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Abstract 

This work describes a study carried out to construct and determine a kinetic formalism 

for the gas-phase degradation of 2-propanol using a combined thermo-photo based 

process. Outstanding catalytic performance was observed for a composite ceria-titania 

system with respect its parent ceria and titania reference systems. Thermo-photo as well 

as parallel photo- and thermal-alone experiments were carried out to interpret catalytic 

behavior. The kinetic experiments were conducted using a continuous flow reactor free 

of internal and external mass-heat transfer and designed using a Box-Behnken 

formalism. The kinetic expression developed for the thermo-photo degradation process 

explicitly includes the effect of the photon absorption in the reaction rate and leads to a 

mathematical formula with two components having different physico-chemical nature. 

This fact is used to settle down a fitting procedure using two steps (two separated 

experimental sets of data concerning temperature, light intensity, oxygen, water and/or 

2-propanol concentrations) with, respectively, four and three parameters. The kinetic 

formalism was validated by fitting the experimental data from these two independent 

experiments, rendering a good agreement with the model predictions. The parameters 

coming from the kinetic modelling allow an interpretation of the catalytic properties of 

the ceria-titania catalyst, quantifying separately its enhanced performance (with respect 

to its parent systems) in the photonic and thermal components for the process. The 

procedure is applicable to a wide variety of thermo-photo processes in order to 

contribute to the understanding of their physical roots.  
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Nomenclature 

 𝐴: pre-exponential factor (m3 mol−1) 

𝑎: ratio external surface area per unit volume (m2 m−3) 

𝐶: molar concentration (mol m−3) 

𝐸: Enhancement function (a.u.) 

𝑒𝑎,𝑠: local superficial rate of photon absorption (Einstein cm−2 s−1) 

𝐸𝑎: activation energy (J mol−1) 

𝐹𝐴:  fraction of light absorbed (dimensionless) 

𝐹𝑅: fraction of light reflected (dimensionless) 

𝐹𝑇: fraction of light transmitted (dimensionless) 

 𝑘: kinetic constants (units depending on the reaction step) 

𝑁: total number of data points  

𝑞𝑠𝑢𝑝: radiation flux on the catalytic film (Einstein cm−2 s−1) 

 𝑞n: net radiation flux (Einstein cm−2 s−1) 

𝑅: universal gas constant  (J mol−1 K−1) 

RMSE: root mean square error (%) 

𝑟: superficial reaction rate (mol m−2 s−1)  

𝑆: surface concentration of sites for 2-propanol and water (Sites m−2) 

𝑆1: surface concentration of sites for oxygen (Sites m−2) 

𝑇: Temperature (ºC) 

𝑣z: axial velocity (m s−1) 

x: cartesian coordinate (m) 

x: position vector (cm) 

y: cartesian coordinate (m) 

𝑧: cartesian coordinate (m) 

[ ]𝑎𝑑𝑠: adsorbed concentration on the catalytic surface (mol m−2) 

�̅�: average primary quantum yield (mol mol of photons−1) 
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Subscripts 

𝑎𝑑𝑠: adsorption 

exp: experimental 

𝑔: glass 

in: inlet 

𝐿𝐴: A lamp (See SI for details) 

𝐿𝐵: B lamp (See SI for details) 

mod: model 

𝑠: sample 

𝑇: thermo 

𝑇 − 𝑃: thermo-photo 

Superscripts 

↑: up direction (convention of signs, See SI for details)  

↓: down direction (convention of signs, See SI for details) 

∗: relative to thermo-photo-catalytic process 
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1. Introduction  

Heterogeneous photocatalysis is considered to be one modern technologies for 

decontamination of Volatile Organic Compounds (VOCs).[1] One of most relevant 

advantages is that it operates under mild temperature and pressure conditions, and using 

oxygen from the air as the oxidizing agent.[2–4] As far as the materials are concerned, 

TiO2 is the most used photocatalyst due to its good catalytic properties. It is also a 

relatively inexpensive and nontoxic material.[2] On the other hand, VOCs 

decontamination processes by photocatalysis show several disadvantages. Low quantum 

efficiency brought by recombination of photogenerated electrons and holes is usually 

reported.[5–8] In addition, titania appears only efficient for the removal of low 

concentration VOCs and displays low sunlight absorption due to its wide band gap 

(~3.2 eV for the anatase polymorph). For all these reasons it has a limited industrial 

application.[2] As a way to increase the profit from sunlight as well as to enhance 

quantum efficiency, surface sensitizers have been added to formulations based in titania. 

In particular the use of ceria has received significant attention. Ceria-titania (CeOx-

TiO2) composite materials have shown good photodegradation performance against a 

significant number of pollutants under different operation conditions, concerning gas or 

liquid phase, oxygen and water vapor concentration and other important variables in 

terms of catalytic output. [9–25]  

On the other hand, it is interesting to note that catalytic thermal oxidation has been 

actively used for VOCs elimination with satisfactory results. However, it is a high 

energy consuming technology and the search of good and stable catalysts appears as a 

key research activity in this field. Ceria is a common component in both classic and new 

formulations presenting promising catalytic activity [26–30] 

Alternatively to both thermal or photon-based catalytic technologies, the combination of 

heat and light energy sources using the adequate catalytic material would drive to a 

convenient way to overcome most of the problems related to thermal or light alone 

based decontamination technologies. From a pure thermal perspective the reduction of 

the operation temperature with consequent lowering of the cost as well as reduction of 

catalyst deactivation processes can be mentioned.[26–29] From a photocatalytic 

perspective, the most important point to overcome is the low reaction rates and 

consequently, low quantum efficiencies usually achieved. [1–6] Within this context, 
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CeOx-TiO2 based and related materials would appear promising catalytic systems in 

thermo-photo catalysis. With photo-catalysis or thermo-catalysis and as above detailed, 

it has been proved that high activity can be achieved using CeOx-TiO2 based catalysts. 

