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The main objective of this work was to evaluate nanocomposites formed by TiO2-CNT (carbon nanotube) and TiO2-C (resorcinol/
formaldehyde) via a sonocatalytic process. The synthesis of composites was performed by the sol-gel method using titanium
isopropoxide (Ti(OPr)4-TTIP), acetic acid and ethylene glycol as dispersing medium. Ultrasound was used as the irradiation source
and methylene blue was chosen as a model substance. In addition, the adsorption capacity was studied in an attempt to achieve
greater ratio degradation/adsorption. The methylene blue concentration after adsorption and sonocatalysis was investigated by
UV–vis spectroscopy. It was found that adsorption was an important factor to achieve high degradation capacity. However, the
sonocatalytic activity decreased when adsorption was too intense.

Keywords: sonocatalysis, carbon nanotube, TiO2, carbon, degradation

1. Introduction

Photocatalysis commonly uses TiO2 as catalyst due to its high
oxidizing power, non-toxicity, low cost and high stability.
TiO2 crystallizes in three crystalline phases: brookite, rutile
and anatase. Among these phases, anatase and rutile have
better photocatalytic performance caused by the band gap of
approximately 3.2 eV and 3.1 eV, respectively (1–5). How-
ever, when this catalyst is used in industrial waste treatment
the catalyst cannot absorb the ultraviolet radiation properly
due to the dark nature of the industrial effluent. This problem
can sometimes be overcome by using high power ultraviolet
light, which increases both the energy consumption and
equipment´s price (6–8). A good alternative to ultraviolet
excitation is ultrasonic irradiation. The process catalyzed by
ultrasound is named sonocatalysis. The ultrasound effect on
dye molecules is related to cavitation, nucleation, growth and
implosion of microbubbles that trap steam/gas. These micro-
bubbles produce areas of high pressure, which lead to water
dissociation and formation of ¢OH radicals. These radicals

are responsible for the dye degradation (9,10). The ultra-
sound irradiation induces electrons’ movement on the TiO2

crystal network, increasing the electron-hole pair number
and increasing the ¢OH radical concentration in the reaction
medium as well. The development of new materials to
enhance the properties of TiO2 has become the focus of the
research community in recent years due to the sono- and
photo-catalysis process requirements. Carbon nanotubes
(CNT) have attracted considerable attention due to their
structure and extraordinary mechanical and electrical proper-
ties (11). Its nanostructure allows high mechanical strength,
electrons conduction and large adsorption capacity, with the
latter being a fundamental characteristic to sonocatalytic
applications. Innumerous studies related to the incorporation
of CNT into TiO2 structure were developed in an attempt to
increase the catalytic ability (12). TiO2-CNT is a hybrid
material which exhibits elevated photo-sonocatalytic proper-
ties and high electrical conductivity, both providing the nec-
essary conditions for the generation of a large amount of
¢OH radicals. However, carbonaceous nanomaterials can be
obtained with a large number of structures, encompassing a
wide variety of structural forms of carbon and different syn-
thesis techniques. Besides CNT, various TiO2 hybrid systems
have been developed, such as: TiO2 doped carbon, TiO2-gra-
phene and TiO2-fullerene (12,13). In this, work the compo-
sites TiO2-CNT and TiO2-C were prepared by sol-gel
technique. The microstructure, physicochemical properties
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and sonocatalytic activity for degradation of methylene blue
of both composites were compared. The results showed that
to achieve great catalytic capacity, for both composites, the
adsorption process is a decisive factor. However, too intense
adsorption capacity decreases the dye degradation capacity.

