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Abstract
Titanium dioxide nanoparticles were functionalized with maleic anhydride. The chemical stability of the
modi�ed samples was tested by ultrasonic and magnetic stirring. The effectiveness of these treatments
was con�rmed by Total Organic Carbon (TOC) and Thermo Gravimetric Analysis (TGA). Fourier
Transform Infrared Spectroscopy (FTIR) and UV-Vis Diffuse Re�ectance Spectroscopy (DRS) results
clearly showed the chemical anchored maleic anhydride on the titanium dioxide surface as a bidentate
bridging adsorption. The surface modi�cation of titanium dioxide extended its light absorption range to
the visible light region. X-Ray Diffraction (XRD) patterns did not show any change in the crystal structure
of the modi�ed samples with respect to pristine titanium dioxide. The quanti�cation of chemically
adsorbed maleic anhydride and the reaction e�ciency were calculated from data obtained by Differential
Thermal Analysis (DTA) and TGA. The photocatalytic activity was analyzed by degrading methyl orange.
The kinetic reaction was better using the functionalized titanium dioxide.

1. Introduction
The study of metal oxides has been of great interest in the development of hybrid materials, catalysis and
solar cells. Titanium dioxide (TiO2) is by far the most popular photocatalyst because of its excellent
physical and chemical characteristics. However, it only absorbs 4% of sunlight [1]. The light absorption
range of TiO2 can be shifted to the visible region by modifying its structure or surface. There are some
methods to improve the physical and chemical properties of TiO2 such as etching, photo-deposition of
metals, organic compounds anchoring and metal ions doping [2–10].

Previous studies have been focused on increasing the ability of TiO2 to capture photons outside the
ultraviolet (UV) light absorption range [11–12]. Guo et al. [13] investigated the surface modi�cation of
TiO2 nanoparticles with sulfanilic acid, showing light absorption in the visible region of the spectrum. Mu
et al. [14] studied the surface modi�cation of TiO2 with C60(CHCOOH)2 which allows to use visible light to
reduce Cr(VI). Also, Wang et al. [15] reported TiO2 nanoparticles sensitized with polyaniline (PANI) which
observed an increase in the visible light absorption. In addition, Galoppini et al. [16] considered necessary
to know the physico-chemical properties of the solid surfaces to obtain a good stability between the
organic and inorganic phases.

Commonly, the maleic anhydride (MA) has been used as a coupling agent in the functionalization of
nanoparticles because it serves as a “seed molecule” capable to anchor them organic compounds [17–
20]. However, there are a few investigations about surface modi�cation of metal oxides with MA. This
compound has two functional groups: carboxyls and alkenes. The carboxyl group interact chemically on
the TiO2 surface. The sensitization of inorganic nanoparticles surface with MA induces the transfer of
electrons from the bonds of the organic compound to the conduction band of TiO2 by photonic
excitation. The visible light absorption in the solids is increased when the amount of anchored
carboxylate groups is higher. This condition gives it the ability to have more photon receptor sites [21].
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The decomposition of MA on the surfaces (1 0 1), (1 0 0) and (0 0 1) of TiO2 single crystal (anatase)
indicates the presence of two types of oxygen on the plane (0 0 1) which were founded by X-ray
photoelectron spectroscopy (XPS). This explains the presence of bidentate adsorption geometry formed
by a ring-opening reaction of MA on the planes (1 0 1) and (0 0 1). Also, four oxygen equivalents on the
TiO2 surface indicate a similar behavior of MA with respect to carboxylic acid [18]. Wilson [21] found
similar results about the adsorption of MA on the plane (0 0 1) of rutile single crystals. Dissociative
adsorption was suggested to be the most stable con�guration of TiO2/MA system. The MA is adsorbed

by the Ti5c
4+ species located on the TiO2 surface which can interact with the oxygen atoms [22–26]. Girol,

Wilson and Gao et al. [27–29] have mentioned the procedures to anchor MA on solids. However, this
implies the use of highly specialized methodologies such as ultra-high vacuum systems. Therefore, in
this work an easy and e�cient method of functionalizing TiO2 nanoparticles with MA was developed.

