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Abstract 27 

Biomass is a naturally abundant, sustainable, and clean resource, which has the 28 

potential to replace fossil feedstock for sustainable production of high added-value 29 

chemicals. However, an efficient conversion process is still difficult to be achieved 30 

due to the hard reaction conditions. In this study as a novel and versatile 31 

macromolecule was used to this propose, the selective conversion of guaiacol was 32 

evaluated using 0.2, 1.0, and 2.0 molar ratio of -cyclodextrin (-CD) anchored on 33 

0.7 wt% α-Fe2O3/TiO2 under mild conditions reaction. 1.0 molar ratio of -CD 34 

promoted photo-oxidation of guaiacol produced mainly p-benzoquinone with ~68% 35 

selectivity at ~10% conversion. To understands this effect, Electron Paramagnetic 36 

Resonance Spectroscopy (EPR) in operando mode and Diffuse Reflectance 37 

Spectroscopy (DRS) experiments were performed. The results show that 1.0 molar 38 

ratio of -CD decreases the bandgap from 3.06 to 2.76 eV, controlling the ∙OH radical 39 

concentration due to the formation of a covalent bond between -CD and 40 

semiconductors, improving the adsorption capacity of guaiacol over the surface of 41 

photocatalyst, resulting on the enhancement of photochemical behavior in terms of 42 

activity and selectivity. Additionally, a possible pathway of guaiacol oxidation was 43 

proposed through the oxidation intermediates. Furthermore, the photocatalyst -44 

CD/α-Fe2O3/TiO2 can be recycled efficiently and reused three times, without loss in 45 

reactivity. 46 

 47 
1. Introduction  48 

Organics obtained from fossil fuels are used in medicines, lubricants, paints, 49 

solvents, and even in food [1]. However, technologies employed by several 50 

industries generally require drastic experimental conditions such as the presence of 51 

harmful oxidizing agents, toxic solvents, and high temperatures and pressures [2]. 52 

Currently, the search for renewable and clean alternatives for the obtention of 53 

several products is attracting more attention. In this sense, the use of lignocellulosic 54 

biomass for the efficient transformation into chemical and high added-value products 55 

is being researched [3]. Lignin is one of the three main subcomponents of 56 

lignocellulosic biomass in terrestrial ecosystems and makes up nearly 30% of the 57 

organic carbon sequestered in the biosphere [4]. As a result of its rich content of 58 

aromatic carbon, lignin has the potential to be decomposed to yield valuable 59 

chemicals and alternatives to fossil fuels [5],[6]. The selective oxidation of guaiacol 60 

to several molecules is an attractive reaction in the biomass conversion field 61 

because guaiacol comes from lignin and remains stable in the wood waste of the 62 

pulp and paper industry [7].  However, improving the selectivity of the photocatalyst 63 

to avoid mineralization of the organic molecules obtained is a key challenge. In this 64 
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sense, few works have reported the degradation of guaiacol to carboxylic acids or 65 

mineralization and not promote the selective oxidation to aromatic organics [8]–[10].  66 

Diverse technologies have been developed to replace strong and polluting reaction 67 

conditions, among them heterogeneous photocatalysis has gain attention. This 68 

technology is universally recognized as “green” and inexpensive because it can be 69 

carried out under mild conditions reactions and photocatalytic reactions do not 70 

generate toxic by-products [3], [12], [13]. Currently, it is known that the formation of 71 

a heterojunction between TiO2 and α-Fe2O3 improves the absorption of solar 72 

radiation and increases the photocatalytic activity of the new material [14]. However, 73 

this nanocomposite is mainly used to take advantage of the photocatalytic 74 

degradation rate of several molecules, thus avoiding selectivity for added-value 75 

molecules [15]–[19]. From this perspective, the use of β-cyclodextrin (β-CD), a low-76 

cost oligosaccharide formed by glucopyranose units, linked by α-1,4-glucosidic (C-77 

O-C) bonds with free electrons that generate high electronic density must be noted 78 

