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a b s t r a c t

TiO2/UV solar light degradation of dibenzothiophene (DBT) aqueous solutions readily occurs in neutral
and acid media. For instance, at neutral pH, t1/2 = 30 min are found for DBT degradation and mineraliza-
tion. In neutral and acid media the rate limiting step for mineralization is the same as for degradation
and corresponds to the DBT sulfone formation. Benzaldehyde is the major reaction product. In addi-
tion, it also acts as an intermediate in the mineralization to CO2 + water + sulfate. The results support the
Langmuir–Hinshelwood degradation mechanism. Therefore, instead of pseudo-first-order rate constants,
apparent rate constants that depend on concentration are obtained. Only at basic pH these apparent
rate constant are independent of the [DBT]0. The solubility of DBT in water is increased by one-order of
egradation–mineralization
BT 5,5-dioxide (DBT sulfone)
angmuir–Hinshelwood
riton X-100

magnitude when solutions of the surfactant Triton X-100 is used at [Triton X-100] > CMC (critical micelle
concentration). Under these conditions DBT is readily degraded without degrading Triton X-100 at t1/2 ca.
120 min. DBT is solubilized into Triton X-100 micelles from where it exchanges with water and becomes
available for degradation. Triton X-100 monomers slightly compete with DBT for the TiO2 catalytic site.

The degradation method established in this work might be used, for instance, to decontaminate soil
contaminated with sulphur-rich heavy oil following a pre-treatment consisting of washing out the solid
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with Triton X-100 solution

. Introduction

Oxidative desulfuration [1,2] has evolved as an alternative
or removal of sulfur compounds [3,4] that are resistant to
ydrodesulfuration or thermal extrusion. Among these compounds

s dibenzothiophene (DBT) an organic sulfur derivative considered
s representative of the hydrocarbons in the asphaltene fraction.
arious oxidants have been used to produce ultra-low sulfur fuels.
mong them, are hydroperoxides [5,6], peroxyacids [7], nitrogen
xide [8] and nitric acids [8,9]. Hydrodesulfuration followed by
iodesulfuration has also been used [10] on DBT as a model com-
ound. Studies to improve hydrodesulfuration of DBT using metal
ompounds such as tris(triethylphosphine)platinum (0) are also
nown in the literature [11]. Oxidation of DBT derivatives using
2-tungstophosphoric acid (TPA) in biphasic systems has also been
eported [12]. Photocatalytic degradation of sulphur-containing
romatic compounds in the presence of zeolite-bound triph-

nylpyrylium compound has also been reported [13]. However, the
se of an advanced oxidation method such as UV–TiO2 on DBT is
ot common in literature. This is probably due to its relatively low
olubility in water. However, the solubility could be increased by

∗ Corresponding author. Tel.: +58 2129063317; fax: +58 2129063876.
E-mail address: onunez@usb.ve (O. Núñez).
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sing surfactant solutions. We have been working on photocatalytic
egradation (in water) of different crude oil [14] fraction compo-
ents, for instance, naphthalene, as a model of the polyaromatic
omponents of the hydrocarbons. In order to improve naphtha-
ene solubility in water, we have used the surfactant Triton X-100
polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether). In
act, we have found conditions to degrade naphthalene with Tri-
on X-100 in solution intact [15]. We have also recently reported
16] the efficiency of the method for degrading nitrogen-containing
ompounds. Herein, we report our results on degradation and min-
ralization of DBT in aqueous solutions and in water-Triton X-100
t [Triton X-100] > CMC (critical micelle concentration) solutions
sing solar UV light and TiO2 as a catalyst.

In general, the reaction kinetics follows the Langmuir–
inshelwood mechanism given in the following equation:

= kK[DBT]0

1 + K[DBT]0
(1)

here the reaction rate depends on the [DBT]0, the equilibrium
onstant for DBT adsorption on the catalyst (TiO2) and the rate con-
tant of decomposition of the DBT−TiO adduct, according to the
2
ollowing equation:

BT + TiO2
K
�DBT − TiO2

k−→Intermediate
kminer.−→ CO2 + H2O + SO=

4

(2)

http://www.sciencedirect.com/science/journal/13811169
mailto:onunez@usb.ve
dx.doi.org/10.1016/j.molcata.2008.08.001
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In the last equation the difference between degradation and
ineralization, from the kinetics point of view, is shown. In the

rst case, what is followed kinetically is the disappearance of DBT to
orm an intermediate. Meanwhile, the mineralization (kminer.) con-
ists of the formation of CO2, water and sulfate. The two rates are not
ecessarily equal since a stable intermediate may be formed mak-

ng the mineralization slower than the degradation. It is important
o remark that according to Eq. (1), the degradation reaction is not
seudo-first-order in [substrate]. However, plots of ln[substrate] vs.
ime give a good straight line which might be misinterpreted as a
seudo-first-order rate constant. We address this topic later in the
aper.