Therefore, these materials recently launched the interest in composite systems and the 

synergetic effect between photo-catalysis and thermo-catalysis. Recent reports for 

cyclohexane and benzene degradation, CO+O2 or NO+CO reaction are some examples 

of thermo-photo-catalytic applications tested and showing activity enhancement with 

respect to thermal- and/or photo-only processes. [31–38]  

In this work, we describe a kinetic study concerning the temperature analysis of 2-

propanol thermo-photo-degradation using TiO2, CeO2 and CeOx-TiO2 samples. 2-

propanol is a volatile organic pollutant present at urban atmospheres and particularly at 

indoor environments. Among the most typical sources of this pollutant, we can 

enumerate construction materials, household products, waxes, varnishes and many 

others [39–41]. Therefore this pollutant appears a classical benchmark for gas-phase 

photo-oxidation processes. Using a kinetic approach we expect to contribute to the 

understanding of the physico-chemical basis of the 2-propanol thermo-photo-catalytic 

oxidation process. Although several works carried out studies concerning the 

performance CeOx-TiO2 catalysts, the understanding of the physical roots of such new 

decontamination process is still low. Moreover, none of the above mentioned works 

present a detailed kinetic study of the catalytic results. [31–35] To reach the primary 

objective of shed light into the thermo-photo-catalysis understanding, we developed a 

kinetic formulation containing an intrinsic (reaction rate) expression for the reaction 

occurring in a gas-phase thermo-photo-reactor employing thermal and UV light sources. 

The procedure solve the differential mass transfer equation, coupled with a nonlinear 

least-squares fitting algorithm to obtain kinetic parameter value estimations. Such 

kinetic study is based on the well-established initial steps of all thermo-photo-catalytic 

processes and included explicitly the radiation (light/thermal)-matter interaction. This 

allowed determining true kinetic constants providing general information, without any 

experimental bias concerning the experimental procedure and conditions used. The 

result of the study not only has physico-chemical significance in terms of quantifying 

the different “thermo” and “photo” contributions to the reaction but also renders 

information required for scaling and design reactors.[42–44] 

2.  Experimental Section 
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2.1.Catalysts preparation 

TiO2, CeOx and CeOx-TiO2 catalysts were prepared using a microemulsion preparation 

method. N-heptane (Scharlau) as organic media, Triton X- 100 (Aldrich) as surfactant 

and hexanol (Aldrich) as cosurfactant were used. Ultra pure water (Milli-Q) was used as 

aqueous phase. [45] The TiO2 sample was obtained in a microemulson using titanium 

tetraiso-propoxide as precursor. This precursor was introduced into the microemulsion 

drop by drop from a solution with isopropanol (2:3 v/v).[46] CeO2–TiO2, and CeO2 

samples were obtained from cerium nitrate (Alfa Aesar) precursor using a 

stoichiometric quantity of tetramethylammonium-hydroxide (TMAH) to obtain 2.5% of 

Ce(III) hydroxide. Then, titanium tetraisopropoxide was introduced into the previously 

resulting microemulsion. Water/(Ti, Ce or Ti + Ce) and water/surfactant molar ratios 

were, 110 and 18 for all samples.[46,47] The resulting mixture was stirred for 24 h and 

centrifuged to separate the solid.  The separated solid precursors were rinsed with 

methanol and dried at 110◦C for 12 h. After drying, the solid precursors were subjected 

to a heating ramp (rate 1 ◦C min−1) up to 500◦C, maintaining this temperature for 2 h. 

2.2.Catalysts characterization 

UV−vis diffuse-reflectance spectroscopy experiments using BaSO4 as a reference were 

performed with a Shimadzu UV2100 apparatus. The surface areas 

(Brunauer−Emmett−Teller (BET)), average pore volumes and sizes were measured by 

nitrogen physisorption (Micromeritics ASAP 2010). XRD profiles were obtained with a 

Seifert D-500 diffractometer using Ni-filtered Cu Kα radiation. XPS data were recorded 

on 4 × 4 mm2 pellets, 0.5 mm thick. The SPECS spectrometer main chamber, working 

at a pressure <10−9 Torr, was equipped with a PHOIBOS 150 multichannel 

hemispherical electron analyzer with a dual X-ray source working with Ag Kα (h𝜈 = 

1486.2 eV) at 120 W, 20 mA using C 1s as energy reference (284.6 eV). Optical 

properties of the catalytic film (Transmittance and Reflectance) were measured with the 

Shimadzu UV2100 apparatus using 1 × 1 cm2 pyrex glass and ca. 0.4 mg cm−2.  