[20]. This characteristic, together with the hydrophobicity of the internal cavity, 79 

enables insoluble or poorly soluble molecules to capture a wide variety of organic 80 

compounds. Furthermore, β-CD does not only alter the external morphology of the 81 

material but also some of its intrinsic properties, such as photoactivity, photoelectric 82 

activity, and energy transfer, among others[21]–[24]. The use of β-CD on 83 

photocatalytic reaction improves the conversion of the analyte and promotes the 84 

selective oxidation of aromatic compounds due to the generation of molecular 85 

recognition sites on photocatalyst surface [25]–[28]  86 

In this work, for the first time as a versatile novel concept, the use of -CD 87 

macromolecule as a selective agent in the photocatalytic process was achieved. 88 

Different -CD molar ratio anchored over 0.7 wt% α-Fe2O3/TiO2 (-CD/α-89 

Fe2O3/TiO2) composite, was synthesized by in situ preparation of 0.7 wt% α-Fe2O3 90 

over commercial TiO2 and the subsequent anchoring of -CD in aqueous media and 91 

under mild conditions reactions. Subsequently, as obtained photocatalysts were 92 

used for the selective conversion of guaiacol as a lignin model compound in aqueous 93 

media, under UVA-Visible light.  94 

 95 
2. Experimental  96 

2.1 Materials 97 

Iron (III) nitrate nonahydrate (Fe(NO3)3 · 9H2O, ≥99.8%), Titanium(IV) oxide, anatase 98 

(TiO2, < 25 nm, 99.7%), Sodium carbonate anhydrous (Na2CO3, ≥99.5%) and β-99 

Cyclodextrin (β-CD, ≥97%) were purchased from Sigma-Aldrich and Merck, and 100 

used as received. Deionized water was used in all experiments.  101 
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2.2 Preparation of α-Fe2O3/TiO2 nanomaterials 102 

The ultrasonic-assisted co-precipitation method was employed to prepare α-103 

Fe2O3/TiO2 nanoparticles [15]. Titanium dioxide (anatase, ~25 nm) and Iron (III) 104 

nitrate nonahydrate (Fe(NO3)3·9H2O) were used as precursors for the preparation of 105 

-Fe2O3/TiO2 powders. For the 0.7 wt% TiO2 decorated with -Fe2O3, a suspension 106 

of TiO2 nanoparticles at pH 7 was added into a solution containing 0.55 g of Na2CO3 107 

dissolved in 200 ml deionized water under ultrasonication at 80°C. Then, 0.25 g of 108 

Fe(NO3)3·9H2O were dissolved in deionized water and added to the solution drop-109 

wise using ultrasonication for about 2 h. Finally, the 0.7 wt% TiO2 decorated with α-110 

Fe2O3 nanoparticles were collected and washed several times with deionized water 111 

and dried in an oven at 100°C for 12 h.  112 

2.3 Preparation of -CD/α-Fe2O3/TiO2 nanomaterials 113 

A saturated solution of -CD an aqueous medium was prepared. For the 0.7 wt% -114 

CD/α-Fe2O3/TiO2 (0.2 mol) sample, 1 g of -CD was introduced into a solution 115 

containing 0.4 g of α-Fe2O3/TiO2 dissolved in 330 ml deionized water under 116 

ultrasonication at 48°C for 1 h. After the mixture reacted, the solution was stirred for 117 

about 24 h in a completely dark room at ambient temperature. Finally, the -CD/α-118 

Fe2O3/TiO2 nanoparticles were collected and washed several times with deionized 119 

water and ethanol and dried later in an oven at 100°C. Similarly, -CD/α-Fe2O3/TiO2 120 

nanoparticles were also synthesized with other proportions of -CD. Samples of α-121 

Fe2O3/TiO2 were decorated with -CD in proportions such as 0.0, 0.2, 1.0, 2.0 mol 122 

(FT, FT:CD1, FT:CD2, FT:CD3, respectively), in which the photocatalyst weight was 123 

kept constant.  124 

2.4 Characterization of α-Fe2O3/TiO2 and -CD/α-Fe2O3/TiO2 125 

X-ray photoelectron spectroscopy (XPS) (Staib Instruments) was equipped with a 126 

