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ABSTRACT

TiO,/UV solar light degradation of dibenzothiophene (DBT) aqueous solutions readily occurs in neutral
and acid media. For instance, at neutral pH, t;) =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 CO, + 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]y. The solubility of DBT in water is increased by one-order of
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 ¢y, 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 TiO, 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

with Triton X-100 solutions, prior to photolysis.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Oxidative desulfuration [1,2] has evolved as an alternative
for removal of sulfur compounds [3,4] that are resistant to
hydrodesulfuration or thermal extrusion. Among these compounds
is dibenzothiophene (DBT) an organic sulfur derivative considered
as representative of the hydrocarbons in the asphaltene fraction.
Various oxidants have been used to produce ultra-low sulfur fuels.
Among them, are hydroperoxides [5,6], peroxyacids [7], nitrogen
oxide [8] and nitric acids [8,9]. Hydrodesulfuration followed by
biodesulfuration has also been used [10] on DBT as a model com-
pound. Studies to improve hydrodesulfuration of DBT using metal
compounds such as tris(triethylphosphine)platinum (0) are also
known in the literature [11]. Oxidation of DBT derivatives using
12-tungstophosphoric acid (TPA) in biphasic systems has also been
reported [12]. Photocatalytic degradation of sulphur-containing
aromatic compounds in the presence of zeolite-bound triph-
enylpyrylium compound has also been reported [13]. However, the
use of an advanced oxidation method such as UV-TiO, on DBT is
not common in literature. This is probably due to its relatively low
solubility in water. However, the solubility could be increased by
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using surfactant solutions. We have been working on photocatalytic
degradation (in water) of different crude oil [14] fraction compo-
nents, for instance, naphthalene, as a model of the polyaromatic
components of the hydrocarbons. In order to improve naphtha-
lene solubility in water, we have used the surfactant Triton X-100
(polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether). In
fact, we have found conditions to degrade naphthalene with Tri-
ton X-100 in solution intact [15]. We have also recently reported
[16] the efficiency of the method for degrading nitrogen-containing
compounds. Herein, we report our results on degradation and min-
eralization of DBT in aqueous solutions and in water-Triton X-100
at [Triton X-100]>CMC (critical micelle concentration) solutions
using solar UV light and TiO; as a catalyst.

In general, the reaction kinetics follows the Langmuir-
Hinshelwood mechanism given in the following equation:

kK[DBT],

"= 1 K[DBT], S

where the reaction rate depends on the [DBT]g, the equilibrium
constant for DBT adsorption on the catalyst (TiO, ) and the rate con-
stant of decomposition of the DBT-TiO, adduct, according to the
following equation:

. K . k : Kminer. =
DBT + TiO,=DBT - TiO, — Intermediate CO, + H,0 + SO
(2)
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In the last equation the difference between degradation and
mineralization, from the kinetics point of view, is shown. In the
first case, whatis followed kinetically is the disappearance of DBT to
form an intermediate. Meanwhile, the mineralization (Kyjper, ) cON-
sists of the formation of CO,, water and sulfate. The two rates are not
necessarily equal since a stable intermediate may be formed mak-
ing the mineralization slower than the degradation. It is important
to remark that according to Eq. (1), the degradation reaction is not
pseudo-first-order in [substrate]. However, plots of In[substrate] vs.
time give a good straight line which might be misinterpreted as a
pseudo-first-order rate constant. We address this topic later in the
paper.

When a second substrate, for instance Triton X-100, competes
with DBT for the adsorption at the catalyst surface, Eq. (1) is trans-
formed into the following equation:

kK[DBT]

"= T3 K[DBT] + K'[Triton X-100] 3

The rate of the competing Triton X-100 degradation is given by
the following equation:
_ k’K’'[Triton X-100]
" (1 + K[DBT] + K’[Triton X-100])

r (4)

In Eq. (4), K’ and k' correspond to the adsorption equilibrium
constant of the Triton X-100 on the TiO, catalyst and the rate con-
stant of decomposition of the corresponding adduct. In this paper
we show the feasibility of using Triton X-100 as a surfactant to
improve the DBT solubility in water and its degradation under
conditions in which the [Triton X-100] > CMC (critical micelle con-
centration).