When a second substrate, for instance Triton X-100, competes
ith DBT for the adsorption at the catalyst surface, Eq. (1) is trans-

ormed into the following equation:

= kK[DBT]
1 + K[DBT] + K ′[Triton X-100]

(3)

The rate of the competing Triton X-100 degradation is given by
he following equation:

= k′K ′[Triton X-100]
(1 + K[DBT] + K ′[Triton X-100])

(4)

In Eq. (4), K′ and k′ correspond to the adsorption equilibrium
onstant of the Triton X-100 on the TiO2 catalyst and the rate con-
tant of decomposition of the corresponding adduct. In this paper
e show the feasibility of using Triton X-100 as a surfactant to

mprove the DBT solubility in water and its degradation under
onditions in which the [Triton X-100] > CMC (critical micelle con-
entration).

. Materials and methods

.1. Materials

The following reactants were used without further purification:
ibenzothiophene, C12H8S, synthetic grade, Merck, dibenzothio-
hene 5,5 dioxide (sulfone), 98%, Merck, Triton X-100, C34H62O11,
9.5%, Scharlau, Titanium dioxide (Anatase, P25), TiO2, 99.9%,
ldrich, phosphoric acid, H3PO4, 87%, Riedel de Haen, potas-
ium monobasic phosphoric acid, KH2PO4, 99%, Riedel de Haen,
otassium dibasic phosphoric acid, K2HPO4, 98%, Riedel de Haen,
ydrated potassium phosphate K3PO4·H2O, 95%, Riedel de Haen,
odium hydroxide NaOH, 99%, Mallinckrodt, dichloromethane,
l2CH2, HPLC grade, Burdick & Jackson.

The following equipment was used: solar simulator, Solar Light
o. model LS 1000 UV fitted with a 1000 W xenon lamp to pro-
uce UV-B UV-A light at 290–400 nm; solar light radiometer, model
MA2100; millipore filtration equipment provided with cellulose
nd nitrocellulose 0.45 �m filters; diode arrangement UV–vis spec-
rophotometer, Hewlett Packard, model HP8452A; GCMS, Hewlett
ackard model HP6890, mass detector: HP5973 and digital pH
eter, model P211, Hanna Instruments.

.2. Methods

.2.1. UV DBT and DBT sulfone calibration curves
DBT solutions at pH 3, 7 and 10 (±0.01) at 10 different concen-

rations in the range of 0.1–1.3 ppm at each pH were prepared using

he corresponding phosphate buffer. Calibration curves were then
onstructed for the three pH values using the DBT absorption band
t 232 nm. The following molar absorptivity ε (L cm−1 mol−1) was
btained at pH 3, 7 and 10, respectively: 8358 ± 334, 9287 ± 371
nd 7977 ± 319.

2

p
e
u
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DBT sulfone solutions at pH 7 at 10 different concentrations in
he range 0.1–1.0 ppm were prepared using KH2PO4/K2HPO4 buffer
n a ratio 1:10, sulfone: buffer. A DBT sulfone molar absorptivity ε
L cm−1 mol−1) of 44215 was obtained using one of the observed

aximum absorption bands at 242 nm.