DESA 150 electron spectrometer and RQ-300 x-ray source with an Al source 127 

radiation (1486.6 eV) was used to analyze bonding information of the α-Fe2O3/TiO2 128 

nanomaterial. The detailed XPS regions were analyzed and fitted using Gaussian 129 

and Lorentzian function products. Shirley backgrounds and source satellites were 130 

subtracted from spectra. Data treatment was performed with the help of CasaXPS 131 

software version 2.3.16. X-ray diffraction (XRD) patterns were recorded at room 132 

temperature on a Bruker D-8 diffractometer using CuKα (λ = 1.5418˚A) radiation as 133 

the X-ray source. Diffraction patterns were measured using a Bragg-Brentano 134 

geometry configuration with a rotating sample holder for powder samples. An 135 

angular step of 0.02° with a time of 1 second was employed in the 10° to 80° whole 136 

range. Phase identification and Rietveld refinement analysis were carried using 137 

MAUD software and the Crystallography Open Database (COD) [29]. The average 138 

(1) 
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crystallite size in each powdered nanocomposite was estimated with Scherrer’s 139 

equation (calculated from the line broadening of the {101} peak) with the eqn.1: 140 

B(2) = K / L cos  141 

where the peak width, B(2θ), at a particular value of 2θ (θ being the diffraction angle, 142 

λ the X-ray wavelength) is inversely proportional to the crystallite size L; the constant 143 

K is a function of the crystallite shape but is generally taken as being about 1.0 for 144 

spherical particles. 145 

The morphology, crystallography, and particle size of the materials were examined 146 

using High-resolution transmission electron microscopy (HRTEM) using a JEOL 147 

2000FX TEM microscope at 200 kV . Furthermore, the composition of photocatalyst 148 

surface was determined in a field emission scanning electron microscope (FESEM), 149 

using a QUANTA 250 FEG from FEI Thermo Fisher Scientific coupled with an energy 150 

dispersive X-Ray spectroscopy system (EDS). Micrographs were obtained under an 151 

accelerating voltage of 10 kV, employing secondary and backscattered electron 152 

detectors.  153 

The FT-IR spectra were analyzed to identify the presence of β-CD over the surface 154 

of α-Fe2O3/TiO2 which were recorded in the range 4000–400 cm−1 on an FT-IR 155 

spectrometer (Jasco, FT-IR/4600) using the KBr pellet technique.  156 

The N2 adsorption-desorption isotherms were measured at 77 K in a Micrometrics 157 

Instrument Corporation 3 Flex-MS volumetric adsorption analyzer. The specific 158 

surface area was calculated through the Brunauer– Emmett–Teller (BET) method 159 

and the external surface area was defined using the t-plot method. UV–vis diffuse 160 

reflectance spectra were recorded on a Shimadzu 2600 UV–vis spectrophotometer 161 

equipped with ISR-2600 Plus integrating sphere, with BaSO4 as the background 162 

between 200 and 800 nm. The bandgap of the samples is calculated by interpolating 163 

the graph of the transformed Tauc function versus the energy of the light absorbed 164 

by the nanocomposite [30], shown in eqn (2): 165 

 = A(h-Eg) (1/n) / h 166 

where α is the absorption coefficient, Eg is the bandgap energy (eV), A is a 167 

proportional constant, the value of the exponent represents the character of the 168 

electronic transition, whether direct or indirect: n is 0.5 for direct band gap materials 169 

or 2 for indirect band gap materials. Both TiO2 and Fe2O3 is well known to have an 170 

indirect band gap [31].  171 

To determine the role of -CD in the formation of hydroxyl radicals during the 172 

oxidation of guaiacol on the photoactivated surface of the nanocomposite, in situ 173 

electron paramagnetic resonance (EPR) measurements were performed with an 174 

(2) 

 

(8) 
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EMX micro 6/1 Bruker ESR spectrometer working at the X-band, equipped with a 175 

Bruker Super High QE cavity resonator, and using 5,5-Dimethyl-1-pyrroline N-oxide 176 

(DMPO) as a spin trap in aqueous media. The reaction was initiated by turning on 177 

the irradiation source and carried out in an EPR sample tube (ER 221TUB/, 4mm 178 