2. Materials and methods
2.1. Materials

The following reactants were used without further purification:
dibenzothiophene, C1;HgS, synthetic grade, Merck, dibenzothio-
phene 5,5 dioxide (sulfone), 98%, Merck, Triton X-100, C34Hg2011,
99.5%, Scharlau, Titanium dioxide (Anatase, P25), TiO;, 99.9%,
Aldrich, phosphoric acid, H3PO4, 87%, Riedel de Haen, potas-
sium monobasic phosphoric acid, KH,PO4, 99%, Riedel de Haen,
potassium dibasic phosphoric acid, K;HPO4, 98%, Riedel de Haen,
hydrated potassium phosphate K3P04-H,0, 95%, Riedel de Haen,
sodium hydroxide NaOH, 99%, Mallinckrodt, dichloromethane,
Cl,CH,, HPLC grade, Burdick & Jackson.

The following equipment was used: solar simulator, Solar Light
Co. model LS 1000 UV fitted with a 1000 W xenon lamp to pro-
duce UV-B UV-Alight at 290-400 nm; solar light radiometer, model
PMA2100; millipore filtration equipment provided with cellulose
and nitrocellulose 0.45 pm filters; diode arrangement UV-vis spec-
trophotometer, Hewlett Packard, model HP8452A; GCMS, Hewlett
Packard model HP6890, mass detector: HP5973 and digital pH
meter, model P211, Hanna Instruments.

2.2. Methods

2.2.1. UV DBT and DBT sulfone calibration curves

DBT solutions at pH 3, 7 and 10 (£0.01) at 10 different concen-
trations in the range of 0.1-1.3 ppm at each pH were prepared using
the corresponding phosphate buffer. Calibration curves were then
constructed for the three pH values using the DBT absorption band
at 232 nm. The following molar absorptivity & (Lcm~! mol~1) was
obtained at pH 3, 7 and 10, respectively: 8358 4334, 9287 £ 371
and 7977 +319.

DBT sulfone solutions at pH 7 at 10 different concentrations in
the range 0.1-1.0 ppm were prepared using KH,PO4/K,HPO4 buffer
in a ratio 1:10, sulfone: buffer. A DBT sulfone molar absorptivity &
(Lcm~1mol-1) of 44215 was obtained using one of the observed
maximum absorption bands at 242 nm.

2.2.2. Photodegradation of solutions

In a 2L beaker, 1L of DBT solution was prepared using the
required amount (0.3-1.3 mg) of DBT, TiO, (100 mg) and an amount
of phosphate buffer (10 mg/L) to adjust the reaction pH to the
desired one. This solution was magnetically stirred for 30 min.
After this time, the beaker was placed under the solar simula-
tor cannon (diameter ca. 20cm) in such a way that the distance
between the extremes of the cannon and the beaker was of 15 cm.
The simulator was turned on. 3 mL solution aliquots were taken
from the reactor at different times. These aliquots were filtered
using millipore membranes and the UV spectrum of the filtered
solution was recorded. The simulator radiation was measured
using the radiometer. Typical radiation values of ca. 31 wW/cm?
were used. The temperature of the reactor was kept constant at
22 4+1°C by maintaining the temperature of the confined room
where the simulator was located. The absorbance of each aliquot
was transformed to concentration using the corresponding cali-
bration curve. Plots of In[DBT] vs. time were prepared in order to
obtain the corresponding k.. value. Using the initial concentra-
tion points and from the plot [DBT] vs. time, the reaction rates were
obtained.