2.3.Thermo-Photo Catalytic Activity 

The thermo-photo activity of the samples for 2-propanol oxidation was tested using a 

continuous flow annular thermo-photo-reactor (pyrex) schematically depicted in Figure 

1. The catalyst (ca. 0.4 mg cm−2) was deposited onto the inner tube as a thin layer from 
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a suspension in ethanol. During thermo- and thermo-photo-catalytic tests, the film was 

heated using a cartridge heater. The temperature of the layer was controlled and 

monitored by a temperature controller (Toho TTM-005) and K-type thermocouple 

inserted into the reactor. Minimal (below 1 0C) axial temperature variation was reached 

with a cartridge heater (230 V; 500 W; “Resistencias RSI INCOLOID800”) having 

controlled/compensated homogeneous heating. The UV irradiation was generated by 

four fluorescent UV lamps (Philips TL 6 W/08-F6T5 BLB, 6 W) symmetrically 

positioned outside the reactor. The reacting mixture (100 mL min-1 and 20 vol % O2/N2) 

was prepared from pure N2 and O2. The 2-propanol concentration was varied from 

1200-2400 ppm by vaporization of organic compound. N2 was used to transport the gas-

phase products from the liquid-containing saturators to the mainstream and distillated 

water was injected using a syringe pump. The irradiation level on the catalytic film was 

modified by means of neutral optical filters. The catalytic properties were evaluated at 3 

h from the start of the irradiation, where a pseudo-stationary situation is reached. The 

concentrations of the reactant was analyzed using an online gas chromatograph (Agilent 

GC 6890) equipped with HP-PLOT-Q/HP-Innowax columns (0.5/0.32 mm I.D. × 30 m) 

and thermal conductivity and flame ionization detectors. 

3. Results and discussion 

3.1.Characterization summary  

Although this work focuses on the kinetic analysis of the thermo-photo-degradation of 

gas phase 2-propanol, it includes a brief section concerning the characterization details 

of the samples. XRD (X-ray diffraction), UV-vis (UV-visible spectroscopy), 

microscopy, and XPS (X-ray photoelectron spectroscopy) experimental results are 

present in the Supporting Information document (“characterization results” section; 

Figures S1 to S3; Table S1). Table 1 shows a summary of chemical, morphological and 

optical properties of the three samples under study. Such table shows good 

correspondence between theoretical and real (measured) molar % of samples obtained 

with TXRF (Total Reflection X-ray Fluorescence). The table also presents the 

percentage of Ce at the surface of the anatase dominant phase for the CeTi composite 

sample and obtained by XPS. The table shows the similitude of the materials in terms of 

surface area (95-102 m2 g−1), porosity properties and crystal size of the anatase phase 

(JCPDS card 78-2486, corresponding to the I41/and space group), around 10 nm for the 

Ti and the CeTi composite samples. The microscopy analysis (Figure S2) provides 
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additional evidence of the similar morphology of the Ti and CeTi samples. The pure 

fluorite ceria sample (JCPDS card 87-0792, corresponding to the Fm3m space group) 

showed a crystallyte size of 8.5 nm. The combined use of all the above mentioned 

techniques (particularly XRD and Electron Diffraction) indicates that ceria is at surface 

of the anatase component, without detection of any doping effect of the anatase 

structure. The last column of Table 1 presents the band gap of the samples assuming an 

indirect gap semiconductor for all cases. The results display typical values for pure TiO2 

and CeO2, and a 2.97 eV value for the composite CeTi sample. [47,48]  

3.2.Kinetic modelling formalism 

According to the reactor geometry presented in Figure 1 and under kinetic control 

regime (See “external and internal mass-heat transfer” analysis in the Supporting 

Information section), differential mass balance equation for 2-propanol oxidation can be 

expressed as: 

𝑣z (
𝑑𝐶𝐶3𝐻8O

𝑑z
) = 𝑎 𝑟C3𝐻80         (1) 

Where 𝑣z, 𝑎, 𝐶𝐶3𝐻8O and 𝑟C3𝐻80 are, respectively; the axial velocity, the external 

catalytic surface area per unit volume, the  2-propanol concentration and the average 

reaction rate. To solve Equation 1, one boundary condition is necessary: 

𝐶𝐶3𝐻8O
(z = 0) =  C𝐶3𝐻8O,in         (2) 

In equation 2, C𝐶3𝐻8O,in denote 2-propanol inlet concentration.  

Equation 2 takes into consideration only the convective flow through axial coordinate z, 

which is a typical approach for this configuration reactor.[49–52] Besides, the following 

assumptions were considered: (i) the reactor operates under steady state conditions, (ii) 

negligible axial diffusion when compared to the convective flux in that direction, and 

(iii) negligible homogeneous (photo or thermo) chemical reactions. More details about 

the mass balance equation deduction are presented in the Supporting Information 

(section “mass balance”).  

In order to solve Equation 1, a formalism concerning the reaction rate was obtained 

based on the reaction scheme summarized in Table 2. This simplified scheme considers 

the well-established initial steps of the thermo-photo-catalytic processes. Under UV 
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irradiation, the photoexcited sample generates electrons and holes. The holes 

predominantly react with adsorbed water and superficial OH anions producing OH• 

radicals. On the other hand, electrons may react with adsorbed oxygen to generate 𝑂2
•− 

radicals. [49,53–55] Recombination process between electrons and holes in the bulk or 

surface of the particles are also usually reported. [49,53–56] Two parallel pathways 

(step 4 of Table 2) have been considered in this work for 2-propanol degradation. 

Photo-related degradation of the organic molecule is mostly carried using holes while 

thermal-related degradation requires oxygen, as broadly admitted in the literature. [1–

6,57–61] Using the reaction scheme discussed, the degradation rate can be expressed as 

Equation 3.  