I.D.) inside the EPR cavity, which was irradiated in the UVA-Visible region. The in-179 

situ measurement was performed at room temperature. Typical instrumental 180 

conditions were center field, 3514 G; sweep width, 200 G; microwave power, 20 dB; 181 

modulation frequency, 100 kHz; time constant, 0.01 ms; sweep time, 30 s; 182 

modulation amplitude, 1.00 G; and receiver gain, 30 dB. 183 

2.5  Photocatalytic conversion of guaiacol 184 

The photocatalytic activity of α-Fe2O3/TiO2 and -CD/α-Fe2O3/TiO2 nanocomposites 185 

with different -CD content was assessed using the photoconversion of aqueous 186 

solution of guaiacol under a 35W Xe arc lamp (380-1300 nm with a relatively smooth 187 

emission curve from region UV to visible). The absorption spectrum of the lamp was 188 

recorded with a fluorescence spectrometer (LS–45, PerkinElmer) in luminescence 189 

mode and the spectrum is shown in Fig. S1.  190 

The photocatalysis was carried out in a cylindrical photoreactor of 280 mL of capacity 191 

and with a refrigeration system (Fig. S2). The temperatures inside the photocatalytic 192 

reactor reached 25 ± 2 °C. The solution of 280 mL deionized water has added 193 

guaiacol (0.4 mM) and 1 g/L of catalyst. The suspension was stirred for 1h in the 194 

dark until reaching the adsorption-desorption equilibrium. At specific time intervals 195 

(each 60 min), 2 mL samples were taken out and centrifuged to remove the 196 

photocatalyst. 197 

The intermediates obtained of the photocatalysis were monitored using high-198 

performance liquid chromatography (HPLC; Shimadzu, LC-20 VP prominence pump 199 

and SPD-20A UV–visible detector adjustable to 200 and 800 nm with reverse-phase 200 

ODS column). The Purospher Star RP-18 column was obtained from Merck and has 201 

the next characteristic 150 mm × 4.6 mm, 5 μm particle size and worked at 25°C. 202 

The mobile phase was composed of acetonitrile and triple distilled water that 203 

contained 0.1% formic acid in a 25:75 ratio v/v, respectively. Products obtained were 204 

identified and quantified by the standard addition method. 205 

3. Results and discussion 206 

Characterization of the photocatalysts 207 

To determine the amount of iron species, XPS high-resolution spectra were 208 

measured (Fig.1). Peaks corresponding to Ti4+ assigned to Ti 2p3/2 and Ti 2p1/2 were 209 

observed at 458.3 eV and 464.0 eV, respectively. Peaks corresponding to Fe3+ for 210 

Fe 2p3/2 and Fe 2p1/2 were observed at 710.3 eV and 723.5 eV, respectively, 211 
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indicating that iron in FT sample is probably α-Fe2O3 and fulfills our purpose. On the 212 

other hand, the oxygen 1s signal shows contributions due to metal oxides, carbon, 213 

and water present in the photocatalyst. The molar ratio obtained for Fe/Ti is 0.643 214 

which is consistent with the preparation method. 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

 229 

 230 

 231 

 232 

XRD patterns were recorded to investigate the crystal structure, phase purity, and 233 

particle size of FT and FT:CD2 samples which are shown in Fig.2. Several crystalline 234 

peaks were detected for the TiO2 sample, where the predominant is (101) plane.  235 

These results indicated the existence of anatase in the surface of the nanomaterial 236 

(peaks leveled with black circles) [32], [33]. Additional diffraction peaks observed 237 

(labeled with blank circles) correspond to the presence of the rutile phase[34], [35]. 238 

On the other hand, β-CD attachment over the surface α-Fe2O3/TiO2 does not modify 239 

the crystalline structure or the purity of the semiconductor since the peaks remain 240 

unchanged. Crystal planes related to α-Fe2O3 were not observed probably to the low 241 

concentration and small particle sizes of the samples. 242 

Fig. 1 XPS spectra of FT: A) survey spectrum, high resolution measurements for 
B) Ti 2p, C) Fe 2p, D) O 1s emission lines. 
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 243 

 244 

 245 

 246 

 247 

 248 

 249 

 250 
 251 
HRTEM analysis was used to examine the particle size and crystallinity 252 

photocatalysts. HRTEM micrographs of FT sample is shown in Fig. 3A and insets. It 253 

is observed agglomerated and fused α-Fe2O3 and TiO2 nanoparticles in the range of 254 

