of any surfactant (compare Table 3 with Table 1).
The effect of CTACl and CTABr was monitored at various surfac-
tant concentrations and in both cases the behavior is similar, with

Table 2
Conductimetric values of cmc  of surfactants used in absence and in presence of
TiO2.a

Surfactant Water
103 × cmc, M

TiO2 aqueous system
103 × cmc, M

CTACl 1.30 1.27
CTABr 0.898 0.886

0.871b

CTAOMs 1.41 1.50
SDS 8.27 9.27
DBSS 1.50 1.50

a Suspension A = TiO2,70 mg,  in 40 ml of water; measured pH of water is 6.35 and
that of aqueous TiO2 dispersion is 4.35.

b Suspension B = 500 �l of the suspension A in 100 ml  of water.
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Table 3
Photocatalytic oxidation of 4-dodecyloxybenzyl alcohol (1) in presence of TiO2 in
aqueous solutions of different cationic surfactants.a

Reaction medium 4-dodecyloxybenzaldehyde,
(mol %)

CTACl 0.015 M 5
CTACl 0.035 M 11
CTACl 0.05 M 17
CTACl 0.065 M 18
CTACl 0.085 M 22
CTACl 0.1 M 18

CTAOMs 0.035 M 2
CTAOMs 0.05 M 1
CTAOMs 0.065 M 2

CTABr 0.015 M 4
CTABr 0.03 M 22
CTABr 0.05 M 31
CTABr 0.065 M 25
CTABr 0.085 M 23
CTABr 0.1 M 21

a At room temperature; reaction time = 3 h; TiO2, 17 mg;  substrate, 0.05 mmol;
y
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Table 5
Photocatalytic oxidation of 4-dodecyloxybenzyl alcohol (1) in presence of TiO2 in
aqueous solutions of different zwitterionic and anionic surfactants.a

Reaction medium 4-dodecyloxybenzaldehyde
(mol %)

DDAO, 0.0001 M 2
DDAO, 0.0056 M 5
DDAO, 0.015 M 7

SB3-14, 0.005 M 22
SB3-14, 0.015 M 42
SB3-14, 0.05 M 35
SB3-14, 0.1 M 25
SB3-14, 0.03 Mb 8

SBPr3-14, 0.0005 M 1
SBPr3-14, 0.005 M 25
SBPr3-14, 0.015 M 17
SBPr3-14, 0.05 M 6
SBPr3-14, 0.1 M 5

SDBS, 0.035 M 5
SDBS, 0.05 M 16
SDBS, 0.065 M 23
SDBS, 0.1 M 13

a At room temperature; reaction time = 3 h; TiO2, 17 mg;  substrate, 0.05 mmol;
yields by GC; the material recovery (unreacted alcohol + formed aldehyde) is quan-
ields by GC; the material recovery (unreacted alcohol + formed aldehyde) is quan-
itative (≥90%); measured pH of water is 6.35 and that of aqueous TiO2 dispersion
s  4.35.

n increase of the yield up to a maximum and then a decrease.
aximum values occur at surfactant concentrations of 0.085 M for

TACl and 0.05 M for CTABr, where the yields are respectively 22%
nd 31%.

In CTABr the effect of pH was investigated and results are shown
n Table 4. Using acidic conditions the product yield increases and
est results are obtained with HCl at formal pH 1 (54% yield), rather
han at pH 0 or 2. The nature of the acid itself, anyway, seems quite
mportant in surfactant solutions. In particular, the use of HBr leads
o a worse product yield (25% yield at pH 1) than in the absence of
cid (31%) and with respect to HCl (54%). The experiment carried
ut in CTABr + NaCl 0.1 M clearly shows that the association of the
nion to the micellar surface leads to a decreased product yield
17%), which is halved with respect to the reaction in the absence of
aCl. Therefore, the acid effect in micelles of CTABr is even better,

f the data in aqueous HCl are compared with those obtained in
he presence of NaCl. In CTABr with HCl 0.1 M different surfactant
oncentrations were monitored, as reported in Table 4. The yield

eached the highest value in the 0.03–0.05 M range (ca. 55%).

