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Abstract

In this work, titanium dioxide (TiO:) nanoparticles were functionalized with maleic anhydride
(MA), using a non-polar (toluene) and polar protic (ethanol) solvents. The concentrations of MA in
the reaction were varied to obtain the desired degree of functionalization. The samples were cha-
racterized with Fourier Transform Infrared Spectroscopy (FTIR), Diffuse Reflectance UV-Vis Spec-
troscopy (DRS), Thermal Analysis (TGA-DTA) and Nitrogen Adsorption (BET). The physical ad-
sorption of organic molecules was eliminated by washing a number of times in water. Chemical
stability between solid-organic phases was confirmed by TOC and thermal analysis. FT-IR and DRS
results clearly show the chemical adsorption of MA on the TiO.. The UV-Vis spectroscopy is
claimed to be a suitable technique to determine the achievement of TiO; functionalization. Two
different adsorptions geometries of MA were proposed. The presence of MA on the surface TiO:
increases the band gap. These results imply that TiO, can be excited with less energy and increase
the absorption of light in the visible region. The effectiveness of the functionalized nanoparticles
to interact with organic materials is currently being studied with the intention of applying them in
the energy and environmental sanitation fields.
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1. Introduction

In the study of nanomaterials, the metal oxides have been of great interest in various fields such as hybrid mate-
rials, photocatalysis, solar cells and functionalized membranes. The TiO, only absorb 4% of sunlight [1]. How-
ever the absorption range in the TiO; is shifted to the visible light region allowing the possibility of their appli-
cation in many scopes e.g. purification and disinfection of water, solar photocatalysis and cells. Several attempts
to enhance the ability of TiO, to capture photons have been reported by Chen et al. [2] and Takai et al. [3].
Some of the known methods of sensitizing or functionalizing the surface of materials are etching, doping, ion
implantation, vapor phase deposition, organic molecules anchoring and photo-deposition of metals. The activity
of TiO, in visible light region have been achieved by anchoring organic compounds [4]-[6], metal ions doping
[7]-[10], or nitrogen [11]-[13] and introducing [1] [11] [14].

The extension of the TiO, absorption limit to visible light region due to the growth of oxides on functiona-
lized graphene sheets with Fe have been reported by Farhangi et al. [15]. A sulfanilic acid-modified P25 showed
absorption in the visible light region [6]. The surface modification of TiO, nanoparticles (Degussa P25) with a
Cqo derivative, Cgo(CHCOOH), allows the sensitization to the visible light region and therefore led to the reduc-
tion of Cr(V1) in the visible region [5]. The surface modification of TiO, nanoparticles with self-prepared cam-
phorsulfonic acid-doped polyaniline using tetrahydrofuran (THF) as solvent [16] was reported. The characteri-
zation of functionalized nanoparticles is strongly supported by diffuse reflectance UV-Vis spectroscopy. The
absorbtion of light in the visible light region increased as the amount of polyaniline increases. This indicates that
there is a suitable sensitization of TiO,. In addition, it is necessary to know the physicochemical properties of
the surface of the solid. Multidentate binding gives high stability to the anchored compounds on the surface of
oxides [17].

The process of photosensitization induces a rapid transfer of electrons into the conduction band of TiO, to-
wards the visible light range. As a result the absorption of photons by the solid is increased. In general, the phe-
nomenon consists in the excitation of © bonds of the organic molecule by photons. The electron is excited to a
higher energy level as the consequence of charge transferred to the conduction band of the solid [18]. The ab-
sorption capacity of solids in the visible range usually increases as the complexity of the anchored molecules in-
crease. The number of photons acceptor centers and the molar extinction coefficient increase with the molecular
complexity of the compound.