.2.2. Photodegradation of solutions
In a 2 L beaker, 1 L of DBT solution was prepared using the

equired amount (0.3–1.3 mg) of DBT, TiO2 (100 mg) and an amount
f phosphate buffer (10 mg/L) to adjust the reaction pH to the
esired one. This solution was magnetically stirred for 30 min.
fter this time, the beaker was placed under the solar simula-

or cannon (diameter ca. 20 cm) in such a way that the distance
etween the extremes of the cannon and the beaker was of 15 cm.
he simulator was turned on. 3 mL solution aliquots were taken
rom the reactor at different times. These aliquots were filtered
sing millipore membranes and the UV spectrum of the filtered
olution was recorded. The simulator radiation was measured
sing the radiometer. Typical radiation values of ca. 31 �W/cm2

ere used. The temperature of the reactor was kept constant at
2 ± 1 ◦C by maintaining the temperature of the confined room
here the simulator was located. The absorbance of each aliquot
as transformed to concentration using the corresponding cali-
ration curve. Plots of ln[DBT] vs. time were prepared in order to
btain the corresponding kobs. value. Using the initial concentra-
ion points and from the plot [DBT] vs. time, the reaction rates were
btained.

The same procedure was used for the photodegradation of DBT
ulfone 1 mg/L solution at pH 7.

.2.3. DBT and DBT sulfone mineralization
DBT mineralization was followed by measuring the OCD (oxy-

en chemical demand) at pH 3, 7 and 10. In a typical sample a
olution of 1.2 mg/L of DBT (1 L) with 100 mg of TiO2 was irra-
iated using the solar simulator with a radiation intensity of
a. 31 �W/cm2. The reaction temperature was kept constant at
2 ± 1 ◦C. Reaction aliquots (3 ml) were taken at different reac-
ion times and the OCD in each aliquot was determined using
he colorimetric method [17] in which the total organic sam-
le content was oxidised using sulfuric acid and potassium
ichromate for 2 h at 150 ◦C. The solution absorbance at 600 nm
as measured. From this absorbance, the solution OCD was
btained using a calibration curve made with potassium hydrogen
hthalate.

The same procedure was used to follow the mineralization of
he 1 mg/L solution of DBT sulfone at pH 7.

.2.4. DBT degradation in Triton X-100 solutions
Solutions of DBT 10 mg/L, in Triton X-100 solutions

140–250 mg/L) were degraded at 22 ◦C using TiO2 and sim-
lated solar light. DBT and Triton X-100 absorb light in the
ame UV region. However, it was found that the Triton X-100,
t [Triton X-100] > CMC, does not suffer any degradation during
he DBT degradation time (ca. 4 h). Therefore, the observed
ecrease in absorbance (A) corresponds to DBT degrada-
ion only. Therefore, from a plot of ln(At − Ainf) vs. time, the
egradation DBT rate constants in Triton X-100 solution were
btained.
.2.5. Degradation reaction intermediates
Different DBT solutions (ca. 1.2 mg/L) were photodegraded at

H 7 using 100 mg of TiO2. The reaction was stopped at differ-
nt times (40 and 90 min). The total reaction volume was filtered
sing millipore filters and the liquid was extracted with 90 mL of



7 lar Catalysis A: Chemical 294 (2008) 74–81

d
1

3

3

w
f
o
d
a
i

3

U
I
s
(

i
o
A
p
t
s
[
v
L
p
d
b

3

a
c
c

F
r

Fig. 2. Plot of [DBT] vs. time under different experimental conditions. [DBT]0:
1.2 mg/L; radiation intensity: 31.20 �W/cm2; [TiO2]: 100 mg/L; pH 7.00.
6 R. Vargas, O. Núñez / Journal of Molecu

ichloromethane. The extract was evaporated to a final volume of
mL. This sample was directly analyzed using GC/MS.

. Results

.1. DBT photodegradation

The kinetics of DBT solution degradation using disperse TiO2
ere determined by changing the initial DBT concentration at dif-

erent solution pH 3, 7 and 10. At pH 7, changes in the amount
f dispersed TiO2 were also tested. It was found that in a plot of
egradation % vs. mg of TiO2 used (not shown) a plateau appeared
t 100 mg/L of TiO2. Therefore, the latter amount of TiO2 was used
n all further experiments.

.2. DBT degradation at different solution pH values

The solution decrease in DBT concentration was followed by
V–vis spectroscopy under acid, neutral and basic pH conditions.

n Fig. 1, a typical absorbance vs. time degradation curve at pH 7 is
hown. Similar curves were obtained at the other two pH studied
not shown).