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

2.2.3. DBT and DBT sulfone mineralization

DBT mineralization was followed by measuring the OCD (oxy-
gen chemical demand) at pH 3, 7 and 10. In a typical sample a
solution of 1.2 mg/L of DBT (1L) with 100 mg of TiO, was irra-
diated using the solar simulator with a radiation intensity of
ca. 31 uW/cm?2. The reaction temperature was kept constant at
22 +1°C. Reaction aliquots (3 ml) were taken at different reac-
tion times and the OCD in each aliquot was determined using
the colorimetric method [17] in which the total organic sam-
ple content was oxidised using sulfuric acid and potassium
dichromate for 2h at 150°C. The solution absorbance at 600 nm
was measured. From this absorbance, the solution OCD was
obtained using a calibration curve made with potassium hydrogen
phthalate.

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

2.2.4. DBT degradation in Triton X-100 solutions

Solutions of DBT 10mg/L, in Triton X-100 solutions
(140-250mg/L) were degraded at 22°C using TiO, and sim-
ulated solar light. DBT and Triton X-100 absorb light in the
same UV region. However, it was found that the Triton X-100,
at [Triton X-100]>CMC, does not suffer any degradation during
the DBT degradation time (ca. 4h). Therefore, the observed
decrease in absorbance (A) corresponds to DBT degrada-
tion only. Therefore, from a plot of In(A:—Aj,f) vs. time, the
degradation DBT rate constants in Triton X-100 solution were
obtained.

2.2.5. Degradation reaction intermediates

Different DBT solutions (ca. 1.2 mg/L) were photodegraded at
pH 7 using 100 mg of TiO,. The reaction was stopped at differ-
ent times (40 and 90 min). The total reaction volume was filtered
using millipore filters and the liquid was extracted with 90 mL of
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dichloromethane. The extract was evaporated to a final volume of
1 mL. This sample was directly analyzed using GC/MS.

3. Results
3.1. DBT photodegradation

The kinetics of DBT solution degradation using disperse TiO,
were determined by changing the initial DBT concentration at dif-
ferent solution pH 3, 7 and 10. At pH 7, changes in the amount
of dispersed TiO, were also tested. It was found that in a plot of
degradation % vs. mg of TiO, used (not shown) a plateau appeared
at 100 mg/L of TiO,. Therefore, the latter amount of TiO, was used
in all further experiments.

3.2. DBT degradation at different solution pH values

The solution decrease in DBT concentration was followed by
UV-vis spectroscopy under acid, neutral and basic pH conditions.
In Fig. 1, a typical absorbance vs. time degradation curve at pH 7 is
shown. Similar curves were obtained at the other two pH studied
(not shown).

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

3.3. Identification of intermediates

Besides DBT, four intermediates were identified using GCMS
at 40 and 90 min reaction times: benzaldehyde, benzoic acid, 2-
cyclohexen-1-ol and 2-cyclohexene-1-one. The most intense signal
corresponded to benzaldehyde.
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Fig. 1. Monitoring of the decrease in DBT absorbance at pH 7.00. [DBT]o: 1.2 mg/L;
radiation intensity: 31.20 wW/cm?; [TiO;]: 100 mg/L.
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Fig. 2. Plot of [DBT] vs. time under different experimental conditions. [DBT]o:
1.2 mg/L; radiation intensity: 31.20 wW/cm?; [TiO,]: 100 mg/L; pH 7.00.

1 . . . . ;

® pH=300
» pH=7,00
05+t ® pH=10,00 T
—
[l J
(]
=
- N
o 1 1 1 1 1 1 L
0 10 20 30 40 50 60 70 80

Time (min)

Fig. 3. Plot of In[DBT] vs. time at the three solution pHs studied. [DBT]p: 1.2 mg/L;
radiation intensity: 32.79 wW/cm?; [TiOz]: 100 mg/L.

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

pH+0.01 [DBT] (£0.1mg/L)  app. kops x 102 (min~')  t; (min) ~ R?
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
0.40 491 + 041 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]y at the three reaction pHs studied in this work.