MA may serve as a “seed molecule” capable of anchoring to other organic molecule [19]. Also, it is an im-
portant compound for the synthesis of several chemical products. Furthermore, it is used to produce resin com-
ponents. Maleic anhydride (C4H,03, MA) is a dicarboxylic acid that is widely used in the production of poly-
mers, agricultural chemicals, pharmaceuticals, additives for lubricants, surfactants and functionalizing materials.
Dicarboxylic acids have biodegradable and biocompatible amino acids that make them an excellent choice for
use as compatibilizing agents. Therefore, understanding the behavior of MA on the surface of TiO, is of great
interest in the field of catalysis and semiconductors. These studies can be applied to the development of solar
cells and surface passivation. There are few investigations that have been conducted on the study of the adsorp-
tion of dicarboxylic acids on the surface of TiO,.

Studies on the interaction between the surface of solids and organic acids have been made. However, only a
few investigations about surface modification of oxides with MA had been done [19]-[22]. The decomposition
of MA on surface of TiO, single crystal was studied and reported the anchor of the molecule on the planes (101),
(100) and (001) of anatase [19]. Mainly based on X ray-photoelectron spectroscopy (XPS) results, the last au-
thors have concluded that the plane (001) were presented two types of oxygen on the surface, possibly due to a
not dissociative adsorption.

These results indicate the presence of four equivalents oxygen on the surface. This explains why the behavior
of the MA on the surface of TiO, is similar to a carboxyl acid. This adsorption reaction could be done via a nuc-
leophilic addition mechanism. The organic molecule should contribute three oxygen atoms and the fourth one
comes from the surface of the TiO,. Furthermore, other researchers have found similar conclusions when the
adsorption of MA on TiO, (001) is in a single crystal, e.g. rutile [22]. A dissociative adsorption was suggested to
be the most stable configuration of MA/TiO,. The molecules were suggested to adsorb on the Tisc** ions. These
kinds of Ti*" ions are normally presented on the surface of TiO, (rutile and anatase crystalline structures), which
may interact with the oxygen [23]-[27].

The procedure reported to anchor MA on solids, imply the use of highly specialized methodologies such as,
ultra high vacuum system [28]-[30]. In this work, a simple method has been developed to functionalize the sur-
face of TiO, nanoparticles. The method of functionalization is done in two different solvents. The DRUV-Vis
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spectroscopy is proposed as a qualitative method to determine the functionalization of TiO, nanoparticles. This
research reports the adsorption geometry of the anchored molecule and the quantity of surface functionalized.
The stability of the chemical adsorption is evident in the results of several analyses.

2. Experimental
2.1. Materials

The maleic anhydride (MA) was supplied by Sigma-Aldrich, 99% pure. The toluene used as solvent was
brought to CTR Scientific, 99.8% pure (Mw = 92.14 g/mol). Titanium dioxide (TiO,) nanoparticles were pur-
chased from Degussa (P-25) and were used as received. The characteristics given for supplier are: i) the particle
mean size of ~21 nm, ii) surface area of 50 m*g " and iii) the composition is a mixture of anatase (~80%) and
rutile (~20%).

2.2. Synthesis of Functionalized TiO:

TiO, nanoparticles and MA were employed as raw materials. Two solvents (protic and non-protic) were used as
reaction media, according to the follow procedure: 1 g of TiO, was dispersed in 200 ml of ethanol (ET) or tolu-
ene (TO), then the mixture was stirred and heated up to 50°C or 80°C respectively, depending of solvent. At this
point, MA was dissolved in 10 ml of solvent, added slowly. The weight ratio TiO,: MA was varied to obtain
different grades of functionalization. The concentrations were: 1:0.5 (1TiMA) and 1:5 (2TiMA). The reaction
was maintained in constant reflux during enough time to react, e.g. 4.5 hours. Then, the solvent was separated
by centrifugation to recover the functionalized nanoparticles. The product was washed with water and dried to
obtain the 1TiMA and 2TiMA samples.