4- 8 nm and 10-14 nm with a main diameter of 6 ± 2 nm and 12 ± 1 nm, respectively. 255 

Likelly that results are atributed to the TiO2 nature which remain such as is 256 

comercialized where α-Fe2O3 is formed in situ over its surface. Meanwhile, FT:CD2 257 

of the nanocomposite α-Fe2O3/TiO2 with crystals mainly in the range of 4-12 nm with 258 

a main diameter of 8 ± 2 nm (Fig. 3B and insets). On the other hand, the amorphous 259 

and crystalline phase of α-Fe2O3/TiO2 in the FT and FT:CD2 sample can also be 260 

observed by phase-contrast image in Fig. 3C-D. The results present crystal lattice 261 

plane with the lattice fringes of 0.351 nm corresponding to the (101) the most stable 262 

thermodynamical crystal plane of anatase TiO2 (0.44 J/m2) in good agreement with 263 

XRD difraction patern discused above [36]. The fringe spacing of ~0.488 nm also 264 

matches with the spacing of the (111) crystal planes of the α-Fe2O3 corresponding 265 

to the predominant phase in hematite structure. Furthermore, it is shown the 266 

formation of heterojunction between α-Fe2O3 and TiO2 corresponding to grain limit. 267 

Besides, the successful loading of α-Fe2O3 over TiO2 is confirmed by EDS analysis 268 

(Fig. S3), which shows the presence of Fe, Ti, O, and C peaks, indicating that the 269 

molar ratio is 0.67 wt% α-Fe2O3/TiO2 and therefore consistent with the XPS and 270 

HRTEM analysis. 271 

Fig. 2 XRD patterns of 0.7 wt% α-Fe2O3 over TiO2 synthesized and 1.0 mol β-CD 
attachment. 
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 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 
 281 
 282 
 283 
 284 
 285 
 286 
 287 
 288 

 289 

 290 

The modification of α-Fe2O3/TiO2 surface with β-CD has been characterized using 291 

FT-IR in order to evaluate whether the chemical reaction successfully produced the 292 

anchoring of β-CD on the nanocomposite, see Fig.4. The peak at 3388 cm-1 is related 293 

to the stretching and bending vibrations of the O―H groups, attributed to hydroxyl 294 

groups of β-CD and the cross-linking bonds, as well as assigned to water molecules 295 

in the β-CD cavities [37]. The stretching vibration peak of the C―H bond appears at 296 

2924 cm-1 and proves that the structure of β-CD has not been damaged [38]. 297 

Asymmetric and symmetric C―O―C stretching can be seen at 1159 cm−1 and 945 298 

cm-1, respectively corresponding to breath of ring. The high-intensity absorption 299 

peaks at 1645 cm-1 and 1419 cm-1 are assigned to the bending mode of adsorbed 300 

water molecules. Besides, the displacement of the observed peak at 1612 cm-1 for 301 

FT implies that the -CD anchored on the surface of the photocatalyst is forming a 302 

covalent bond corresponding to the vibration between M―OH [39]. When the molar 303 

ratio of -CD increases, this bond becomes weaker attributed to less interaction 304 

between them.  305 

Fig. 3 HRTEM micrographs of A) FT and B) FT:CD2, respectively. Increasing 
magnification micrograph of C) FT and D) FT:CD2.  
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 306 
 307 
 308 
 309 

 310 

 311 

 312 

 313 

The Diffuse Reflectance Spectroscopy (DRS) of FT, FT:CD1, FT:CD2, FT:CD3 314 

provides information about the optical properties of the photocatalysts. The observed 315 

DRS spectra of the sample are summarized in Table 1 and shown in Fig.S3. Titanium 316 

dioxide decorated with 0.7 wt% hematite showed a slight shift towards visible 317 

radiation absorption, indicating the formation of a heterojunction between both 318 

semiconductors as reported for HRTEM analysis [40]. The incorporation of -CD in 319 