A plot of [DBT] vs. time shows (Fig. 2) that, under conditions
n which only light or only TiO2 were used, no degradation was
bserved within 1 h. In Fig. 3, a plot of ln[DBT] vs. time is shown.
s can be easily seen in the plot, the reaction became faster at acid
H. In Table 1, the apparent pseudo-first-order values obtained at
he different [DBT] and pH conditions are shown. From the initial
lope of a plot of [DBT] vs. time, the degradation velocities at each
DBT]0 were obtained. The inverse of these values were plotted
s. 1/[DBT]0 and from the slope and intercepts of the curves the
angmuir–Hinshelwood k and K parameters were obtained at each
H. These values are shown in Table 2. In Fig. 4, plots of the rates at
ifferent [DBT]0 at the three different pH values are shown. As can
e seen, they are in good agreement with Eq. (1).

.3. Identification of intermediates
Besides DBT, four intermediates were identified using GCMS
t 40 and 90 min reaction times: benzaldehyde, benzoic acid, 2-
yclohexen-1-ol and 2-cyclohexene-1-one. The most intense signal
orresponded to benzaldehyde.

ig. 1. Monitoring of the decrease in DBT absorbance at pH 7.00. [DBT]0: 1.2 mg/L;
adiation intensity: 31.20 �W/cm2; [TiO2]: 100 mg/L.

Fig. 3. Plot of ln[DBT] vs. time at the three solution pHs studied. [DBT]0: 1.2 mg/L;
radiation intensity: 32.79 �W/cm2; [TiO2]: 100 mg/L.

Table 1
DBT degradation apparent pseudo-first-order rate constants (min−1) and associated
half time (min), obtained from the slope of the ln[DBT] vs. time plot

pH ± 0.01 [DBT] (±0.1 mg/L) app. kobs × 102 (min−1) t1/2 (min) R2

0.40 5.82 ± 0.11 12 ± 1 0.997
0.60 4.45 ± 0.03 16 ± 1 0.999

3.00 0.80 3.96 ± 0.10 18 ± 1 0.994
1.00 3.66 ± 0.17 19 ± 1 0.981
1.20 2.96 ± 0.18 23 ± 2 0.965

0.40 4.91 ± 0.41 14 ± 1 0.936
0.60 2.76 ± 0.20 25 ± 2 0.950

7.00 0.80 2.36 ± 0.12 29 ± 2 0.976
1.00 2.35 ± 0.16 30 ± 2 0.959
1.20 1.71 ± 0.12 40 ± 3 0.958

0.40 0.912 ± 0.072 76 ± 6 0.944
0.60 0.881 ± 0.065 79 ± 6 0.949

10.00 0.80 0.953 ± 0.072 73 ± 6 0.946
1.00 0.839 ± 0.061 83 ± 6 0.950
1.20 0.740 ± 0.062 94 ± 8 0.933
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Fig. 4. Plots of rates vs. [DBT]0 at the three

Table 2
DBT Langmuir–Hinshelwood parameters at the studied pH values

pH ± 0.01 K (L mg−1) k (mg L−1 min−1) kK (min−1)

3
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c
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s

3

In Fig. 6 degradation of DBT and its corresponding sulfone
(DBT 5,5 dioxide) at pH 7 and 22 ◦C ± 1 are shown. The rate con-
stants obtained from the straight lines slopes are reported in

Table 3
Comparison between the rate constants obtained for mineralization and degrada-
tion of DBT at pH 3, 7 and 10

pH ± 0.01 kosb × 102 (min−1),
mineralization (k .)

kosb × 102 (min−1),
degradation (k )
3.00 1.3143 ± 0.3256 0.0384 ± 0.0068 0.0505 ± 0.0075
7.00 1.1629 ± 0.3971 0.0403 ± 0.0092 0.0468 ± 0.0079

10.00 0.1518 ± 0.0436 0.1075 ± 0.0088 0.0163 ± 0.0013

.4. DBT mineralization

In Fig. 5 plots of ln OCD vs. time at pH 3, 7 and 10, are shown.

rom the slope of these straight lines the apparent pseudo-first-
rder rate constants for DBT mineralization are obtained. These rate
onstants are shown in Table 3 where they are compared with the
orresponding rate constants for DBT degradation.

ig. 5. DBT mineralization. Plot of ln(OCD) vs. time at the three different pH values
tudied.

3
7
1

i

t

F
0
R
T

reaction pHs studied in this work.

.5. Degradation and mineralization of DBT 5,5 dioxide (sulfone)
miner deg.