2.3. Characterization

The thermal behavior of modified TiO, was determined by TGA-DTA on a SDT Q600 of TA with a heating rate
of 10°C-min"" in the range of temperature from 25°C to 700°C. The FTIR spectra were recorded using a Nicolet
670 spectrometer. Diffuse reflectance spectra were collected in a S2000 UV-Vis spectrophotometer from Ocean
Optics. The crystalline structure of TiO, was probed by XRD in a range (10° to 80°) of 26 with a speed record-
ing at 2° min* and step of 0.02°. In addition, the waste water from the washes was measured by TOC
(VCPH-CPN, Shimadzu co.) to determine the total organic carbon amount.

3. Results and Discussion

The physical adsorption of MA was dismissed and supported by the TOC and TGA results. In general, the sam-
ples were washed with 100 mL of water at different times. The TOC determined for each volume recovered after
the removal of solids by filtration. The TOC values in wastewaters were performed after using 300 mL, which
was the minimum volume used to wash the nanoparticles. In the consecutives experiments (Figure 1). The TGA
shows (Figure 2) the weight loss before and after the washes, proving the efficiency of process in the elimina-
tion of physical adsorbed molecules.
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Figure 1. TOC analysis of residual water used in the
washes of the 2TiIMA-ET sample.
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Figure 2. TGA analysis of 17TIMA-ET and 2TiMA-ET samples.

The Bet results showed no difference. The area of modified samples was 50 m%g ™. This value was also ob-
served for the pristine sample. This might suggest the small surface occupied by the organic onto TiO, nanopar-
ticles. The XRD pattern did not present other different phases than the observed in the pristine sample (Figure
3).
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Figure 3. XRD pattern of TiO, and 2TiMA-TO samples.
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Figure 4, shows the FTIR spectra of the different dried samples (e.g. 120°C). The asymmetric (1869 cm )
and symmetric (1783 cm ™) C=0 vibrations of MA molecule were not observed. Two peaks, one at 1714 cm *
and the other at 1696 cm™*, were found. The vibrational band of 2TiMA-TO is composed for a maximum and a
shoulder at the same wave number given. These peaks correspond to the asymmetric vibrations of carboxylate
ions (COQO"). The symmetric vibrations of COO™ together with the C=C stretching were deconvoluted in the
band centered at 1570 cm ™. Mainly due to the difficulty of identifying the vibrational bands centered between
1800 - 1640 cm™* wich are mainly composed of two peaks were deconvoluted. The fit was done by Lorentzian
functions is a similar method used to obtain the XPS spectra [31] [32]. The deconvolutions in two and three
components were attempted. The same procedure was applied for the broad band centered at 1570 cm ™.
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Figure 4. FT-IR spectra of TiO,, 1TiMA and 2TiMA
in the range 4000 to 1000 cm ™.
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The assumption made for the region 1800 - 1640 cm * was confirmed after of the deconvolutions, inserted in
the Figure 5. The best fit presented two peaks around 1714 cm™* and 1696 cm *. The second band centered be-
tween 1600 - 1400 cm * was fitted better using three components. This revealed the contribution of three differ-
ent peaks 1546, 1514 (assigned to two different y, (COO7)) and 1584 cm *. The last peak correspond to the
stretching C=C which has a shift of 10 cm * compared with the MA molecule [33]-[35]. The same vibration is
observed in the maleic acid at 1587 cm™* [33]. The small shift is justified because there is no direct interaction
between the organic bond and the solid surface. The bands corresponding to the C-O-Ti (e.g. 1160 and 1096
cm™) were observed [36] [37]. A well-defined band at 1220 cm * was assigned to the bend vibration of C-H

bond [37].

1600 1550 1500
Wavenumber (cm™)

Wavenumber cm*

2TiMA-TO

2TiMA-ET

Absorbance (a.u.)

OH OH

W
T

1950 1800 1650 1500 1350 1200
Wavenumber (cm")

Figure 5. FT-IR spectra of pristine TiO,, 1TiMA and
2TiMA in the range 2000 to 1100 cm ™.