Table 2
DBT Langmuir-Hinshelwood parameters at the studied pH values
pH+0.01 K(Lmg™) k(mgL~' min~1) kK (min—1)
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

3.4. DBT mineralization

In Fig. 5 plots of InOCD vs. time at pH 3, 7 and 10, are shown.
From the slope of these straight lines the apparent pseudo-first-
order rate constants for DBT mineralization are obtained. These rate
constants are shown in Table 3 where they are compared with the
corresponding rate constants for DBT degradation.
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Fig. 5. DBT mineralization. Plot of In(OCD) vs. time at the three different pH values
studied.

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

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 Kosp x 102 (min—1), Kosp x 102 (min—'),
mineralization (Kpiner.) degradation (Kgeg, )

3.00 3.134+0.23 2.96+0.18

7.00 1.82+0.27 (8.43)? 1.71 £0.12 (8.65)°

10.00 0.561 +0.096 0.740+0.062

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

b The value in parentheses corresponds to the DBT 5,5 dioxide (sulfone) degrada-
tion rate (Fig. 6).
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Fig. 6. DBT dioxide (sulfone) and DBT degradation. From the slope rate constants of
0.086 and 0.023 min~! are obtained for the sulfone (DBT0O2) and DBT, respectively.
Reaction conditions: initial reactant concentration: 1 mg/L; pH 7; [TiO2] =100 mg/L;
T=22°C+1; radiation intensity: 32.79 pW/cm?.
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Fig. 7. Plot of In(A¢ — Ajnt.) vs. time for DBT in Triton X-100 solutions. [DBT]: 10 mg/L;
average radiation intensity: 27.64 wW/cm?; pH: 7.00. A;: absorbance a time t; Ay :
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 x 10% (min—1) R?

140 6.40 + 0.21 0.981
170 6.21 + 0.42 0.923
200 5.95 + 0.36 0.941
250 5.15 £+ 0.80 0.748

pH7.

Table 3. In this table the sulfone mineralization rate constant is also
reported.

3.6. 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-
bility to improve DBT solubility and degradation. From plots of
[Triton X-100], vs. time it is observed that there is no Triton X-100
degradation during 2 h reaction time. In Fig. 7, DBT degradation,
under conditions: [Triton X-100]>CMC and [DBT]=10ppm, are
also shown. In Table 4, the pseudo-first-order rate constants for
DBT degradation in Triton X-100 solution ([Triton X-100]>CMC)
obtained from the slope of the straight lines of Fig. 7 are shown.

4. Discussion
4.1. DBT degradation in water solutions

As shown in Fig. 1, DBT readily decomposed (t;, ca. 30 min,
at pH 7) when treated with disperse TiO, and UV simulated solar
light. The kinetics of the reaction can be followed conveniently by
monitoring the DBT absorption band at 232 nm. The observed catal-
ysis is due to the combined effect of UV irradiation and TiO- as a
catalyst. This fact is supported by the results (Fig. 2) where exper-
iments with simulated UV solar light and TiO, are compared with
the ones with only light or only TiO,. This observation is important
to note since an important degradation contribution coming only
from photocatalysis and mass transport from the water to air is
frequently found. Following the DBT degradation at 232 nm it was
possible then to obtain straight lines from plots of In[DBT] vs. time