The effect of surfactants of different charge type upon reaction
ield was tested and results are reported in Table 5 where zwitteri-
nic and anionic surfactants were used. Zwitterionic amine-oxide

able 4
hotocatalytic oxidation of 4-dodecyloxybenzyl alcohol (1) in presence of TiO2 in
queous solutions of CTABr in various conditions.a

[CTABr], M Reaction medium 4-dodecyloxybenzaldehyde
(mol %)

0.05 H2O 31
0.05  HCl 0.01 M 42

0.007 HCl 0.1 M 18
0.011 HCl 0.1 M 28
0.015 HCl 0.1 M 44
0.03  HCl 0.1 M 55
0.05  HCl 0.1 M 54
0.065 HCl 0.1 M 50
0.1 HCl 0.1 M 44

0.05  HCl 1 M 30
0.05 HBr 0.1 M 25
0.05  NaCl 0.1 M 17

a At room temperature; reaction time = 3 h; TiO2, 17 mg;  substrate, 0.05 mmol;
ields by GC; the material recovery (unreacted alcohol + formed aldehyde) is quan-
itative (≥90%); measured pH of water is 6.35 and that of aqueous TiO2 dispersion
s  4.35.
titative (≥90%); measured pH of water is 6.35 and that of aqueous TiO2 dispersion
is  4.35.

b In presence of HCl, 0.1 M.

surfactant DDAO has almost no effect, whereas zwitterionic sul-
fobetaine surfactant SB3-14 affects positively the reaction. The
surfactant concentration effect has the same behavior observed for
cationic surfactants. In particular, for SB3-14, the maximum value
obtained is at [surfactant] = 0.015 M with yield of 42%. A modifica-
tion in the covalent structure of sulfobetaine surfactant head-group
was introduced and SBPr3-14 was tested: the yield in aldehyde
decreases with respect to the use of SB3-14 and the maximum value
is 25%, at [surfactant] = 0.005 M.  The reaction was  also carried out
in the presence of the anionic surfactant SDBS: also in this case
the yield in aldehyde varies with surfactant concentration, with
maximum yield of ca. 23% reached at [surfactant] = 0.065 M.

Some experiments have been also performed in the presence
of SDS but, at low concentration (∼=10−3M),  the aldehyde yield is
negligible and, as reported [8b], at concentrations higher than cmc
this surfactant is degraded by UV light.

4. Discussion

Both substrates 1 and 2 react in CH3CN giving the correspond-
ing aldehyde according to a previously reported mechanism [12].
In particular, as reported in Scheme 3, the substrate is preadsorbed
through a hydrogen bond interaction between the lone pairs of
alcoholic oxygen and the hydrogen of the OH groups on the semi-
conductor surface; then it is oxidized by the photogenerated hole
(h+) giving a cation radical that, subsequently, deprotonates; the
formed benzylic radical gives the corresponding aldehyde through
a further oxidation step. The minor reactivity of 1 with respect to
2 (see Table 1) can be ascribed to a less effective adsorption of the
alcohol 1 on the TiO2 surface, probably because of the longer hydro-
carbon chain that hinders the above hydrogen bond interaction.

As for the reaction in water, only alcohol 2 significantly reacts,
through the same mechanism operative in CH3CN [13], even if the
aldehyde conversion in the aqueous medium is lower, probably due
to the competitive photo-oxidation of water.
As concern the significant increase observed for 2 in water at pH
1, this behavior could be attributed to: (i) the increase of the oxida-
tion potential of the hole in the valence band [18]; (ii) an higher
adsorption extent of the substrate onto TiO2, due to a stronger
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Scheme 3. Photo

ydrogen bond interaction between the lone pairs of alcoholic oxy-
en and the hydrogen linked to the positively charged oxygen of
2O+ formed in acidic condition at the TiO2 surface; (iii) an increase
f adsorption sites due to the higher surface area of TiO2, related to
he fact that positively charged TiO2 particles (see (ii)) repel each
ther (lower agglomeration) [12c].