𝑟𝐶3𝐻8𝑂𝑇−𝑃
= −(𝑘4,1[𝐶3𝐻8𝑂]𝑎𝑑𝑠[𝑂𝐻

•] + 𝑘4,2[𝐶3𝐻8𝑂]𝑎𝑑𝑠[𝑂2]𝑎𝑑𝑠)   (3) 

As it is described in detail in Section “kinetic equation” of the Supporting Information 

and using typical approximations for this kind of reactions, the equation rate for thermo-

photo-catalytic oxidation of 2-propanol is defined by Equation 4.  

𝑟𝐶3𝐻8𝑂𝑇−𝑃
= −(

𝑘 exp−
(𝐸𝑎𝐶3𝐻8𝑂

∗+𝐸𝑎𝐻2𝑂
∗)

𝑅𝑇
𝐶𝐶3𝐻8𝑂 𝐶𝐻2𝑂√𝑒

𝑎,𝑠

 (1+𝐴𝐶3𝐻8𝑂
∗exp−

𝐸𝑎𝐶3𝐻8𝑂
∗

𝑅𝑇
+𝐴𝐻2𝑂

∗exp−
𝐸𝑎𝐻2𝑂

∗

𝑅𝑇
𝐶𝐻2𝑂)

×

1

(1+𝐴𝐶3𝐻8𝑂
∗exp−

𝐸𝑎𝐶3𝐻8𝑂
∗

𝑅𝑇
𝐶𝐶3𝐻8𝑂+𝐴𝐻2𝑂

∗exp−
𝐸𝑎𝐻2𝑂

∗

𝑅𝑇
𝐶𝐻2𝑂+𝑘

′exp−
𝐸𝑎𝐶3𝐻8𝑂

∗

𝑅𝑇
𝐶𝐶3𝐻8𝑂)

+

𝑘′′ exp−
(𝐸𝑎𝐶3𝐻8𝑂

+𝐸𝑎𝑂2
)

𝑅𝑇
𝐶𝐶3𝐻8𝑂 𝐶𝑂2

(1+𝐴𝐶3𝐻8𝑂exp−
𝐸𝑎𝐶3𝐻8𝑂

𝑅𝑇
𝐶𝐶3𝐻8𝑂+𝐴𝐻2𝑂exp−

𝐸𝑎𝐻2𝑂

𝑅𝑇
𝐶𝐻2𝑂)(1+𝐴𝑂2exp−

𝐸𝑎𝑂2
𝑅𝑇

𝐶𝑂2)
)           (4) 

Where 𝑘, 𝑘′ and 𝑘′′ kinetic constants are given by: 

𝑘 =
𝑘4.1[𝑆]

2 𝑘1 𝐴𝐶3𝐻8𝑂
∗𝐴𝐻2𝑂

∗

𝛾
√
�̅�

𝑘3
         (5) 

𝑘′ =
𝑘4.1[𝑆]𝐴𝐶3𝐻8𝑂

∗

𝛾
          (6) 

𝑘′′ = 𝑘4.2[𝑆][𝑆1]𝐴𝐶3𝐻8𝑂𝐴𝑂2         (7) 

The first summand defines the 2-propanol elimination due to photo and thermo-photo 

processes while the second one concerns exclusively the pure thermo-catalytic process. 

As it is thoroughly described in the supplementary information section, for both, 



10 
 

thermo-photo- and pure thermo- adsorption processes, the Arrhenius equation 

(expressed in its general form as Equation 8) was used.  

𝑘𝑖 = 𝐴𝑖 exp
−𝐸𝑎𝑖

𝑅𝑇
          (8) 

Where 𝑖 runs over all reactants of the reaction (𝐶3𝐻8𝑂, 𝐻2𝑂, and 𝑂2), 𝐴 is pre-

exponential factor, 𝐸𝑎 is the activation energy, and 𝑇 and 𝑅 are temperature and 

universal gas constant, respectively. Note that we use the notation without asterisk for 

the thermo-catalytic process while 𝐴𝑖
∗ and 𝐸𝑎𝑖

∗ are used exclusively for the photo- and 

thermo-photo-catalytic processes.  

The reaction was examined under several levels of 2-propanol initial concentration, 

temperature, water concentration and irradiation levels. Near null dependence of the 

reaction rate with respect to the O2 concentration was identified in thermo-catalytic tests 

while a linear dependence was detected for 2-propanol in thermo-catalytic and thermo-

photo-catalytic tests. The corresponding experimental evidences are presented in 

Figures S8 and S9 of the supporting information section. This behavior suggests that the 

kinetic expression can be simplified to Equation 9. We note that the approximation 

methodology just described has been previously used by other authors in the study of 

photo-catalytic processes. [53,55]   

𝑟𝐶3𝐻8𝑂𝑇−𝑃
= −(

𝑘 exp−
(𝐸𝑎∗)

𝑅𝑇
𝐶𝐶3𝐻8𝑂 𝐶𝐻2𝑂√𝑒

𝑎,𝑠

 (1+𝐴𝐻2𝑂
∗exp−

𝐸𝑎𝐻2𝑂
∗

𝑅𝑇
𝐶𝐻2𝑂)

2 +
𝑘′′ exp−

(𝐸𝑎)

𝑅𝑇
𝐶𝐶3𝐻8𝑂 

(1+𝐴𝐻2𝑂exp−
𝐸𝑎𝐻2𝑂

𝑅𝑇
𝐶𝐻2𝑂)