2. Experimental

2.1 Materials and Preparation of Carbon Structure and TiO2

CNTs (multiwall CNTs) were obtained from Instituto Nacio-
nal de Pesquisas Espaciais (INPE). The carbon nanotubes
were functionalized by acid and amine treatment. The acid
functionalization was performed using 1.0 g of CNTs sus-
pended in 120 mL of concentrated sulfuric acid and concen-
trated nitric acid (H2SO4/HNO3 D 3/1) for 6 hours at
100�C. Then, the acid functionalized CNT (0.3 g) was sus-
pended in 175 mL of ethylenediamine (C2H4(NH2)2) at
100�C for 4 days. In both treatments the carbon nanotubes
were filtered by a Millipore 0.45 mm membrane filter and
then washed with deionized water until the pH value was
equal to 7 and then dried at 70�C for 10 hours. The carbon
nanotubes with acid and amine treatment were identified as
AC and AM, respectively. The carbon structure was synthe-
sized by polycondensation of resorcinol (R) and formalde-
hyde (F) using an initial R:F molar ratio of 1:2. Deionized
water (W) was used as diluent and the R:W molar ratio was
1:170, than the sample was dried at 100�C and activated at
800�C in argon atmosphere for 2 hours. This substance was
identified as C. TiO2 was obtained from titanium isopropox-
ide (IV) (Ti(OCH(CH3)2)4—TTIP) (97%), acetic acid (99.7%)
and ethylene glycol (99.0%). The mixture was kept at 100�C
for 24 hrs until complete gelation, after that the obtained gel
was dried at 110�C and then calcined at 400�C for 2 hrs. The
molar ratio of alkoxide:acid:glycol was fixed at 1:10:11—this
catalyst was further referred to as TiO2-S. TiO2 (P25)
obtained from Degussa was used as comparative catalyst and
methylene blue (Merck) as organic dye. Table 1 summarizes
the synthesis methods of samples TiO2-S, C, CNT, AC and
AM.

2.2 Preparation of TiO2-CNTs and TiO2-C Composites

The following procedure was used: various amounts (0.5%,
1%, 2% and 10% W/W) of CNTs (functionalized and not
functionalized) and C were added into mixtures of Ti(OCH
(CH3)2)4, acid acetic and ethylene glycol. This mixture was
stirred vigorously for 60 min followed by 60 min of sonica-
tion. The resulting colloidal solution was kept at 100�C for
24 h to produce the corresponding gel. The gel samples were
dried at 110�C and then calcined at 400�C (samples consti-
tuted of C were activated in argon atmosphere). The titanium
precursors doped with CNT, AC and AM were identified as
TiO2-xCNT, TiO2-xAC and TiO2-xAM, where x represents
the amount of carbon nanotube that was added. For the com-
posites doped with carbon the samples were identified as
TiO2-xC. Table 2 summarizes the obtainment method of all
samples of this section.

2.3 Sonotocatalytic Degradation, Adsorption of Methylene

Blue, and Characterization

The kinetic studies were carried out in amber flasks with an
adsorbent dose of 2.5 g.L¡1 for TiO2-S and composites with
CNT, 0.25 g.L¡1 for composites with C and methylene blue
concentration of 10 mg.L¡1. The amount of composites with
C used in the experiments was smaller due to the higher
adsorption capacity presented by these samples. The vials
were mechanically stirred for several time intervals (up to 120
minutes) at 25�C. The supernatant solution was separated
from the adsorbent by filtration and methylene blue concen-
tration in the supernatant was determined by spectrophotom-
etry, monitoring the absorbance at 665 nm in a UV-VIS
spectrophotometer (Thermo Scientific Evolution 200). The
behavior of the system for adsorption of methylene blue
removal was better fitted on the pseudo-second-order kinetic
model, according to Equation (1) (14–18):

t

qt
D 1

kq2e
C t

qe
(1)