.00 3.13 ± 0.23 2.96 ± 0.18
.00 1.82 ± 0.27 (8.43)a 1.71 ± 0.12 (8.65)b

0.00 0.561 ± 0.096 0.740 ± 0.062

a The value in parentheses corresponds to de DBT 5,5 dioxide (sulfone) mineral-
zation rate.

b The value in parentheses corresponds to the DBT 5,5 dioxide (sulfone) degrada-
ion rate (Fig. 6).

ig. 6. DBT dioxide (sulfone) and DBT degradation. From the slope rate constants of
.086 and 0.023 min−1 are obtained for the sulfone (DBTO2) and DBT, respectively.
eaction conditions: initial reactant concentration: 1 mg/L; pH 7; [TiO2] = 100 mg/L;
= 22 ◦C ± 1; radiation intensity: 32.79 �W/cm2.
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Fig. 7. Plot of ln(At − Ainf.) vs. time for DBT in Triton X-100 solutions. [DBT]: 10 mg/L;
average radiation intensity: 27.64 �W/cm2; pH: 7.00. At: absorbance a time t; Ainf.:
absorbance at time infinite.

Table 4
Apparent pseudo-first-order rate constants for DBT degradation in Triton X-100
solutions where [Triton X-100] > CMC

[Triton X-100] (±1 mg/L) kobs × 103 (min−1) R2

140 6.40 ± 0.21 0.981
170 6.21 ± 0.42 0.923
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However, at pH 10, the mineralization is 25% slower than the DBT
00 5.95 ± 0.36 0.941
50 5.15 ± 0.80 0.748

H 7.

able 3. In this table the sulfone mineralization rate constant is also
eported.

.6. Degradation of DBT in Triton X-100 solutions

The extent of Triton X-100 degradation, under the conditions
Triton X-100] > CMC, was studied in order to explore its feasi-
ility to improve DBT solubility and degradation. From plots of
Triton X-100]0 vs. time it is observed that there is no Triton X-100
egradation during 2 h reaction time. In Fig. 7, DBT degradation,
nder conditions: [Triton X-100] > CMC and [DBT] = 10 ppm, are
lso shown. In Table 4, the pseudo-first-order rate constants for
BT degradation in Triton X-100 solution ([Triton X-100] > CMC)
btained from the slope of the straight lines of Fig. 7 are shown.

. Discussion

.1. DBT degradation in water solutions

As shown in Fig. 1, DBT readily decomposed (t1/2 ca. 30 min,
t pH 7) when treated with disperse TiO2 and UV simulated solar
ight. The kinetics of the reaction can be followed conveniently by

onitoring the DBT absorption band at 232 nm. The observed catal-
sis is due to the combined effect of UV irradiation and TiO2 as a
atalyst. This fact is supported by the results (Fig. 2) where exper-
ments with simulated UV solar light and TiO2 are compared with
he ones with only light or only TiO . This observation is important
2
o note since an important degradation contribution coming only
rom photocatalysis and mass transport from the water to air is
requently found. Following the DBT degradation at 232 nm it was
ossible then to obtain straight lines from plots of ln[DBT] vs. time

d
r
H
t
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t different pH. These plots are shown in Fig. 3. It is straightforward
o conclude, by comparing the slopes of these lines, that the reac-
ion at pH 3 is the fastest. According to the Langmuir–Hinshelwood

odel, two parameters determine the reaction rate (Eq. (1)): the
bsorption equilibrium constant (K) and the DBT–TiO2 adduct
ecomposition rate constant (k). In fact, k corresponds to an appar-
nt rate constant with units of M time−1, but k × K corresponds
o a pseudo-first-order rate constant with units of time−1. Hence,
he experimentally determined pseudo-first-order rate constants
kobs), for instance those obtained from the slopes of the straight
ines of Fig. 3, should match the k × K values obtained from plots of
/rate vs. 1/[DBT]0. Furthermore, according to Eq. (1), k × K is equal
o kobs only when 1 � K[DBT]0; otherwise, kobs = kK/(1 + K[DBT]0)
nd it is not a pseudo-first-order rate constant even though an
pparent straight line could be obtained. For instance, see the r2

alues in Table 1 for the apparent straight lines obtained at pH 3,
and 10.In fact, from this table it is clear that the reported rate