)    (9) 

In this Equation the activation energy of 2-propanol and water or oxygen were grouped 

into the  𝐸𝑎∗ (thermo-photo-) and 𝐸𝑎 (thermo-) constants as follows: 

𝐸𝑎∗ = 𝐸𝑎𝐶3𝐻8𝑂
∗ + 𝐸𝑎𝐻2𝑂

∗         (10) 

𝐸𝑎 = 𝐸𝑎𝐶3𝐻8𝑂 + 𝐸𝑎𝑂2        (11)  

The “isolated” thermo kinetic modelling of 2-propanol degradation was solved in a first 

step of the procedure. The experimental measurements carried out in the case of the 

thermo-catalytic process are collected in Table S2 of the Supporting Information. The 

goal of the corresponding experiments was to obtain the kinetic information under 

thermal (dark) reaction conditions. For this, the influence of 2-propanol initial 

https://en.wikipedia.org/wiki/Activation_energy
https://en.wikipedia.org/wiki/Activation_energy
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concentration, water concentration and temperature (3 levels for each factor and Box–

Behnken design) were analyzed using Equation 12, with 𝑘′′ defined by Equation 13.  

𝑟𝐶3𝐻8𝑂𝑇
= −

𝑘′′ exp−
(𝐸𝑎)

𝑅𝑇
𝐶𝐶3𝐻8𝑂 

(1+𝐴𝐻2𝑂exp−
𝐸𝑎𝐻2𝑂

𝑅𝑇
𝐶𝐻2𝑂)

       (12)  

𝑘′′ = 𝑘4.2[𝑆][𝑆1]𝐴𝐶3𝐻8𝑂𝐴𝑂2𝐶𝑂2       (13) 

To this end, a MATLAB® R2010b algorithm was build-up to obtain the kinetic 

parameters using a subroutine to solve the differential Equation 1 (subroutine ode45 

based in a Runge-Kutta formalism) subjected to boundary condition (Equation 2), 

coupled with a nonlinear least-squares fitting algorithm (lsqnonlin, Algorithm: Trust-

Region-Reflective Optimization) to obtain the parameters of Equation 12. The analysis 

of errors in the kinetic parameters was carried out using the MatLab “nlparci” 

subroutine. The “nlparci” subroutine returns the 95% confidence intervals for the 

nonlinear least squares parameter estimates using the Jacobian matrix associated to 

Equation 12 as well as the experimentally measured errors obtained for the reaction rate. 

Once the corresponding parameters of Equations 11 to 13 were obtained, this 

information, uncoupled to the thermo-photo-process, can be used as known parameters 

in Equation 9. 

Before solving the thermo-photo-catalytic kinetic model (Equation 9), the local 

superficial rate of photon absorption (𝑒𝑎,𝑠) was determined. This observable can be 

defined by Equation 14. 

𝑒𝑎,𝑠(x) = 𝑞𝑠𝑢𝑝(x) 𝐹𝐴𝑠         (14) 

    

Where 𝐹𝐴𝑠 is the fraction of light absorbed by the sample and 𝑞𝑠𝑢𝑝 the radiation flux at 

each position (x,y,z) of the catalytic film (see details in Supporting information; 

“radiation model” section). This radiation flux can be obtained using Equation 15. 

𝑞𝑠𝑢𝑝 = √ 𝑞x 2 + 𝑞
𝑦 2          (15)  

Where  

𝑞x = 𝑞1
↑

𝐿𝐴
x + 𝑞1

↑
𝐿𝐵
x + 𝑞2

↓
𝐿𝐴
x + 𝑞2

↓
𝐿𝐵
x         (16) 

   



12 
 

𝑞
𝑦
= 𝑞1

+
𝐿𝐴

y
+ 𝑞1

+
𝐿𝐵

y
+ 𝑞2

−
𝐿𝐴

y
+ 𝑞2

−
𝐿𝐵

y
       (17) 

  

𝑞1 
↑

𝐿𝐴
x , 𝑞1

↑
𝐿𝐵
x , 𝑞2

↓
𝐿𝐴
x , 𝑞2

↓
𝐿𝐵
x , 𝑞1

+
𝐿𝐴

y
, 𝑞1

+
𝐿𝐵

y
, 𝑞2

−
𝐿𝐴

y
, 𝑞2

− = 𝑓( 𝑞n, 𝐹𝑇𝑠 , 𝐹𝑇𝑔 , 𝐹𝑅𝑠 , 𝐹𝑅𝑔)𝐿𝐵

y
   (18) 

The supporting Information file shows the details of the model procedure followed to 

obtain 𝑞𝑠𝑢𝑝. The model requires the representation of a three-dimensional light source. 

It assumes superficial emission model for the lamps and use the ray-tracing method 

considering all optical events occurring on the reaction system (light-reactor-matter). 

The model provides a formulation to describe 𝑞𝑠𝑢𝑝 at each point of the catalytic surface 

as a function of 𝑞n (local net radiation flux) as well as the light fractions transmitted and 

reflected (FT and FR) at each component (sample, s, or glass, g) of the reactor (Figure 2). 

Figure 2 shows also the UV lamp spectral distribution. 

Figure 3 presents the local superficial rate of photon absorption profiles expressed in 

Cartesian coordinates, for Ti and CeTi samples. The rise in absorption capacity for the 

sample with cerium was evident and in agreement with the Band Gap modification 

presented in Table 1. Besides, no particular geometrical differences were detected. 