where k is the pseudo second-order rate constant (min¡1.g.
mg¡1). The qe value was determined from the plot slope, and
k from the intercept. The sonocatalytic degradation of meth-
ylene blue was carried out in an ultrasonic probe (Unique -
DES500) which was operated at a frequency of 42 kHz and
with an effective output power of 100 W. The experiments
were carried out using 20 mL of 10 mg.L¡1 methylene blue
aqueous solution with and without catalyst. The suspensions
were shaken for 24 h to ensure a good adsorption-desorption
equilibrium before starting with ultrasonic irradiation. The
solution temperature was 25�C in all experiments. The sono-
tocatalytic activity of the samples can be quantitatively evalu-
ated by comparing the apparent reaction rate constants. The
sonotocatalytic degradation followed the first-order reaction
(eq. 2), where kapp is the apparent-first-order reaction rate
constant (min¡1), C0 is the initial concentration in the bulk
solution (mg.L¡1) and t is the reaction time (min)
(12,13,19,20):

ln
C0

Ct

� �
D kappt (2)

The surface area measurement of the catalysts was carried
out using equipment from BEL, model Belsorp II, using
nitrogen adsorption at –196�C and relative pressures (P/P0)
ranging from 0.05 to 0.35. The specific surface area was deter-
mined by the BET method. Fourier transform infrared spec-
troscopy (FT-IR) analysis was carried out in a Perkin Elmer
Spectrum One spectrophotometer with KBr pellets in the
range of 4000–500 cm¡1. The X-ray diffraction (XRD) was
performed using the powder method on SEISERT equip-
ment, model 1001, radiation CuKa (λ D 1.54178 A

�
) and a

nickel filter. Crystalline phases were identified using JCPDS
(Joint Committee of Powder Diffraction Standards). The sur-
face morphology of TiO2 was investigated by field emission
gun scanning electron microscopy (SEM) with Scanning
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Electron Microscopy (EDS) and field-emission gun scanning
electron microscope (FEG-SEM). The Raman scattering
spectroscopy was performed using a Renishaw 2000 with an
ion laser of ArC (λ D 514.5 nm) and back scattering
geometry.

3. Results and Discussion

Powder X-ray diffraction (XRD) was performed to study the
crystallographic structure of the samples (Figure 1(a)). The
crystallinity of TiO2-S nanoparticles is evidenced by clear
peaks of the anatase phase (JCPDS 21-1272). All anatase
peaks also appear in the TiO2-10CNT nanohybrid together

with the typical CNT (002) peak. On the other hand, sharp
rutile (JCPDS 21-1276) peaks were dominant in the XRD
profile of the TiO2-10C sample. However, anatase peaks can
be still observed. According to Scherrer’s formula, based on
the half peak width of the (101) peak, the average size of
TiO2-S nanoparticles was estimated about 12 nm. This value
is consistent with the FEG-SEM results. The samples TiO2-
10CNT and TiO2-10C presented a slight increase in the nano-
particle size, 13 and 12.5 nm, respectively. This size change is
related to the carbon structure incorporation (20–24). The
TiO2-0.5C, TiO2-1.0C. TiO2-2.0C, TiO2-2.0AC and TiO2-
2.0AM, however, showed no significant change on the ana-
tase particle size. The samples TiO2-0.5C, TiO2-1.0C and
TiO2-2.0C, on the other hand, showed a decrease on anatase

Table 1. Synthesis and treatment conditions

Method/treatment applied

Catalyst name Sol-Gela Resorcinol-formaldehydea Acidb treatment Amineb treatment

TiO2-S Ethylene glycol/TTIP D 11
Acetic acid/TTIP D 10
110�C–400�C

— — —

C — Resorcinol/formaldehyde D 0.5
Resorcinol/water D 1/170
100 �C–800 �C

— —

CNT — — — —
AC — — H2SO4 D 90 mL

HNO3 D 30 mL
6 hours–100 �C
CNT D 1 g

—

AM — — H2SO4 D 90 mL
HNO3 D 30 mL
6 hours–100 �C
CNT D 1 g

C2H4(NH2)2 D 175 mL
4 days–100 �C
AC D 0.3 g

aReagents molar ratio, drying and calcination/activation temperature.
bReagents volume, reaction time, temperature, CNT and AC mass.