onstants are not pseudo-first-order rate constants at all since they
hange with the [DBT]0. In Table 2, the k, K and k × K obtained from
lots of 1/rate vs. 1/[DBT]0 are shown. As can be seen from the table,
he k × K values are of the same order of magnitude, but not equal, to
he kobs values reported in Table 1. Therefore we talk about appar-
nt kobs values instead of kobs values. It could also be proved that
he decrease in the kobs values with increasing [DBT]0 is due to the
ight as limiting reagent. However, if this were the case, at higher
DBT]0 a levelling in the kobs values should be obtained. On the
ontrary the levelling is observed at low [DBT]0, when K[DBT] < 1
s predicted by Eq. (1) in which the rate vs. [DBT]o profile becomes
straight line at low K[DBT]0 value. In fact, in Fig. 4 a direct plot of

he initial rate values vs. time, for the three pH studied in this work,
re shown. From these plots it can be concluded that, in fact, for the
hree pH the Langmuir–Hinshelwood mechanism is operating since
he experimental points can be fit to Eq. (1). Only in the case of pH
0, the rate vs. time plot approaches a straight line. This indicates,
hat only in this case, 1 � K[DBT]0 and rate = k × K [DBT]0; that is, a
rst order reaction rate where kobs = k × K. At the other two pH val-
es, rate = k × K[DBT]0/(1 + K[DBT]0) and kobs = k × K/(1 + K[DBT]0).
herefore, at high pH the K term is unfavourable since K[DBT]0 < 1
see K values in Table 2). On the contrary, the K value at pH 3 is
uch that K[DBT]0 > 1. From this table, it can be concluded that the
egradation of DBT is more efficient at pH 3, since the favourable
values more than balance the unfavourable k values, decreasing
ith decreasing pH. The K value is more favourable at acid pH due

o the positive charged TiO2 surface (pH of zero charge ca. 6.5 [18])
hat interacts better for instance, with free electrons on sulfur. The
act that the rate constant k increases with pH evidences that the
ecomposition occurs via radicals since at higher pH there will be
ore OH•, thus accelerating the DBT degradation. The radical par-

icipation is reinforced by the reported [19] photodegradation of
BT in acetonitrile in which DBT degradation occurs ca. 40 times

lower (t1/2 = 19.8 h) than the degradation reported in this work (t1/2
a. 30 min) for instance at pH 7. From GC/MS degradation fractions,
pectra (not shown) taken at 40 and 90 min, benzaldehyde was
etected as main component. There were also detected three minor
ompounds: benzoic acid, 2-cyclohexen-1-ol and 2-cyclohexene-1-
ne. In Scheme 1, a degradation scheme is proposed. This proposal
s in agreement with the metabolic DBT desulfuration scheme sug-
ested by Van Afferden et al. [20]. As shown in Table 3, the rate
onstants for degradation and mineralization (following OCD) are
he same (within the experimental error) at neutral and acid pH.
egradation. Therefore, at neutral and acid pH, the photocatalysis
ate limiting step is the same for degradation and mineralization.
owever, at basic pH, the rate limiting step for mineralization is not

he same as that for degradation. Probably, benzaldehyde decom-
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cheme 1. Possible DBT photocatalyzed degradation path. Compounds marked with
imiting steps for degradation and mineralization at pH 7. b: possible rate limiting s

osition becomes the rate limiting step for the mineralization (see
cheme 1). The obtained degradation rate (kdeg. = 0.086 min−1) for
BT sulfone (Fig. 6 and Table 3) is ca. four times faster that the
BT degradation rate. This result confirms Scheme 1 proposal of

BT sulfone formation as the rate limiting for DBT degradation.
he DBT sulfone mineralization rate (kminer. = 0.084 min−1, Table 3)
s the same than the one obtained for its degradation at pH 7. This
esult also confirms that DBT degradation and mineralization have
he same rate limiting (DBT sulfone formation) at pH 7.

w
X
t
r
d

respond to intermediates detected by GC/MS. a: corresponds to the confirmed rate
r mineralization at pH 10.