Average values of 1.0 × 10-8 and 1.1 × 10-8 Einstein cm-2 s-1 (100 % Irradiation level), 

for Ti and CeTi were obtained. This average value can be used in Equation 9 for the 

kinetic analysis. 

Finally, the thermo-photo kinetic model was solved (Equations 1 and 9 and the same 

MATLAB algorithm described before) using the experimental data summarized in 

Table S3. Table S3 data corresponds, as mentioned previously, to experimental 

conditions selected according to Box–Behnken design of four factors and three levels.  

3.3.Experimental study of the activity; application of the kinetic modelling 

The rate of 2-propanol oxidation measured for the photo-, thermo- and photo-thermo-

processes is presented in Figure 4 for the three samples. Photo-catalytic experiments are 

run at room temperature while the other two experiments are carried out in the 220-270 

ºC, tanking data each 10 ºC. The selectivity output of the 2-propanol oxidation in 

representative operating conditions is summarized in Table S4. As can be seen in Figure 

4, Ti and CeTi samples show significantly higher activity than the Ce material under 

illumination. This is a well-known fact [1–6]. The materials start to present activity 

under heat at 220 ºC. The growth of the reaction rate is noticeable for all samples but 
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specially in those containing titania. Higher rates are observed under the combined use 

of light and heat if compared with both photo and thermal processes. This is somehow a 

general observation for all samples under study although the difference between pure 

thermo and thermo-photo processes is rather small for the Ce samples. To analyze this 

point, in Figure 5 we plot what we call the enhancement function (E), measured as: 

E = rate (Thermo-photo) – (rate (Photo) + rate (Thermo))    (19) 

Figure 5 indicates that the enhancement factor is essentially inexistent in Ce. For Ti, it 

shows a marked temperature dependence, being only positive (and thus favorable with 

respect to an additive combination of thermo- and photo-based processes) for high 

temperature. For CeTi we observe a range of temperatures where the thermo-photo 

process is neatly favorable and has clear advantages with respect to the reference 

systems. This observation opens the opportunity of using ceria-titania composite 

systems as an interesting base material for thermo-photo catalytic processes. 

As mentioned, to interpret the outstanding properties of the CeTi material in the thermo-

photo-degradation of 2-propanol, we carried a complete kinetic study of the catalytic 

behavior. The kinetic analysis renders the parameter values presented in Table 3. Model 

prediction is a result of a complex calculation outlined in the previous subsection 2.2. It 

should be here recalled that Equations 1 and 9 were used as the kinetic expression, valid 

for the experimental working conditions. The quality of the model fit was evaluated 

with the root mean square error (RMSE) between the experimental (exp) value and the 

modeling (mod) described by Equations 1 and 9. In Equation 20 N is the total number 

of data points. 

RMSE = √
1

𝑁
 ∑ (

𝐶𝐶3𝐻8𝑂(exp)
− 𝐶𝐶3𝐻8𝑂(mod)

𝐶𝐶3𝐻8𝑂(exp)
)

2

𝑁
1 × 100                          (20) 

Note that our calculation consider a full analysis of the error including both the standard 

error observed in the 2-propanol concentration or disappearance rate as well as the one 

related to the fitting procedure based in the minimization of the square of the differences 

between the model and the experiment. A good fitting with 5.1 and 6.5 of root mean 

square error was obtained for Ti and CeTi samples, respectively. The goodness of the 

fitting is also evident in Figure 6, in which the comparison of the outlet 2-propanol 

experimental and simulated concentration for the CeTi sample shows a neat, good 
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correlation. In brief, the small RMSE validates the goodness of our model and 

approach. 

In order to interpret the physical basis of the CeTi performance we display in Figure 7 

the ratio of the kinetic parameters obtained for this sample and the Ti reference. The Ti 

reference is the reference having high photo-catalytic activity and some interest in 

thermo-photo-catalytic processes. Thus we particularly emphasize the factors which will 

drive the significant thermo-photo activity of the CeTi sample with respect to the well-

known Ti reference. Titania is, on the other hand, the dominant component of the CeTi 

sample. Nevertheless, we note that using the Ce sample as reference seems relatively of 

low interest as this system has essentially no thermo-photo activity. The thermal activity 

seems to command the Ce behavior as a function of the temperature presented in 

Figures 4 and 5. 

From Figure 7 we first observe that activation energy and pre-exponential factors 

corresponding to adsorption processes are essentially similar in the two catalysts, CeTi 

and Ti. As the Ce content of Ti is relatively minor (as already mentioned) this may 

sound reasonable. Importantly, the results indicate that the adsorption of water and 2-

propanol are essentially equal in the two materials. This help in the interpretation of the 

𝑘 and 𝑘′′ behavior. According to equations 5 and 13 and assuming no change in the 

surface adsorption sites, we can observe that: 

ratio (𝑘) =
(𝑘4.1𝑘1)CeTi 

(𝑘4.1𝑘1)Ti

(√
�̅�

𝑘3
)
CeTi

(√
�̅�

𝑘3
)
Ti

         (21) 

ratio (𝑘′′) =
(𝑘4.2)CeTi 

(𝑘4.2)Ti
        (22) 