Table 2. Synthesis conditions for TiO2/carbon structures

Method Amount of added carbon (in mass)

Catalyst name Sol-Gela C (%m/m) CNT (%m/m) AC (%m/m) AM (%m/m)

TiO2-C Ethylene glycol/TTIP D 11
Acetic acid/TTIP D 10
Agitation/sonication D 60 min
110 �C–400 �C

0.5 — — —

TiO2-0.5C 1 — — —
TiO2-1.0C 2 — — —
TiO2-10C 10 — — —

TiO2-0.5CNT — 0.5 — —
TiO2-1.0CNT — 1 — —
TiO2-2.0CNT — 2 — —

TiO2-10CNT — 10 — —
TiO2-2.0AC — — 2.0 —
TiO2-2.0AM — — — 2.0

aReagents molar ratio, agitation/sonication time, drying and calcination/activation temperature.
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particles sizes and an increase in the rutile particles (from 33.5
to 36.5 nm). The Raman spectra (Figure 1(b)) of sample
TiO2-S showed vibrational peaks at about 396, 516, and
638 cm¡1, consistent with B1g, A1g, and Eg characteristic
peaks of anatase. However, sample TiO2-10CNT displays
spectroscopic properties of both CNT and TiO2-S. In this
spectrum one can see that the peaks of the anatase phase are
broadened and negatively shifted; such changes can be

attributed to the interaction between TiO2 and CNT. Addi-
tionally, two peaks can be observed at about 1346 cm¡1 and
1570 cm¡1, assigned to D and G peaks of CNT. These peaks
also show evident difference in position and intensity com-
pared with pure CNT, as shown in Table 3. The TiO2-
10CNT sample showed higher D/G band ratio when com-
pared to CNT, indicating that TiO2 particles preferentially
bind to the defects present on the CNT structure (D bands)

Fig. 1. XRD patterns (A), Raman spectra (B) and FTIR spectra (C) of samples CNT, C, TiO2-S, TiO2-10CNT and TiO2-10C.
A D anatase, R D rutile.
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(25–27). The Raman spectra of the sample TiO2-10C proved
that carbon interaction occurs through the rutile phase, repre-
sented by the vibrational peaks at about 434 cm¡1 and
606 cm¡1, Eg and A1g modes of rutile, respectively. The A1g

mode of the rutile phase also appears on TiO2-10C, however,
in lower intensity. The D/G ratio of TiO2-10C also presented
higher intensity when compared to C sample, indicating high
interaction of the carbonaceous phase with rutile particles
(28–30). The surface area results showed that the samples
TiO2-S and CNT display mesopore areas of 31.6 and
315.14 m2.g¡1, respectively. The C samples possess surface
area related to micropore of 653.83 m2.g¡1. The addition of
CNT on TiO2 matrix showed no significant change on sur-
face area, just a small reduction was observed. However the
sample TiO2-2.0AM was the only one doped with functional-
ized carbon nanotube with higher surface area (36.24 m2.
g¡1). For TiO2-0.5C, TiO2-1.0C and TiO2-2.0C samples, as
the content of carbon on TiO2 increases the mesopore surface
area also increase, from 54.24 to 69.11 m2.g¡1 (20,31,32).
Figure 3c shows the FTIR spectrum obtained for the samples
CNT, C, TiO2-S, TiO2-10CNT and TiO2-10C. Samples
CNT, C, TiO2-10CNT and TiO2-10C showed a strong and
broad peak around 3430 cm¡1, which corresponds to the
stretching mode of the O–H group. Samples C and CNT
showed bands around 2932, 2863, 1629, 1446 and
1030 cm¡1, which were attributed to the asymmetric (aCH2),
symmetric (sCH2) stretching of C–H, C D C stretching mode,
C–OH and C–O stretching vibrations, respectively. The sam-
ple TiO2-S presented a main band at 511 cm¡1 that corre-
sponds to Ti–O–Ti bond vibrations of the anatase phase. The
composites TiO2-10CNT and TiO2-10C presented all bands
associated with samples TiO2-S and C. However, the width
and intensity of Ti–O–Ti bond vibrations decreased in both
samples (33–36). Figure 2(a–c) displays SEM images of
CNT, TiO2-S and TiO2-10CNT at different magnifications.
The TiO2-S samples are formed by secondary particles
beyond 500 nm and agglomerated primary particles with
about 10 nm. One can observe that the CNT particles of the
sample TiO2-10CNT were coated with TiO2 nanoparticles,