2. Materials And Methods

2.1. Materials
The MA (C4H2O3, Mw= 98.06 g/mol, ≥ 99.0% pure) was supplied by Sigma-Aldrich. Toluene (TO) and
ethanol (ET) used as reaction media were bought from CTR Scienti�c. TiO2 nanoparticles were purchased

from Degussa, P-25 with a mean particle size of ~ 21 nm, a surface area of 50 m2/g and a mixture of
anatase (~ 80%) and rutile (~ 20%). The dye used in the photocatalytic tests was methyl orange (MO,
C14H14N3NaO3S, Mw= 327.33 g/mol) bought from Sigma-Aldrich.

2.2 Synthesis of functionalized TiO2

0.3 g of TiO2 were dispersed in 190 mL of ET or toluene TO, the mixture was stirred and heated to 50 or
80°C depending on the solvent used. Then, MA was dissolved in 10 mL of solvent added slowly. After
that, the reaction was brought to a temperature just below the boiling points of ET (70°C) or TO (105°C),
depending of the solvent used. The reaction was maintained at constant re�ux for 4.5 hours. Finally, the
solvent was separated by decanting and centrifugation to recover the functionalized nanoparticles. The
TiO2 nanoparticles were prepared with different concentrations of MA: 2% w/w (1TiMA) and 5% w/w
(2TiMA).

2.3 Washing methodology
Functionalized TiO2 nanoparticles were washed several times using 500 mL of deionized water. First, 100
mL were used to wash by ultrasonic stirring for 30 min. Next, 400 mL were used to wash by magnetic
stirring during 240 min. Finally, the nanoparticles were �ltered and dried at 120°C to convert the
functionalized samples to powder.

2.4 Synthesis of modi�ed TiO2 by physical methods
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In order to have a comparative study with the functionalization method, the samples were synthesized
alternately by physical methods such as physical mixture (M) which was performed as a simple
combination of MA with TiO2 powders at room temperature; and the impregnation method (I) which was
made under similar reaction conditions as in the functionalization method but at room temperature
without external application of heat.

2.5 Quanti�cation of chemically adsorbed MA on the TiO2
surface
The initial weights of MA in the synthesis of the samples 1TiMA-ET and 2TiMA-ET were 0.0061 and
0.0158 g, respectively. At the end of the reaction and the post-functionalization treatments (washing and
drying), the �nal weights of MA obtained by TGA were 0.0046 and 0.0108 g. From this data, the real
amount of chemically adsorbed MA on the TiO2 surface can be quanti�ed.

2.6 Photocatalytic procedure
The photocatalytic activity of the functionalized samples was evaluated by a kinetic study to degrade the
dye under UV radiation using 40 mg of catalyst added to 40 mL of MO solution (4x10-5 M). Adsorption
tests were performed to the catalysts in a MO solution using magnetic stirring without UV light for 60
min. After that, the solution was irradiated by 4 UV lamps Vilber-Lourmat T-15L (15 W, λ = 365 nm) for 90
min and its absorbance was analyzed every 10 min by UV-Vis. Previously, the solid-liquid phases were
separated by centrifugation.

2.7 Characterization
The thermal behavior of the modi�ed TiO2 was determined by TG-DTA on a SDT Q600 of TA with a

heating rate of 10°C min-1 in a range of temperature from 25 to 600°C. The FTIR spectra were recorded
using a Nicolet 670 spectrometer in a range from 400 to 4000 cm-1. The samples were mixed with KBr of
spectroscopic grade, measured with 32 scans and a resolution of 4 cm-1. Diffuse re�ectance spectra were
collected by S2000 UV-Vis spectrophotometer from Ocean Optics using Ca2SO4 as a blank. The crystal
structure of the samples was tested by XRD (GBC-Difftech MMA model) using Cu Kα irradiation at λ = 
1.54 A° in a range from 10 to 80° of 2θ, a speed recording of 2° min-1 and an interval of 0.02°. The
absorption spectra of the MO were obtained by S2000 UV-Vis spectrophotometer using an integration
time of 100 ms and 5 scans. In addition, the residual water used in the washings was analyzed by TOC
(VCPH-CPN, Shimadzu co.) to determine the total organic carbon concentration.