The difference (Ayus.s) between the asymmetric (y,s) and the symmetric (ys) stretch vibrations of carboxylic
acids are molecules that define the binding arrangement of organic on the surface of solid. Commonly, the dif-
ference is 350 - 500 cm * for monodentate, 150 - 180 cm * for bidentate bridging and 60 - 100 cm* for bidentate
chelating. Since the Ay, of distinct assignations done fell between 200 and 150 cm* is assumed that the MA
molecules are mainly bonded in two different bidentate bridging arrangements on the surface of TiO, (Figure
6(A) and Figure 6(B)). Furthermore, the band at 1160 cm * assigned to C-O-Ti support the assumption that bi-
dentate binding modes are occurring. The stretching vibration of C-O-Ti at 1140 cm * has been related to biden-
tated propoxy species on surfaces of TiO, [36] [37]. The deconvolution performed to estimate the percentage of
each component (vibration) of the peaks. Based in the results of the band corresponding to y,, shown that on
sample 2TiIMA-ET occurs a different fraction of bidentated peaks of 1714/696 (2.4), compared with that (11.7)
in the 2TIMA-TO.
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Figure 6. Possible adsorption forms of MA on surface of TiO,:
A and A’) monodentate, B) Bidentate bridgings and C) Bi-

dentate chelating.
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The two binding modes proposed imply a ring opening. Indeed, these two absorption modes have already
been reported by different authors (Johansson et al. [19] and Wilson et al. [22]). Johansson et al. [19] found that
the only possibility to correlate the observation of one peak of oxygen (O1s - 532 eV) on the XPS spectra of MA
anchored on TiO,, should be a bidentate bridging [19]. The result is supported by the appearance of only two
different carbons signals. Indeed, the planes (101) and (100) of single crystal anatase present this behavior,
while the (001) surface showed two peaks of Ols (532 and 534.5 eV). The first one is the more reactive [40].
Nevertheless, in the three surfaces only two kinds of carbons were detected, one for carbonyl and the other for
olefinic group at 289 and 286 eV respectively [19]. Other authors have had similar conclusions for (001) rutile
surface [22]. Based on the thermal programmed desorption (TPD) studies and simulations results, a monoden-
tate binding (see Figure 1(a)) was suggested for the anchoring of MA on TiO, (001) surface [22]. However, this
proposition agrees with observations in a study involving MA and single crystals of TiO,, because two types of
oxygen and carbons could be present on this configuration [19]. Hence, it was very possible for both adsorption
modes to be carried out. The TiO, (e.g. Degussa P25) here used consist of both crystalline structures but mainly
anatase. The (101) surface is the most common surface of anatase nanoparticles [38] [39]. Therefore, the most
exposed during our experiments. It must be assumed that the main adsorption mode is bidentate binding. This
kind of adsorption has been observed in the behavior of monocarboxylic acid and others organic molecules [40].
Lopez et al. [20] reported the adsorption of MA on silica as bidentate geometry throughout the Si-C bounds.

The thermal behavior of 2TiIMA-TO is described in the Figure 7. Two important weight losses were observed:
the first loss from 45°C to 220°C (1.17%) is attributed to the elimination of solvent used in the reaction; the rest
is water adsorbed and probably lost of unreacted MA [41]. The endothermic peak observed in DTA curve at the
same range is typical behavior of desorption process [42]. The second weight loss (4.07%) coincided with a
broad exothermal effect from 230°C to 580°C on the DTA curve. This larger weight loss was attributed to the
decomposition and desorption of the anchored MA. Exothermic peaks related to the decomposition of pure cop-
per and zinc maleate hydrated between 210°C - 320°C and 250°C - 450°C respectively were observed [41]. The
peaks had been attributed to the decomposition of the maleate in different steps. They observed the main de-
composition-desorption of MA on TiO, occurring between 280°C - 470°C. The carbonates-like structure formed
from the decomposition of MA desorbs after 470°C. It must be pointed out that after 500°C desorption of mole-
cules such as acetylene and CO, have been detected [9] [29]. The samples 1TIMA-TO and those prepared using
ethanol present the same behavior. In all samples prepared, the maximum weight loss was around 4.0%. This is
due to saturation limit or charge accepted on the surface of TiO..
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Figure 7. Thermal analysis of 2TiMA-TO sample.