which was evidenced by the increase in the CNT diameter. In
addition, CNT was also incorporated into TiO2 second par-
ticles. Figure 2(d-f) shows SEM images of C, TiO2-S and
TiO2-10C, respectively. The sample C exhibits spherical and
lamellar carbon structures, with about 2 mm. The incorpo-
ration of C particles occurs by intercalated growth of TiO2

(rutile phase) and carbon during the sol-gel synthesis.
Figure 3 shows the adsorption capacity and the linear plot

(pseudo-second-order) of methylene blue adsorption into
samples TiO2-S, P25, TiO2-0.5CNT, TiO2-1.0CNT, TiO2-
2.0CNT, TiO2-2.0AC, TiO2-2.0AM, TiO2-0.5C, TiO2-1.0C
and TiO2-2.0C. These curves show that the required time to
reach equilibrium and the adsorbed amount depend on each
sample. Samples TiO2-S and P25 reached the equilibrium in
shorter contact times, about 30 min, however the amount
adsorbed of P25 sample was 20% higher than TiO2-S.

The low adsorption capacity of the sample TiO2-S is
related to the agglomeration state of TiO2 particles. As
shown in the microscopy analysis, this sample is constituted
by few dispersed primary particles and mostly by clusters,
which provided a lesser number of active sites for adsorption.
The adsorption capacities and the time to reach the equilib-
rium of the samples prepared with CNT increased sharply
with the amount of CNT added to the TiO2 matrix. Samples
TiO2-0.5CNT, TiO2-1.0CNT and TiO2-2.0CNT presented
an equilibrium time of about 30, 50 and 70 min, respectively.
In addition, the amount of methylene blue removed also
increased, reaching 6.0, 8.7 and 18% of the initial dye concen-
tration. The presence of CNT combined with TiO2 provided
more active sites for methylene blue removal. However, the
functionalized composites presented two distinct behaviors
and higher equilibrium time than non-functionalized ones.
The adsorbed amount of the sample TiO2-2AC is slightly
smaller than TiO2-2.0CNT. Therefore, the acid treatment
promoted no changes in the adsorption process. However,
the adsorbed amount of the TiO2-2AM sample was the high-
est one (27%). The time to reach the equilibrium involving
the samples TiO2-0.5C, TiO2-1.0C and TiO2-2.0C was about
120 min and the amounts removed were 23, 39 and 18%,

Table 3. Average particle size, D-G band intensity and specific surface area

Sample Crystalline size (nm)a D/G band intensityb SBET (m2.g¡1)c

TiO2-S 12 (A) . . . 31.60
CNT . . . 0.49 315.14
C . . . 0.80 653.83
TiO2-0.5CNT 12 (A) . . . 26.31
TiO2-1.0CNT 12.12 (A) . . . 25.48
TiO2-2.0CNT 12.08 (A) . . . 28.95
TiO2-2.0AC 11.78 (A) . . . 27.72
TiO2-2.0AM 12.21 (A) . . . 36.24
TiO2-10CNT 13 (A) 0.63 55.32
TiO2-0.5C 7.5 (A) . . . 54.24
TiO2-1.0C 9.2 (A) / 33.5 (R) . . . 67.22
TiO2-2.0C 8.1 (A) / 36.5 (R) . . . 69.11
TiO2-10C 12.5 (A) /42 (R) 0.86 . . .