Regarding the photo-oxidation of substrate 1 in water, it has
een shown that this reaction significantly occurs in the pres-
nce of surfactants. To justify the observed phenomenon, at first
e have evaluated the interaction between TiO2 surface and the

urfactant through conductivity measurements. The collected data
Table 2 and Fig. 1) neither prove or exclude that monomeric sur-
actant interact with TiO2 particle, but they are clearly consistent
ith the idea that micelles are formed both in the presence and

n the absence of TiO2 and are rather similar in these two  condi-
ions. Therefore we may  say that the reaction takes place in solution
n the presence of micelles of the various surfactants, because the
oncentrations we used are always higher than their cmcs.

On the basis of geometric considerations we  may  exclude that
articles of TiO2 are kept inside a micelle: in fact diameters of TiO2
articles are in the range 25–85 nm [19] and, therefore, are bigger
y a factor higher than 10 with respect to the mean diameters of
icelles, which is ca. 2–3 nm [20]. On the other hand, we may  envis-

ge that various micelles can go around a particle of TiO2 [8b,21].
t must be observed that substrate 1, which has an amphiphilic
ature, can co-micellize. The interaction between micelles and a
iO2 particle is probably driven by the co-micellized substrate,

ecause it is known that the OH moiety of the substrate forms an
ydrogen bond with the TiO2 particle surface (see above). The reac-
ion can take place only if the co-micellized substrate is adsorbed on
he TiO2 particle surface. Therefore we may  think that the substrate,
HOH CHOH CHO

tion mechanism.

water insoluble, is solubilized in the micellar aggregates and trans-
ported with it close to the particle surface, where reaction occurs.
In particular, we suggest that co-micellized alcohol 1, adsorbed
on TiO2, is photo-oxidized to the co-micellized aldehyde. The co-
micellized aldehyde could be then released from the TiO2 surface,
as it is less adsorbed on the semiconductor than co-micellized 1.

On the basis of the above discussion we may  explain the sur-
factant concentration effect, generally observed in solutions of the
considered surfactants. Initially the aldehyde yield increases with
the surfactant concentration and then, after a certain concentra-
tion which varies with the nature of the surfactant, it decreases. We
may  think that the increase of the surfactant concentration leads
to an increase of the number of substrate molecules solubilized in
micelles, which can be transported close to the TiO2 particle sur-
face where they react. We  suggest that after a certain surfactant
concentration a further increase of micelles involves a decrease
of co-micellized 1 at the surface of TiO2, slowing the reaction.
In fact, at this surfactant concentration, the competitive partition
between the co-micellized substrate 1 adsorbed on TiO2 (where
reaction occurs) and the co-micellized substrate in the bulk should
become crucial; the increase of micelles moves the above equilib-
rium towards the aggregate in the bulk, more and more limiting
the favorable kinetic effect of the surfactant.