FT:CD1 and FT:CD2 promotes bandgap reduction through the formation of an 320 

interaction between the hydroxyl groups of -CD and FT, improving the light 321 

absorbance in the visible region by the nanocomposite [41]. This behavior was 322 

explained for Wonyong Choi and co-workers [81], which was attributed to the 323 

formation of charge-transfer complex between them due to a large amount of electro-324 

donors groups in the macromolecule. However, an excess of -CD in the 325 

nanocomposite causes an increase in bandgap that could be attributed to the 326 

absorption of -CD in the UV region , which contributes to a slight run of the TiO2 327 

band at shorter wavelengths [42]. 328 

 329 

Table 1 330 

Resume results obtained for photocatalyst samples at different molar ratios of -CD 331 
0.0 to 2.0 over α-Fe2O3/TiO2. 332 

Photocatalyst SBET 
(m2/g) 

Average 
pore 

diameter  
(nm) 

Band gap  
(eV) 

Band 
edge  
(nm) 

XPS binding 
energies  

of main peaks 
(eV) 

Fe/Ti 
atomic 
ratio 

Ti 2p Fe2p 

FT 107 10 3.06 405  
458.3 

 
719.9 

 
 

 
0.643 FT:CD1 25 38 2.77 448 

FT:CD2 7 29 2.76 449 

FT:CD3 3 10 3.06 405 

Fig.4 FT-IR spectra of α-Fe2O3/TiO2 modified with -CD attachment in different molar 
ratio. 
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 333 

The nitrogen adsorption-desorption isotherms of the photocatalysts are depicted in 334 

Fig.S4. The specific surface area and average pore diameter is presented in Table 335 

1. The presence of -CD causes a noticeable change in specific surface area of 336 

nanomaterial by decreasing its value when increasing its molar ratio. This effect 337 

could be explained by the possible formation of carbon from cyclodextrin dehydration 338 

at the surface of photocatalyst blocking up the pores [43]. The increase in the -CD 339 

molar ratio anchored to the nanocomposite causes the isotherm to change from 340 

Type IV with a hysteresis cycle H2 to a Type III isotherm without a hysteresis cycle 341 

when its value increases [44]. These changes suggest that the nanocomposite 342 

without -CD exhibits a narrow range of uniform mesopores. The smallest pores 343 

present in the material are blocked by the presence of -CD, so the surface of the 344 

material decreases [45]. 345 

Photocatalytic activity  346 
 347 

Fig.5A shows the normalized conversion of guaiacol with different β-CD molar ratios 348 

over α-Fe2O3/TiO2 and photolysis reference. The normalized conversion of guaiacol 349 

for FT after 300 min of irradiation was 56%. Meanwhile, it was found that the variation 350 

of the β-CD molar ratio over the α-Fe2O3/TiO2 decrease the conversion of guaiacol 351 

during photocatalysis. Furthermore, the kinetics constant of pseudo-first order 352 

reaction for FT is four times bigger that contain β-CD (Table 2). These results 353 

indicate that the loading of β-CD played an important role in the conversion of 354 

guaiacol likely due to the less availability of ·OH radical over the surface of 355 

photocatalyst which is known as a highly reactive and non-selective reactive oxygen 356 

species (ROS). The lower amount of ·OH avoided the fast and non-selective 357 

degradation or mineralization and increased selectivity of photocatalytic reaction as 358 

shown in Table 2 [46], [47]. For better understanding of this effect, the EPR analysis 359 

was performed in an operando mode with UVA-visible light and the results are shown 360 

in Fig.5B. The results indicated that when a solution containing FT and guaiacol is 361 

irradiated, a quartet signal characteristic of the DMPO-OH adduct with a hyperfine 362 

coupling constant of 15G is observed [48]–[50]. However, the irradiation of FT:CD2 363 

with guaiacol shows a much weaker signal for the characteristic DMPO-OH adduct 364 

with a low noise to signal ratio, indicating a considerably lower production of ·OH 365 

radical. These results indicate a high activity of the nanocomposite FT in the 366 

production of ·OH which is avoided when β-CD is attached over the surface of the 367 

semiconductor due to formation of ligand-to-metal charge transfer (LMCT) between 368 