.2. DBT degradation in Triton X-100 water solutions

Triton X-100 solutions at [Triton X-100] > CMC dissolve DBT to
oncentrations one-order of magnitude higher than its solubility in

ater. In fact, DBT solutions of 10 mg/L were prepared using Triton
-100 solutions. The main goal in using Triton X-100 was to increase
he DBT solubility without affecting its degradation/mineralization
ates. A good sign that this goal can be accomplished is that no
egradation of Triton X-100, at [Triton X-100] > CMC, is observed
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cheme 2. TiO2 surface interaction with DBT and Triton X-100 monomers. DBT in Tr
ith DBT.

n reaction periods of ca. 2 h. Therefore, no competition with DBT
egradation is expected in mixtures of DBT with Triton X-100. How-
ver, at longer reaction times, some competition may affect the
BT degradation according to Eq. (3) if the term K′ × [Triton X-100]
ecomes important. In fact, as shown in Fig. 7, the DBT degradation
ate constants (slope of the lines) decrease with increasing [Tri-
on X-100]. However, there is a smooth change in slope as seen in
able 4. As shown in Scheme 2, Triton X-100 in its micelle form acts
s a DBT reservoir in equilibrium with DBT in solution i.e. the form
hat reacts at the TiO2 surface. The micelle form of Triton X-100 does
ot react at the TiO2 surface, probably due to steric effects. However,
riton X-100 monomers can react at the catalyst surface competing
ith DBT for the active site. Therefore, as the experimental results

how, when the [Triton X-100] is increased there is a decrease in the
BT degradation rate, as expected according to Eq. (3), since there

s higher free monomer concentration. When the degradation rate
onstants shown in Table 4 are compared with the ones at pH 7 at
able 1, a retardation of one-order of magnitude is found in the Tri-
on X-100 solutions DBT degradation. However, it is important to
oint out that in the latter case a 10 mg/L DBT solution is degraded.
eanwhile, under Table 1 conditions only 1.2 mg/L of DBT can be

issolved due to the DBT saturation concentration in water. This
esult demonstrate that the use of TiO2/solar light technology may
e useful for the treatment, for instance, of rich-sulphur asphaltene
heavy oil) contaminated solids via washing the solid with Triton
-100 solution and treating the liquid with this technology.

. Conclusions

DBT in aqueous solution (1.2 mg/L) readily decomposes (t1/2
a. 20 min at pH 3 and 30 min at pH 7) when treated with solar
ight and disperse anatase TiO2 (100 mg/L). DBT decomposition
ccurs according to the Langmuir–Hinshelwood mechanism. Only
or decomposition at pH 10, kobs = k × K, that is, a pseudo-first-order
ate constant. In the other cases, kobs = k × K/(1 + K[DBT]). Therefore,

n apparent kobs depends inversely on the [DBT]0. The fastest rate
s obtained at pH 3 due to a favourable DBT adsorption on the TiO2
ositive charged surface that more than balances the rather small
alue for the DBT-adduct decomposition that is catalyzed by the
resence of OH radicals. The rates of DBT mineralization are quite

[

[

100 micelles is protected from degradation. Only Triton X-100 in solution competes

imilar to the degradation rates, except at pH 10 where kminer. < kdeg.
herefore, at neutral and acid pH, the mineralization rate limiting
tep is the same as the degradation one. This rate limiting step cor-
espond to the DBT sulfone formation as has been found [5,12,21]
ith other oxidants.

Conditions to degrade/mineralize (t1/2 ca. 110 min) up to 10 mg/L
BT water solutions were found using Triton X-100 surfactant at

Triton X-100] > CMC. The Triton X-100 micelle acts as a DBT reser-
oir in equilibrium with the DBT in solution. The Triton X-100
onomers compete with the DBT for the TiO2 active site. Therefore,

aster rates are obtained at [DBT] close to the CMC.
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14] A. Núñez, G. Pardo, O. Núñez, Oil Industry Liquid Waste Treatment: Our Lab-

oratory Experience. Química Sustentable en Universidades Latinoamericanas,
Universidad Nacional del Litoral (UNL), Argentina, 2003.



lar Ca

[

[
[

[

[19] S. Matsuzawa, J. Tanaka, S. Sato, T. Ibusuki, J. Photochem. Photobiol. A 149 (2002)
R. Vargas, O. Núñez / Journal of Molecu

15] N. Barrios, P. Sivov, D. D’Andrea, O. Núñez, Int. J. Chem. Kinet. 37 (7) (2005)
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