As regards the effect of changes in the surfactant structure, we
observe that there is no simple relation with the charge type. For
example, the cationic CTAOMs and the zwitterionic DDAO and also
the anionic SDS do not affect reaction.
Apart from the charge, the maximum values of the aldehyde
yields in Tables 3 and 5 are, in the order, those obtained in the pres-
ence of SB3-14 > CTABr > CTACl ≈ SDBS ≈ SBPr3-14, therefore the
best system is the zwitterionic sulfobetaine surfactant SB3-14. We
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ould relate the different surfactant effect to the maximum num-
er of substrate molecules that each kind of surfactant micelle can
ransport close to TiO2. This depends on the solubilization ability of
he micelle vs substrate 1, and it also depends on the micelle num-
er that approaches the TiO2 particle surface. In fact, association
f substrate 1 to surfactant aggregates was measured to elucidate
f a different association extent of it in different surfactants can
nfluence the product yield. In our experimental conditions the
etermination of the binding constants solute–micelles seemed
ot adequate. In fact reliable values of binding constants are gen-
rally obtained provided that the solute is not very hydrophobic,
hat the amphiphile is in big excess over substrate (this is referred
s “kinetic conditions”), and that amphiphile concentration is well
bove the cmc  [22]. Two  conditions are not fulfilled in our case,
ecause we have a hydrophobic substrate and because the ratio
urfactant/substrate is rather low, ranging from 1:1 to ca. 20:1.
herefore we carried out experimental measures of substrate solu-
ilization in different surfactant solutions, in conditions similar to
hose used for reaction. In surfactant solutions 0.05 M the solubi-
ization of substrate 1 changes with surfactant nature: it is 7.5 mM,
.9 mM and 3.6 mM in SB3-14, SBPr3-14 and CTABr respectively.
he head group bulk effect is consistent with measured values
f KS for phenethylbromide in cetyltrialkylammonium hydroxide
urfactants [23].

Besides, on the basis of electrostatic considerations, we may
rgue that neutral micelles do not repel each other when close
ogether at the TiO2 particle surface. Therefore the number of neu-
ral micelles (and therefore the number of substrate molecules)
round TiO2 can be higher than the number of ionic micelles.

Similar considerations can account for the different effect of the
arious cationic surfactants. In fact, aldehyde yields increase with
ecreasing ionization degree, ˛, which are 0.25, 0.33 and 0.50 for
TABr, CTACl and CTAOMs, respectively [24]. As regards zwitteri-
nic surfactant SBPr3-14, less efficient than SB3-14 (see Table 5),
e can ascribe this effect to the observed decrease of substrate 1

olubilization in SBPr3-14 surfactant solutions.
As regards the pH effect, it is different in various surfactants

olutions (see Table 4). In CTABr a shift to acidic pH improves
he aldehyde yield for the reaction of substrate 1; this effect can
rise from the reasons discussed above for the reaction in water
f 2, although in the presence of micelles also the nature of the
cid itself plays an important role, due to anion specific effect.
n particular, bromide is known to be strongly associated to the

icellar cationic surface, more than chloride [25] and, therefore,
he micro-environments provided by the two systems, CTABr + HBr
nd CTABr + HCl, are different (actually, even from a visual point of
iew, the first system is not limpid, while the second is). On the
ontrary, in SB3-14 a shift to acidic pH decreases significantly the
ldehyde yield. We  may  relate the decreased yield to a change of
ulfobetaine micelle surface charge from neutral to anionic, due to
he preferential micellar association with anions rather than with
rotons [26–28].  As already observed, charged micelles repel each
ther more than non-charged ones.

. Conclusion

The TiO2 photosensitized oxidation in water of 4-
odecyloxybenzyl alcohol (1), an insoluble substrate, to
-dodecyloxybenzaldehyde does not occur but this reaction

s observed in aqueous solutions of certain surfactants at concen-
rations higher than cmc. The reaction rate is strongly dependent

n the nature of the surfactant, with micellar aggregates and their
roperties, as micellar ionization, playing a main role. Effects
f surfactant concentration were studied in neutral and, where
ossible, in acidic conditions. We  suggest that the increase of the
hotobiology A: Chemistry 229 (2012) 53– 59

surfactant concentration leads to an increase of the number of sub-
strate molecules solubilized in micelles (through co-micellization),
which can be transported close to the TiO2 particle surface where
1 reacts. After a certain concentration, which varies with the
nature of the surfactant, the presence of the competitive partition
between the co-micellized substrate 1 adsorbed on TiO2 (where
reaction occurs) and the co-micellized substrate in the bulk tends
to limit more and more the beneficial kinetic effect of the surfac-
tant. The surfactant SB3-14 0.015 M gives the best performance
in terms of product (aldehyde) yield (42%). A better yield (55%) is
obtained with CTABr 0.05 M + HCl 0.1 M.
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