-CD-O-Metal. [51], [52]. These effects could be improving the selective oxidation of 369 

guaiacol by decreasing the available of ∙OH radical and favor the oxygen reduction 370 

and formation of O2
·- [53]. 371 

 372 



12 
 

 373 
 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 

 384 

The role of β-CD was investigated by examining the product distribution with the 385 
variation of macromolecule molar ratio over α-Fe2O3/TiO2. The product distribution 386 
was obtained of 8.4% conversion of guaiacol for all systems in the study. The results 387 
are shown in Fig.6A-B and Table 2. The different attachment β-CD molar ratios over 388 
α-Fe2O3/TiO2 increase the production of p-benzoquinone (A1) in comparison with FT 389 
with a selectivity four times bigger. Products intermediaries are identified as catechol 390 
(> 1%), pyrogallol (> 2%), vanillin (> 1%), syringol (0.2%), and unknow 391 
intermediaries. p-benzoquinone was the principal product detected in all the 392 
photocatalytic systems. However, the better systems were attributed to 393 
photocatalysts that include β-CD. This effect could be due to that p-benzoquinone 394 
have lower affinity for the  β-CD cavity in comparison with guaiacol or other products 395 
which allows a quick release to the aqueous medium promoting greater selectivity 396 
for the inclusion of guaiacol  [54]. It was supported by G. Astray and co-workers [55], 397 
indicated that the partition coefficient (P) and molar volume (Vm) likely affect the 398 
force that drives for host-guest complex formation to occur. In consequence, the 399 
minor value of hydrophobicity (LogP) and greater Vm could avoid that the inclusion 400 
complex remains stable. Furthermore, p-benzoquinone show the lowest value for 401 
LogP and the higher value for Vm compared to other products [56]. In this sense, 402 
the photocatalyst more selective to produce p-benzoquinone was FT:CD2 due to its 403 
specific amount of β-CD, morphology characteristics and lower BG absorption.  404 

 405 
 406 
 407 
 408 

 409 

 410 

Fig. 4 A) normalized conversion of guaiacol over FT and different β-CD molar ratios 
over nanocomposite. Reaction conditions: [guaiacol]0= 50 mg/L, [photocatalyst]0= 1 
g/L, B) EPR spectra of DMPO-OH adducts recorded in 5 min for FT:CD2 (pink line) 
and FT (black line). 
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 419 
Table 2 420 
Kinetic constant of pseudo-first-order reaction, p-benzoquinone selectivity to 8.4% 421 
of guaiacol conversion, and amount of p-benzoquinone produced in the same 422 
selectivity for each photocatalyst. 423 

Photocatalyst kapp 

(s-1) 
p-benzoquinone 

selectivity 
(%) 

p-benzoquinone 
(mg/L) 

FT 0.79 17.7 1.36 

FT:CD1 0.19 35.1 1.82 

FT:CD2 0.20 67.9 1.84 

FT:CD3 0.15 33.3 1.75 

 424 
Photocatalyst recyclability is important for industrial applications. As the FT:CD2 is 425 

the photocatalyst that has the best photocatalytic activity in terms of selectivity and 426 

conversion it was selected for the recyclability test. Results are shown in Fig.7. 427 

FT:CD2 was recovered using a centrifuge, washed with ethanol, and reused. The 428 

photocatalyst could be used up to 3 cycles with a loss of activity of 13%. However, 429 

this result indicates that it has good stability and recyclability.  430 

Based on the molecular information obtained through literature, the photo-oxidation 431 

pathway of guaiacol over α-Fe2O3/TiO2 with different molar ratios of β-CD was 432 

elucidated. According to the structure of guaiacol and the bond dissociation energy 433 

(BDE) calculated by Nowakowska and co-workers [57], the O―CH3, O―H, and 434 

C―OCH3 bond have dissociation energy as low as 58.1 kcal mol-1, 87.1 kcal mol-1, 435 

and 107.8 kcal mol-1, respectively. These dissociations can be caused by different 436 

oxidation reactions of guaiacol and subsequent reactions of the formed radicals. 437 

 

Fig. 5 A) Products distribution (%) calculated at 8.4 % of conversion of guaiacol with 

different -CD molar ratios over α-Fe2O3/TiO2, B) kinetic production of p-
benzoquinone during 300 min of reaction with FT, FT:CD1, FT:CD2, FT:CD3.  
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 438 