3. Results And Discussion

3.1 Chemical stability
The physical adsorption between the organic compounds and the TiO2 surface has a lower cohesion
than the chemical adsorption. Therefore, this attraction force can be eliminated by washing with
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ultrasonic and magnetic stirring. The un-reacted MA was removed from the functionalized TiO2 surface
by these processes because of its high solubility in water. The effectiveness of washing was con�rmed
by the decrease in the TOC concentration of the waste water collected after washings. Figure 1 shows the
progressive decrease in the TOC concentration when the volume of water is increased. The
concentrations of the last three washes were lowest and very similar between them which con�rms the
loss of organic material. As result, the minimum volume of water required for the total desorption of un-
reacted MA and residual solvent was 500 mL.

TGA curves show a noticeable reduction in the percentage of loss mass of the washed samples in the
temperature range from 200 to 600°C which is due to the decomposition and desorption of chemically
adsorbed MA on the TiO2 surface, as shown in Fig. 2. The sample 2TiMA-ET had a greater lost weight
than the sample 1TiMA-ET due to the increase of anchored MA on the TiO2 surface. This showed the
great contribution of washings in the elimination of physically adsorbed organic compounds from the
functionalized TiO2 surface. Previous to the characterization, these trials were very important to perform
the exclusive quanti�cation of chemically adsorbed MA on the TiO2 surface.

3.2 Crystal structure
The XRD patterns were indexed with the crystallographic planes corresponding for each phase according
to the JCPDS 21-1272 (anatase) and JCPDS 03-1122 (rutile) cards. The Fig. 3 shows the XRD patterns of
the surface-modi�ed TiO2 samples by physical mixture, impregnation and functionalization methods. All
these patterns showed similar crystal phases (anatase and rutile) as pristine sample as modi�ed
samples which indicates that the modi�cation of the TiO2 is only on the surface and there isn’t any effect
in its crystal structure. However, there is a slight shift to the left in the diffraction pattern of the sample
2TiMA-ET synthesized by functionalization (chemical method) while the XRD patterns obtained of the
samples synthesized by physic mixture and impregnation methods did not show any shift because of its
surface modi�cation is by a simple physic adsorption. This shift in the diffraction angle is observed due
to the transparency effect presented when the X-rays beam interact with the chemically anchored MA on
the TiO2 surface [30].

3.3 FTIR spectroscopy
Figure 4 shows the FTIR spectra of the functionalized samples 1TiMA-ET and 2TiMA-ET, previously
washed and dried. The asymmetric (1869 cm-1) and symmetric (1783 cm-1) C = O vibrations of the MA
molecule were not observed. However, two peaks; one at 1714 cm-1 and another at 1696 cm-1 were found
on the band centered at 1700 cm-1. The band centered at 1570 cm-1 of the spectrum of the sample
2TiMA-TO is composed of COO- symmetric vibrations with stretching vibrations of C = C bond .

These assumptions were con�rmed by deconvolutions, as shown in Fig. 5. The �t was done in two and
three components by Lorentzian functions according to a similar procedure as the XPS spectrum [31–
32]. The best �t presented for the band centered at 1700 cm-1 was using two components. The
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deconvolution showed two peaks around 1714 and 1696 cm-1 which were considered asymmetric
vibrations of COO-. The second band centered at 1570 cm-1 was better �tted using three components. The
deconvolution revealed the contribution of three different peaks. Two at 1546 and 1514 cm-1 assigned to
different symmetric vibrations of COO-, and one at 1584 cm-1 corresponding to the stretching vibration of
C = C which has a shift of 10 cm-1 compared with the absorption FT-IR spectrum of the pure MA [33–35].
Mirone et al. [33] observed a similar absorption vibration when the maleic acid was used at 1587 cm-1.
This slight shift is justi�ed because there is not direct interaction between the C = C bond and the solid
surface. Vibration bands of C-O were observed at 1160 and 1096 cm-1. Another well de�ned band at 1220
cm-1 was assigned to a bending vibration in the plane of C-H bond [36–37].

The difference between the asymmetric (γas) and the symmetric (γs) stretch vibrations of the carboxylic
acids (Δγas-s) de�ne the adsorption geometry of the MA molecule on the solid surface. Commonly, the

ranges for a monodentate adsorption are 350–500 cm-1, 150–180 cm-1 for bidentate bridging and 60–
100 cm-1 for bidentate chelating. In our case, there is a Δγa-s of 150 cm-1, approximately. Therefore, the
adsorption form of the MA on the TiO2 surface corresponds to bidentate bridging, as shown in Fig. 6C.