Note. A D anatase, R D rutile. aCalculated by the Scherrer formula, bEstimated from Raman spectra, cSurface area calculated from BET method.
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respectively. The sample TiO2-1.0C showed the maximum
value of adsorbed methylene blue. The plots of t.qt

¡1 versus t
yielded very good straight lines for the different samples.
Table 4 lists the computed results obtained for the pseudo-
second-order equation. The correlation coefficients for the
pseudo-second-order kinetic equation were above 0.95 for all
catalysts. The calculated qe values also agreed very well with
the experimental data. These indicate that the adsorption
process was performed by a pseudo-second-order kinetic
model (17,23,30–32). In order to evaluate the sonocatalytic
activity of TiO2 and composites powders, the organic dye
and catalyst were stirred for 120 min to achieve equilibrium
adsorption before starting the sonocatalytic degradation. Fig-
ure 4 shows plots of the sonocatalytic degradation of all sam-
ples, where the negative time means the adsorption time
which was performed prior to the sonocatalytic reaction. The
ultrasound itself, with no catalyst in the medium, removed
19% of initial methylene blue concentration. The total of
methylene blue removed by samples P25 and TiO2-S were 33
and 32%, where the adsorption processes correspond to 2 and
1.4%, respectively. These samples (P25 and TiO2-S) presented
similar sonocatalytic action, removing about 30% of the ini-
tial methylene blue concentration. Comparing the sonocata-
lytic capacity performed by the samples P25 with TiO2-S one
can see an increase of 12%. The composites TiO2-0.5CNT,
TiO2-1.0CNT, TiO2-2.0CNT and TiO2-10CNT presented
total methylene blue removal of 37, 42, 56 and 89%, respec-
tively. Despite the highest removal provided by TiO2-
10CNT, the adsorption process was responsible for 74% of
this amount. The composites TiO2-0.5CNT, TiO2-1.0CNT,
TiO2-2.0CNT removed by adsorption of 7.5, 9.8 and 16%,
respectively. Therefore, considering only the sonocatalytic

capacity, the composites TiO2-0.5CNT, TiO2-1.0 CNT,
TiO2-2.0 CNT e TiO2-10CNT showed 30, 32, 40 and 15% of
degradation. Among these samples, the TiO2-2.0CNT
showed the highest degradation capacity, increasing the
ultrasound effect by about 21%.

The composites TiO2-0.5C, TiO2-1.0C and TiO2-2.0C pre-
sented methylene blue total removal of 52, 66 and 50%,
respectively. However, as 35, 53 and 26% of this amount
were due to the adsorption process, it can be concluded that
the sonodegradation achievement was 17, 13 and 24% from
initial methylene blue concentration, respectively. Among
these samples only TiO2-2.0C showed an increase in the deg-
radation rate (approximately 5%) considering the ultrasound
effect (about 19%). The functionalized samples TiO2-2.0AC
and TiO2-2.0AM showed a total methylene blue removal of
42 and 50%, respectively. The removal by adsorption
involved in these samples was 13 and 27%, respectively. The
sample TiO2-2.0AM showed the best catalytic performance,
increasing the ultrasound effect by 31%. Table 4 shows that
the presence of CNT enhances the degradation efficiency,
and the value of kapp increases greatly and rapidly. The pres-
ence of solid particles could provide additional nuclei for
bubble formation and thereby enhances the degradation effi-
ciency. The association of TiO2 with CNTs increased the
delocalization of charge carriers in nanotubes where the sepa-
rated holes were free to move throughout the length of the
tubes. This could reduce the probability for recombination
between electrons and holes. The electrons and holes are
responsible for the degradation of organic compounds
directly or indirectly by triggering a series of reactions leading
to the formation of �OH radicals (15,16,19,24). The adsorp-
tion process is another important factor for the enhancement

Fig. 2. SEM and FEG-SEM of CNT, TiO2-S, TiO2-10CNT (A–C) and C, TiO2-S and TiO2-10C (D–F).
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Table 4. Parameters of adsorption and sonocatalytic degradation of methylene blue