at different pH. These plots are shown in Fig. 3. It is straightforward
to conclude, by comparing the slopes of these lines, that the reac-
tion at pH 3 is the fastest. According to the Langmuir-Hinshelwood
model, two parameters determine the reaction rate (Eq. (1)): the
absorption equilibrium constant (K) and the DBT-TiO, adduct
decomposition rate constant (k). In fact, k corresponds to an appar-
ent rate constant with units of M time~!, but k x K corresponds
to a pseudo-first-order rate constant with units of time~!. Hence,
the experimentally determined pseudo-first-order rate constants
(kons), for instance those obtained from the slopes of the straight
lines of Fig. 3, should match the k x K values obtained from plots of
1/rate vs. 1/[DBT]g. Furthermore, according to Eq. (1), k x K is equal
to kops only when 1> K[DBT]p; otherwise, ks =kK/(1+K[DBT]p)
and it is not a pseudo-first-order rate constant even though an
apparent straight line could be obtained. For instance, see the r2
values in Table 1 for the apparent straight lines obtained at pH 3,
7 and 10.In fact, from this table it is clear that the reported rate
constants are not pseudo-first-order rate constants at all since they
change with the [DBT]g. In Table 2, the k, K and k x K obtained from
plots of 1/rate vs. 1/[DBT]p are shown. As can be seen from the table,
the k x Kvalues are of the same order of magnitude, but not equal, to
the kop,s values reported in Table 1. Therefore we talk about appar-
ent kops values instead of kgps values. It could also be proved that
the decrease in the ks values with increasing [DBT]g is due to the
light as limiting reagent. However, if this were the case, at higher
[DBT]p a levelling in the k,ps values should be obtained. On the
contrary the levelling is observed at low [DBT]g, when K[DBT] <1
as predicted by Eq. (1) in which the rate vs. [DBT], profile becomes
a straight line at low K[DBT]g value. In fact, in Fig. 4 a direct plot of
the initial rate values vs. time, for the three pH studied in this work,
are shown. From these plots it can be concluded that, in fact, for the
three pH the Langmuir-Hinshelwood mechanism is operating since
the experimental points can be fit to Eq. (1). Only in the case of pH
10, the rate vs. time plot approaches a straight line. This indicates,
that only in this case, 1> K[DBT]p and rate =k x K [DBT]y; that is, a
first order reaction rate where kg, =k x K. At the other two pH val-
ues, rate=k x K[DBT]y/(1+K[DBT]y) and kqps =k x K/(1 +K[DBT]p).
Therefore, at high pH the K term is unfavourable since K[DBT]p <1
(see K values in Table 2). On the contrary, the K value at pH 3 is
such that K[DBT]p > 1. From this table, it can be concluded that the
degradation of DBT is more efficient at pH 3, since the favourable
K values more than balance the unfavourable k values, decreasing
with decreasing pH. The K value is more favourable at acid pH due
to the positive charged TiO, surface (pH of zero charge ca. 6.5 [18])
that interacts better for instance, with free electrons on sulfur. The
fact that the rate constant k increases with pH evidences that the
decomposition occurs via radicals since at higher pH there will be
more OH®*, thus accelerating the DBT degradation. The radical par-
ticipation is reinforced by the reported [19] photodegradation of
DBT in acetonitrile in which DBT degradation occurs ca. 40 times
slower (t1/, =19.8 h) than the degradation reported in this work (¢,
ca. 30 min) for instance at pH 7. From GC/MS degradation fractions,
spectra (not shown) taken at 40 and 90 min, benzaldehyde was
detected as main component. There were also detected three minor
compounds: benzoic acid, 2-cyclohexen-1-ol and 2-cyclohexene-1-
one. In Scheme 1, a degradation scheme is proposed. This proposal
is in agreement with the metabolic DBT desulfuration scheme sug-
gested by Van Afferden et al. [20]. As shown in Table 3, the rate
constants for degradation and mineralization (following OCD) are
the same (within the experimental error) at neutral and acid pH.
However, at pH 10, the mineralization is 25% slower than the DBT
degradation. Therefore, at neutral and acid pH, the photocatalysis
rate limiting step is the same for degradation and mineralization.
However, at basic pH, the rate limiting step for mineralization is not
the same as that for degradation. Probably, benzaldehyde decom-
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Scheme 1. Possible DBT photocatalyzed degradation path. Compounds marked with *, correspond to intermediates detected by GC/MS. a: corresponds to the confirmed rate
limiting steps for degradation and mineralization at pH 7. b: possible rate limiting step for mineralization at pH 10.

position becomes the rate limiting step for the mineralization (see
Scheme 1). The obtained degradation rate (kgeg =0.086 min—1) for
DBT sulfone (Fig. 6 and Table 3) is ca. four times faster that the
DBT degradation rate. This result confirms Scheme 1 proposal of
DBT sulfone formation as the rate limiting for DBT degradation.
The DBT sulfone mineralization rate (kpyjper =0.084 min—1, Table 3)
is the same than the one obtained for its degradation at pH 7. This
result also confirms that DBT degradation and mineralization have
the same rate limiting (DBT sulfone formation) at pH 7.