We previously measured the ratio between the (𝑘1√
�̅�

𝑘3
) factor for CeTi and Ti samples 

and this has a value of 1.21.[47] Considering this value and using equations 21 and 22, 

we can infer that the CeTi sample has an enhanced response (with respect to the Ti 

sample) in the 𝑘4.1 and 𝑘4.2 kinetic constants. Such enhancement ratio has 1.33 and 1.32 

values for, respectively, 𝑘4.1 and 𝑘4.2. Taking into account these three factors we can 

conclude that the CeTi has photo, thermo, and thermo-photo capabilities improved with 

respect to the Ti (and Ce) references by a number of physico-chemical factors.  
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In first place, CeTi presents an enhanced ratio between step one of the kinetic model 

(the creation of hole-related radicals) and step three, which accounts for the annihilation 

of radicals (Table 2). Thus the (𝑘1√
�̅�

𝑘3
) factor renders information about the availability 

of radical species during reaction. CeTi is a better photocatalyst than the parent Ti and 

this is ascribed to a better handling of charge carrier with direct implications in 

decreasing the recombination of charge. The photoluminescence study presented in 

Figure S3 demonstrates this point by comparing the overall intensity observed for a 

physical mixture of the Ce and Ti samples and the CeTi sample. The lower intensity of 

the CeTi sample is obvious form the plot. As well known, this is a consequence of the 

decrease in charge recombination and is directly reflected in a positive influence in 

photoactivity for the CeTi sample. [49] Secondly, the CeTi appears to improve (with 

respect to the Ti reference) the performance in a pure thermo-based process to a larger 

degree than in the photo-catalytic process (1.32 vs. 1.21 factors). The larger 

enhancement is not a surprise considering that ceria is considered an excellent catalyst 

for VOC elimination. [26–29] However, our analysis provides a quantitative 

measurement of the differential performance and clearly indicates this to be a 

phenomenon related with the performance of the active centers involved (that is, the 

𝑘4.2 parameter). In this sense, we note that such centers are likely at the interface 

between the ceria and titania components and are unique for the composite catalysts in 

respect to the parent systems. [49] We also note that CeTi has increasing thermo-

catalytic activity with respect to its parent Ce reference (Figures 4 and 5). Equally 

interestingly, a larger enhancement occurs under the primary use of light as energy 

source in the 𝑘4.1 parameter. So, according to our kinetic analysis, the radical species 

interaction with the pollutant (a process triggered initially by light) is clearly favored in 

a thermo-photo process vs. the bare photo process (factors of 1.33 vs. 1.21). 

In summary, using the above described kinetic formalism we detected rather similar 

absorption constants at the temperature range studied and considering the thermo-alone 

and the thermo-photo processes. This likely indicates that adsorption sites are 

differentiated from kinetically relevant actives sites and do not display important 

differences between the CeTi and Ti samples. This point also allows to analyze 

numerically the variation of the 𝑘4.1 and 𝑘4.2 kinetic constants and quantifying their 

enhancement in the composite system with respect to the parent titania reference (the 
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reference dominating the molar composition of the material as well as the surface of the 

composite catalyst). The study shows that the ceria-titania interface displays enhanced 

activity with respect to its parent systems in both, thermo- and photo- parts of the 

process. The analysis allows uncoupling photo and thermo physical contributions but in 

fact shows that composite activity is defined by a “combined” thermo-photo effect. 

Scheme 1 attempts to provide a simplified representation of the main events taking 

place in the CeTi sample under the thermo-photo-oxidation of 2-propanol. The scheme 

displays that the interface between the oxide entities could be responsible (as previously 

discussed here and suggested in the literature for thermal and photo processes, see refs. 

[11] and [49]) for thermo- and photo-related enhancement(s) of electron-related species 

and corresponding kinetic steps while a more efficient activation of the hole-related 

species could be associated to titania sites. The ceria-titania interface thus plays an 

important role in charge handling by also is an “active” center in the transformation of 

the pollutant. Such a hypothesis requires however further assessment. In any case, we 

would like to highlight that the enhancement of activity has a main root in a more 

effective interaction of the oxidant species with the pollutant, achieved under both the 

thermal- and photo triggered steps of the mechanism and considering the joint use of 

both energy sources.  

 

4.  Conclusions 

The catalytic performance of a ceria-titania composite system in the degradation of 2-

propanol was analyzed with respect to the titania and ceria (parent) components using 

heat and light as energy sources of the reaction. The composite system displays an 

improved performance under the combined (as well as the independent) use of the two 

energy sources. This enhancement was analyzed using a kinetic formalism which 

explicitly includes the effect of the photon absorption in the reaction rate. The kinetic 

analysis is thus free of light-related, usual approximations (providing a scheme with 

potential general use) and expresses the rate as a sum of two components having 

different physico-chemical nature. 

The fitting of the experimental data indicates that the high activity of the ceria-titania 

system is physically based in the cooperative use of light and heat energy sources. 