 439 

 440 

 441 

 442 

 443 
 444 
 445 

Fig. 8 shows the main pathways of guaiacol oxidation through reactive oxygen 446 

species as ·OH, ·O2, CH3O·, and CHO· radicals. In all the irradiated photocatalytic 447 

system, the main product observed was p-benzoquinone (A1). This molecule can be 448 

further oxidized through H-abstraction in O―H promoted by O2
·−/HO2

·− radical 449 

increase the formation of quinone intermediaries and weak bond break between 450 

C―OCH3. The oxidation pathway is followed by the stabilization of intermediary 451 

state due to the para electrophilic addition of O2
·−/HO2

·− radical to the aromatic ring, 452 

which can reorganize to form H3O+ and p-benzoquinone (A1). Furthermore, the 453 

reactants and products from all these reaction pathways can further undergo 454 

opening ring and fragmentation processes, resulting in the substantial formation of 455 

aldehyde, ketone, epoxide, and carboxylic acid initiated by successive oxidations of 456 

∙OH radicals, and finally to mineralization [58].  These over oxidations can affect the 457 

mass valance in aqueous media and were not quantified by current methods 458 

explaining the presence of other products in Fig. 6A. Other product observed was 459 

catechol (A2). Catechol is formed by the reaction between guaiacol and ·OH radical 460 

resulting in the break of weak bond among O-CH3 group promoting the intermediate 461 

formation, followed by H-abstraction from the acid media, which results in the 462 

formation of catechol (A2)[59], [60]. The continuous oxidation of the catechol by ·OH 463 

radicals could produce pyrogallol (A3). However, under strong oxidant media 464 

produced by ·OH radicals the degradation or mineralization ways of pyrogallol are 465 

the most likely option [61]. Syringol (A4), and Vanillin (A5) can be formed from an 466 

intermediary derived from H-abstraction of guaiacol by ∙OH radicals. These products 467 

were formed by the presence of oxidant species derived from guaiacol breaking such 468 

Fig. 6 The recycling of FT:CD2 for photocatalytic oxidation of guaiacol. Reaction 
conditions: [guaiacol]0= 50 mg/L, [photocatalyst]0= 1 g/L, reaction time = 300 min. 
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as CH3O·, and CHO· radicals followed by electrophilic ortho-para-addition into 469 

aromatic ring of guaiacol. 470 

 471 

 472 
 473 
 474 
 475 

 476 

 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 

 485 

 486 

 487 

 488 

 489 

Fig. 7 Pathway of reaction of guaiacol in aqueous media when the solution is 490 
irradiated with UVA-visible light in presence of different photocatalysts. 491 

Presence of β-CD over photocatalyst, decreased the amount of ·OH radicals as 492 
discussed above and therefore decreased over oxidation processes (such as ring 493 
opening) improving the mass balance and selectivity observed. Also, X. Zhang and 494 
coworkers [62] reported an increase on O2

·- formation due to charge transfer 495 
between TiO2 and β-CD, according to the reaction pathway proposed in Fig. 8, this 496 
will favor selective oxidation of guaiacol to p-benzoquinone in good agreement with 497 
obtained results. 498 
 499 
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4. Conclusion  500 

In summary, efficient photocatalytic oxidization of guaiacol to p-benzoquinone has 501 

been developed under mild conditions by using a molar ratio of 1.0 mol of -CD over 502 

α-Fe2O3/TiO2. To determine the photocatalytic activity of the system, the conversion 503 

and selectivity, for the formation of p-benzoquinone were evaluated. These results 504 

show that a higher concentration of -CD anchored to the photocatalyst surface 505 

allows an increase of selectivity on the photocatalytic oxidation of guaiacol. This was 506 

mainly due to the control in the formation of ·OH radicals promoted by the attachment 507 

LMCT complex between -CD and semiconductor which was confirmed by EPR 508 

analysis in operando mode. Furthermore, the decrease of semiconductor band gap 509 

allowed better absorption of UVA-Visible radiation through heterojunction formation. 510 

FT:CD2, which presented the best results of photocatalytic activity, also showed to 511 

be stable after three uses, which is a highly desirable behavior for future industrial 512 

application. In this sense, this work provides an effective and mild approach for 513 

highly selective oxidation of biomass-derived feedstocks into high added-valuable 514 

compounds under ambient and greener conditions mediated by the use of β-CD. 515 

Confirming that photocatalysis has great potential in the field of biomass 516 

transformation. 517 
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