Adsorption
pseudo-second-order

Sonodegradation
apparent-first-order

Sample k (mg.g¡1.s¡1).10¡3 qe (mg.g¡1) R2 kapp (s
¡1) .10¡3 R2

TiO2-S 14.05 0.13 0.98 0.05 1.00
P25 14.53 0.22 0.99 0.05 0.99
TiO2-0.5CNT 24.52 0.31 1.00 0.053 0.99
TiO2-1.0CNT 3.58 0.37 1.00 0.061 0.99
TiO2-2.0CNT 1.83 0.78 1.00 0.080 0.97
TiO2-2.0AC 0.86 0.76 0.96 0.078 0.97
TiO2-2.0AM 0.85 1.13 0.98 0.118 0.95
TiO2-10CNT - - - 0.132 0.91
TiO2-0.5C 0.21 8.90 1.00 0.043 0.99
TiO2-1.0C 0.083 15.57 1.00 0.050 0.93
TiO2-2.0C 0.200 7.82 1.00 0.055 0.94

Fig. 3. Adsorption kinetics of methylene blue adsorption onto samples TiO2-S, P25, TiO2-0.5CNT, TiO2-1.0CNT, TiO2-2.0CNT,
TiO2-2.0AC, TiO2-2.0AM, TiO2-0.5C, TiO2-1.0C and TiO2-2.0C.

Sonocatalytic Degradation of Methylene Blue in the Presence of TiO2 Doped Carbon Nanostructures 731

D
ow

nl
oa

de
d 

by
 [

Se
lc

uk
 U

ni
ve

rs
ite

si
] 

at
 1

2:
06

 0
4 

Ja
nu

ar
y 

20
15

 



of sonocatalytic activity of TiO2 by CNTs. However, when
adsorption becomes the main process for methylene blue
removal: between 2 and 10% of CNT added to TiO2,
decreases the degradation rate. The functionalized sample
TiO2-2.0AM possesses more carbon nanotubes well dispersed
on the TiO2 matrix which enhance the adsorption as well the
degradation process. The activated carbon (C), due to its
high surface area, acts as co-adsorbent which can facilitate
the sonocatalytic efficiency. The electron moving on a carbon
structure is more complicated when compared to CNTs,
which have 1D carbon-based ideal molecule with nanocylin-
ders, and then, can conduct electricity with no resistance.
Therefore, the adsorption takes place easily, and the amount
of carbon added to the TiO2 matrix which showed the best
catalytic performance was 2%. Table 4 shows that the value
of kapp increases for TiO2-0.5C, TiO2-1.0C and TiO2-2.0C
samples; however, the reaction rate is smaller than CNT-

doped composites. Despite the reduced value of kapp the
amount of catalyst used during the sonodegradation is ten
times less that of CNT composites.

Conclusion

Composites TiO2/CNTs and TiO2/C with different amounts
of CNTs and C were prepared in this study. The experiments
demonstrated that sonocatalytic efficiency depends on the
adsorption process in both composites. The amount of CNTs
added to the TiO2 matrix increased both adsorption and deg-
radation of methylene blue. However, at high CNT concen-
tration (10%) the removal of methylene blue occurs mostly
by adsorption. The composite formed by CNT functionalized
with amine showed the best catalytic performance (31%). For
the composites with carbon present in the TiO2 structure,

Fig. 4. Methylene blue sonocatalytic removal by TiO2-S, P25, TiO2-0.5CNT, TiO2-1.0CNT, TiO2-2.0CNT, TiO2-2.0AC, TiO2-
2.0AM, TiO2-10CNT, TiO2-0.5C, TiO2-1.0C and TiO2-2.0C samples.
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adsorption was the main process involved for 0.5% and 1% of
carbon. The performance of TiO2-2.0C, however, showed an
increase of 5% on the ultrasound effect. Besides the better cat-
alytic activity of CNT composites, the amount of carbon
composites used was ten times smaller.
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