4.2. DBT degradation in Triton X-100 water solutions

Triton X-100 solutions at [Triton X-100] > CMC dissolve DBT to
concentrations one-order of magnitude higher than its solubility in
water. In fact, DBT solutions of 10 mg/L were prepared using Triton
X-100 solutions. The main goal in using Triton X-100 was to increase
the DBT solubility without affecting its degradation/mineralization
rates. A good sign that this goal can be accomplished is that no
degradation of Triton X-100, at [Triton X-100]>CMC, is observed
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Scheme 2. TiO, surface interaction with DBT and Triton X-100 monomers. DBT in Triton X-100 micelles is protected from degradation. Only Triton X-100 in solution competes

with DBT.

in reaction periods of ca. 2 h. Therefore, no competition with DBT
degradation is expected in mixtures of DBT with Triton X-100. How-
ever, at longer reaction times, some competition may affect the
DBT degradation according to Eq. (3) if the term K’ x [Triton X-100]
becomes important. In fact, as shown in Fig. 7, the DBT degradation
rate constants (slope of the lines) decrease with increasing [Tri-
ton X-100]. However, there is a smooth change in slope as seen in
Table 4. As shown in Scheme 2, Triton X-100 in its micelle form acts
as a DBT reservoir in equilibrium with DBT in solution i.e. the form
that reacts at the TiO, surface. The micelle form of Triton X-100 does
not react at the TiO, surface, probably due to steric effects. However,
Triton X-100 monomers can react at the catalyst surface competing
with DBT for the active site. Therefore, as the experimental results
show, when the [Triton X-100] is increased there is a decrease in the
DBT degradation rate, as expected according to Eq. (3), since there
is higher free monomer concentration. When the degradation rate
constants shown in Table 4 are compared with the ones at pH 7 at
Table 1, a retardation of one-order of magnitude is found in the Tri-
ton X-100 solutions DBT degradation. However, it is important to
point out that in the latter case a 10 mg/L DBT solution is degraded.
Meanwhile, under Table 1 conditions only 1.2 mg/L of DBT can be
dissolved due to the DBT saturation concentration in water. This
result demonstrate that the use of TiO,/solar light technology may
be useful for the treatment, for instance, of rich-sulphur asphaltene
(heavy oil) contaminated solids via washing the solid with Triton
X-100 solution and treating the liquid with this technology.

5. Conclusions

DBT in aqueous solution (1.2mg/L) readily decomposes (¢,
ca. 20min at pH 3 and 30min at pH 7) when treated with solar
light and disperse anatase TiO, (100 mg/L). DBT decomposition
occurs according to the Langmuir-Hinshelwood mechanism. Only
for decomposition at pH 10, ks = k x K, that is, a pseudo-first-order
rate constant. In the other cases, ks = k x K/(1+ K[DBT]). Therefore,
an apparent ks depends inversely on the [DBT]g. The fastest rate
is obtained at pH 3 due to a favourable DBT adsorption on the TiO,
positive charged surface that more than balances the rather small
value for the DBT-adduct decomposition that is catalyzed by the
presence of OH radicals. The rates of DBT mineralization are quite

similar to the degradation rates, except at pH 10 where Kpiner, < Kdeg,
Therefore, at neutral and acid pH, the mineralization rate limiting
step is the same as the degradation one. This rate limiting step cor-
respond to the DBT sulfone formation as has been found [5,12,21]
with other oxidants.

Conditions to degrade/mineralize (t;, ca. 110 min) up to 10 mg/L
DBT water solutions were found using Triton X-100 surfactant at
[Triton X-100] > CMC. The Triton X-100 micelle acts as a DBT reser-
voir in equilibrium with the DBT in solution. The Triton X-100
monomers compete with the DBT for the TiO active site. Therefore,
faster rates are obtained at [DBT] close to the CMC.
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