Quantitatively, we observed that the ceria-titania system has an enhancement factor a 
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ca. 1.32 and 1.33 with respect to the parent systems in the kinetic constants controlling 

the active (oxygen and hydroxyl-type radical species, respectively) species responsible 

for the attack to the 2-propanol molecule in the degradation process. Such result 

indicates that the two energy sources work cooperatively, influencing each other in a 

bidirectional way, and rendering a true, heat-light synergistic interaction while using the 

composite system. The study thus shows that the ceria-titania works under a true 

thermo-photo-catalytic reaction scheme rather than a photo-assisted thermo or a thermo-

assisted photo process. Such feature seems unique when compared with the titania and 

ceria reference systems, at least in the temperature region studied here for the 2-

propanol degradation. 
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Table 1. Optical, structural and morphological properties of the samples.a 

sample 

TXRF/ 

XPS 
XRD N2 physisorption 

UV-

vis 

Ce/Ti 

atomic 

ratio 

Size 

(nm) 
b 

 

Cell 

parameters 

(Å) c 

BET 

surface 

area 

(m2 g−1) 

pore 

volume 

(cm3 

g−1) 

pore 

size 

(nm) 

Band 

gap 

(eV) 

Ti - 12.1 3.789/9.481 95.8 0.123 5.2 3.20 

CeTi 0.03/0.10 13.7 3.794/9.497 97.2 0.112 4.2 2.97 

Ce - 8.5 5.403 101.2 0.120 5.0 2.55 

a) Standard error: ban gap 0.04 eV, BET 1.5 m g-1; pore parameter 8 %, size 0.5 

nm, cell parameters 0.003 A, Ce/Ti ratio, 0.02. 

b)  For anatase TiO2 in the case of the Ti and CeTi samples and CeO2 for Ce. 

c)  a=b/c for anatase TiO2 and a for CeO2. 

Table 2. Simplified reaction scheme for the thermo-photo catalytic degradation of 2-

propanol. 

Step Kinetic equation rate 

0 𝐶𝑎𝑡 +
ℎ𝜈
→ 𝐶𝑎𝑡 + ℎ+ + 𝑒− 𝑟𝑔 

1 
ℎ+ + 𝐻2𝑂𝑎𝑑𝑠 → 𝑂𝐻

• +𝐻+ 

ℎ+ + 𝑂𝐻𝑎𝑑𝑠
− → 𝑂𝐻• 

𝑘1[𝐻2𝑂]𝑎𝑑𝑠[ℎ
+] 

2 𝑒− + 𝑂2 𝑎𝑑𝑠 →𝑂2
•− 𝑘2[𝑂2]𝑎𝑑𝑠[𝑒

−] 

3 ℎ+ + 𝑒− → heat 𝑘3[ℎ
+][ 𝑒−] 

4 

𝐶3𝐻8𝑂𝑎𝑑𝑠 + 𝑂𝐻
• → Products 𝑘4.1[𝐶3𝐻8𝑂]𝑎𝑑𝑠[𝑂𝐻

•] 

𝐶3𝐻8𝑂𝑎𝑑𝑠 + 𝑂2
𝑇
→ Products 𝑘4.2[𝐶3𝐻8𝑂]𝑎𝑑𝑠[𝑂2]𝑎𝑑𝑠 

5 𝑂𝐻• +𝑀 → Products 𝑘5[𝑂𝐻
•]𝑎𝑑𝑠[𝑀] 
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Table 3. kinetic Parameters for CeTi and Ti samples. 

Constant 

Value 

Unit 

Error 

 

Ti CeTi Ti CeTi 

𝑘 3.1 × 1011 5.0 × 1011 (mmix
3 )2msup

−1 s−1/2 Einstein−1/2 0.5 x 1011 1.0 × 1011 

𝐸𝑎∗ 1.5 × 105 1.6 × 105 J mol−1 2.9 x 104 2.4 × 104 

𝐴𝐻2𝑂
∗ 9.2 × 102 9.5 × 102 m3 mol−1 9.9 x 101 1.0 × 102 

𝐸𝑎𝐻2𝑂
∗ 1.4 × 104 1.5 × 104 J mol−1 3.5 x 103 2.8 × 103 

𝑘′′ 4.0 × 103 5.3 × 103 mmix
3  msup

−2 s−1 1.1 x 102 6.4 × 102 

𝐸𝑎 0.9 × 105 0.9 × 105 J mol−1 4.8 x 103 4.9 × 103 

𝐴𝐻2𝑂 10.0 × 102 9.9 × 102 m3 mol−1 2.1 x 102 1.5 × 102 

𝐸𝑎𝐻2𝑂 1.4 × 104 1.5 × 104 J mol−1 3.3 x 103 3.7 × 103 
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Figure 1. (A) Thermo-photo-catalytic annular reactor. (B) Side section view. (1) Gas 

inlet, (2) gas outlet, (3) UV lamp, (4) catalyst sample, (5) cartridge heater. 

 

 

Figure 2. Transmittance and Reflectance of the Ti and CeTi samples and spectral 

distribution of the Lamp. 
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Figure 3. Local superficial rate of photon absorption for TiO2 (First panel) and CeOx-

TiO2 (Second panel) samples. 
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Figure 4. Temperature influence in thermo- and photo-thermo-catalytic oxidation of 2-propanol. TiO2 (gray), CeTi (blue) and CeO2 (red).  

Experiment under UV illumination are carried out at RT. Thermal (described by a T) or Thermo-photo- (described as UV + T) runs are carried 

out in the 220 – 270 ºC interval. 
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Figure 5. Enhancement function (E function, described in Equation 19) vs Temperature 

for Ti, CeTi and Ce samples. 

 

 

Figure 6. Parity plot of experimental data against predicted data given by kinetic model. 
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Figure 7. Ratio between CeTi and Ti kinetic parameters. Shaded area highlights the 

region of ratios equal to 1 within experimental error. 
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Scheme 1. Schematic view of the synergistic effect between photo- and thermo-catalysis 

on the CeTi sample. 

 

 