The UV-Vis spectra of the samples were compared in the Figure 8. A noticeable shift in the band gap could
be observed. Indeed, the values decreased by 0.26 and 0.45 eV with respect to the pristine sample for
1TIMA-ET and 2TiMA-ET respectively, due to the increase of MA concentration on the surface. The same ten-
dency was observed for the samples prepared with toluene, e.g. the difference decrease from 0. 38 to 0.28 as the
concentration of MA was increased. The MA presence on TiO, surface reduced the band gap and increased the
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ability to absorb visible light. The bare sample did not present absorption after 400 nm. Figure 9 describes the
qualitative differences between the functionalized and pristine samples. These results confirm an interaction
between the MA and the surface of TiO,, when there is an excitation of electrons by photons. Mu et al. (2010)
observed the same phenomenon due to the close interaction of Cqo(CHOQH), on the TiO,. A similar observation
was made by Farhangi et al. [15] in a study about Fe doped with titania nanowires. The integrated area under the
curves between 400 and 500 nm changed from 17.72 to 53.75 u? for pristine and 2TiMA-ET, respectively. The
2TiIMA-TO sample has 52.58 u® under the curve. This result implies that TiO, can be excited with less energy,
extending the known light absorption ability of TiO, to the visible light range due to the surface modified.

2TiMA-TO

Absorbance (a.u.)

200 300 400 500 600 700
Wavelength (nm)

Figure 8. Diffuse Reflectance UV-Vis spectra of pristine
TiO,, physical mixture (M), impregnated (1), 2TiIMA-TO
and 2TiMA-ET samples.
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Figure 9. Comparison of the absorption on the visible light of
2TiIMA-ET, Physical mixture (M), Impregnation reaction (1)
and 2TiMA-TO samples.

The absorption of MA in the visible light region has never been reported or measured. In this research, it was
found that the absorption of the functionalized samples occurs at waves lengths that are close to 400 nm. TiO,
absorbs light up to 400 nm while maleic and fumaric acids absorb at 204 and 210 nm respectively. These do not
absorb visible light. The adsorption presented in the functionalized samples is attributed to the synergy between
the organic molecule and the surface of solid [43]. The presence of a double bond exposed to light can absorb
photons that are able to excite the electrons of the COO™ bond and transfer them to the conduction band (CB) of
the TiO,. This implies that the CB of TiO, interacts quite well with the m orbital of the double bond of the or-
ganic compound, thus reducing the band gap (Figure 10) [44].
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Figure 10. Band gap calculations for TiO,, impregnated, phy-
sical mixture, 2TiMA-TO and 2TiMA-ET samples.

4. Conclusion

The MA has been successfully chemically adsorbed on the surface of TiO, using two different solvents as a
reaction media, e.g. ethanol and toluene. The assumption is supported by TOC, TGA-DTA, FTIR and DR-UV-
Vis. The last characterization technique revealed a direct interaction between the organic molecule and inorganic
nanoparticle. This implies that functionalized TiO, can be excited with less energy, extending the known effec-
tiveness of TiO, towards the visible light range as a result of the modified surface. The band gap shows a shift of
~2.60 eV (visible light region) in the 2TiIMA-ET sample prepared with 5 %wt of MA per gram of TiO, in etha-
nol. The spectroscopy studies exhibit that the MA behaves as a carboxyl acid which is adsorbed in form of car-
boxylates on the TiO, surface. The main adsorption mode presented was a bidentate binding form (Figure 6(B)
and Figure 6(C)). The chemical stability of the solid-organic phase is clearly seen after applying a series of
washes with mechanical agitation to discard physical adsorption.
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