Furthermore, the vibration band at 1160 cm-1 assigned to C-O bond supports the assumption of a
bidentate bridging adsorption. Nijhuis and Ruiz et al. [36–37] observed a stretching vibration of the C-O
bond near to 1140 cm-1, which con�rms the bidentate geometry of the propoxy species on the TiO2

surface.

The TiO2 nanoparticles used in our study consist mainly of anatase. The (1 0 1) plane is the most
common surface for this phase. Therefore, favors the bidentate bridging adsorption which involves the
ring opening of the MA molecule [38–39]. Kim et al. [40] observed this same behavior in the carboxylic
acids and other organic molecules.

3.4 TG-DTA
The thermal behavior of the sample 2TiMA-ET had two main weight losses, as shown in Fig. 7. The �rst
one was about 1.17% in a temperature range from 25 to 200°C, attributed to the elimination of water,
residual solvent and possible remnants of un-reacted MA [41]. Feist et al. [42] observed the same
endothermic peak as a typical behavior of a desorption process. The second weight loss was 4.07 %,
which coincided with a strong exothermal effect in the range from 200 to 580°C on the thermal curve,
attributed to the decomposition and desorption of anchored MA. Nikumbh et al. [41] observed exothermic
peaks related to the decomposition of maleates compounds between 250 and 450°C. Decomposition-
desorption of MA on the TiO2 mainly occurred between 280 and 470°C. Desorption of carbonates due to
the decomposition of MA was observed at 470°C, the desorption of acetylene and CO2 occurred at 500°C
[5, 22].

The functionalization degree (FD) and the reaction e�ciency of the samples 1TiMA-ET and 2TiMA-ET (as
shown in Table 1) were calculated from the experimental conditions of the reaction and TGA results,
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using the Eqs. (1) and (2):

The functionalization process suggests that there is a low concentration of anchored MA on the TiO2

surface due to steric hindrance between the MA molecules when trying to occupy surface area in the TiO2

nanoparticles. Therefore, the TiO2 surface is partially functionalized and has a limited amount of
anchored reactant on all the reaction sites located on the TiO2 surface. A decrease in the reaction
e�ciency of the sample 2TiMA-ET with respect to the sample 1TiMA-ET was observed.

3.5 UV-Vis DRS
Some modi�ed TiO2 samples were synthesized by physical and chemical methods, as shown in Fig. 8.
Consequently, the functionalized samples showed a noticeable increase in visible light absorption and a
decrease in the band gap energy. The area under the curve of the absorption spectrum was integrated in a
range from 400 to 700 nm for the sample 2TiMA-ET which shows an increase of 36.03 u2 compared with
the pristine TiO2. The samples performed by physical methods did not show any increase in the visible
light absorption with respect to pristine TiO2. This con�rms the presence of anchored MA on the TiO2

surface and means that it can be excited with less energy, thus extending its absorption range from UV
light to the visible region. Also, functionalized samples were able to absorb visible light beyond 400 nm.
However, the MA only absorbs at 204 nm corresponds to the UV region. Therefore, the visible light
absorption observed in the UV-Vis spectrum of the functionalized samples is attributed to the physical
obstacle presented when the light try to penetrate through molecular chains of anchored MA before to
interact with the TiO2 surface.

Figure 9 shows a reduction in the band gap energy of TiO2 from 3.05 to 2.55 eV for the functionalized
sample 2TiMA-ET due to the anchored MA on the TiO2 surface. The samples 2TiMA-ET and 2TiMA-TO
synthesized by the chemical method showed a signi�cant reduction in its band gap energy compared
with the samples 2TiMA-M and 2TiMA-I performed by physical methods, which showed a similar
behavior in the visible light absorption with respect to commercial TiO2. The band gap energy values of
the functionalized samples were very similar compared with the results of other authors obtained with the
dye-sensitized TiO2 surface because obviously the dye is capable of absorbs visible light [17]. However,
our method of synthesis is simpler and cheaper than the other functionalization processes with complex
and expensive methods [42–43].

3.6 Photocatalytic tests
The photocatalytic analysis was carried out by degrading MO under UV light radiation using pristine TiO2

and functionalized TiO2 (2TiMA-ET) as catalysts, as shown in Fig. 10. All the UV-Vis spectra have a
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decrease in the absorbance of the band centered at 463 nm (wavelength of absorption of -N = N- bond)
due to the progressive degradation of the MO solution. The catalysts were tested using the same
conditions to determine its capacity to absorb dye without light. The commercial TiO2 has a low
adsorption coe�cient but when is modi�ed in its surface, the coe�cient increases. However, it is not
signi�cant because the low percentage of anchored MA is unable to absorb so much dye. For the kinetic
study, the photo-degradation evaluation only is considered after the adsorption tests. The UV-Vis
absorbance spectra obtained to degrade the MO solution using the functionalized sample 2TiMA-ET
(Fig. 10b) and the commercial TiO2 (Fig. 10a) showed a progressive decrease of the absorption band of
the MO due to its degradation. In order to the absorbance curves, the MO solution was degraded totally
using both catalysts after 90 min of reaction time. However, there is a faster degradation rate of the MO
solution using the functionalized TiO2.

The commercial and functionalized TiO2 were evaluated photocatalytically by kinetic parameters
calculated from the MO degradation with UV light. These parameters were the constant rate, conversion
and half-life of the reaction, as shown in Table 2.

The conversion reaction of functionalized TiO2 was improved 3.22% compared with the commercial TiO2,
as shown in the Fig. 11. The constant rate and half-life of reaction also showed better results with the
functionalized sample 2TiMA-ET respect to the pristine TiO2. This was expected because of the synergy
produced between the organic molecules and the TiO2 surface [44]. These conditions favor the
production of a greater amount of electron acceptor sites that retard the recombination of the electron-
hole pair and the presence of oxidizing agents on the surface of TiO2 nanoparticles.

4. Conclusions
The MA was chemically adsorbed on the TiO2 nanoparticles surface showing a good stability after to be
tested by several washings. This assumption was con�rmed by FTIR, DRS and DRX results. The FTIR
analysis showed vibration bands of bonds that indicate the chemical interaction between the MA
molecules and the TiO2 nanoparticles. The adsorption geometry of MA on the TiO2 surface was
determinate as bidentate bridging. The chemically adsorbed MA on the TiO2 nanoparticles was quanti�ed
by TG-DTA. From this, the reaction e�ciencies of the samples 1TiMA-ET and 2TiMA-ET were 75.74 and
68.54%, respectively. The diffraction pattern of the functionalized sample 2TiMA-ET did not have any
change in its crystal structure respect to the pristine TiO2. The band gap energy of TiO2 was reduced from
3.05 to 2.55 eV when its surface was functionalized with MA. This implies that there is an increases of
the absorption light in the visible region of the spectrum. As result of this, the functionalized TiO2 showed
improvements in its photocatalytic properties due to an increase of 3.22% in the MO degradation rate
compared with the commercial TiO2.
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Figures

Figure 1
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TOC analysis of residual water used in washings of the sample 2TiMA-ET

Figure 2

TGA curves of the functionalized samples before and after of washing process
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Figure 3

XRD patterns of the samples: pristine TiO2, 2TiMA-M, 2TiMA-I and 2TiMA-ET
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Figure 4

FTIR spectra of TiO2, 1TiMA-ET and 2TiMA-ET in the range from 4000 to 1000 cm-1
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Figure 5

FT-IR spectra of TiO2, 1TiMA-ET, 2TiMA-ET and 2TiMA-TO in the range from 2000 to 1100 cm-1
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Figure 6

Possible adsorption modes of the MA molecule on the TiO2 surface: A and A’) monodentate, B) bidentate
chelating and C) bidentate bridging
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Figure 7

TG-DTA curves of the sample 2TiMA-ET in the temperature range from 25 to 600°C
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Figure 8

UV-Vis diffuse re�ectance spectra of the samples: pristine TiO2, 2TiMA-M, 2TiMA-I, 2TiMA-TO and
2TiMA-ET
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Figure 9

DRS spectra and band gap energy of the samples: pristine TiO2, 2TiMA-M, 2TiMA-I, 2TiMA-ET and
2TiMA-TO

Figure 10
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UV-Vis spectra of the degradation of MO (4 × 10-5 M) using the catalysts: a) pristine TiO2 and b) 2TiMA-
ET

Figure 11

The kinetics of MO (4 × 10-5 M) photo-degradation using the catalysts: pristine TiO2 and 2TiMA-ET
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