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Photocatalytic toluene degradation: braiding
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In this study, we analyzed the photocatalytic degradation of toluene using composite systems consisting of
a tungsten oxide component supported on a pure anatase phase. To scrutinize the photocatalytic process,
herein we presented a new method with combined spectroscopic and kinetic tools to provide novel and
quantitative information mostly obtained in situ under reaction conditions. First, it allows us to extract
information quantitatively, regarding charge recombination and the fraction of kinetically relevant charge
species reaching the surface of the material and used in chemical steps. In addition, the method allows us
to detail how efficiently such kinetically relevant charge carrier species interact with key reactant and
intermediate molecules. The application of such procedure to the elimination of toluene shows how the
composite system improves the activity with respect to the relevant pure-anatase reference catalyst. This
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appears to be a complex phenomenon, with implication in several elemental steps of the reaction. The
new method can be easily generalized to any photocatalytic reaction and would pave the way to progress
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1. Introduction

Pollution-related problems coming from human activities
have raised public awareness about the need for creating
efficient ways of controlling pollutants originating from
industrial and mobility activities. In this context, much
attention has been paid to novel advanced oxidation
processes. Heterogeneous photocatalysis is one advanced
oxidation process that uses semiconductors and light to
control and reduce pollution. Its main field of application
corresponds to the degradation and/or transformation of
organic and inorganic pollutants as well as biological
microorganisms.'™ Photocatalysis has the most significant
advantage when compared with other remediation
technologies, which could be the use of rather mild and
economically viable conditions, as it works at ambient
pressure and temperature and using air as an oxidant of the
process.

Although TiO, is the most widely used photocatalyst, it
has certain limitations in the efficient depollution processes
of specific molecules.”*® This is the case of toluene, a typical
urban contaminant corresponding to a though still frequently
used testing molecule to calibrate the photo-elimination
power of catalytic materials.”® Whether for toluene or, in
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in the quantitative understanding of the photocatalytic process.

general, for the elimination of all kinds of pollutants, there is
an urgent need for developing materials capable of
increasing the activity of titania. The use of other active
semiconductors within a titania-based composite system is
one of the successful ways to approach this task. The
combination of tungsten and titanium oxides has been
shown to be particularly effective in the photo-elimination of
pollutants irrespective of the illumination characteristics (UV,
visible, solar) or other (reactant chemical nature) reaction
conditions.'*"”

Herein, we started the study with an exhaustive kinetic
analysis of the gas-phase toluene photo-elimination using
tungstenia-titania composite systems.'” To approach the
analysis of the photo-elimination from a novel perspective,
we carried out a kinetic analysis of the reaction, exploring the
response of the catalytic solids to the most significant
experimental variables affecting photoactivity within a Box-
Behnken experimental design.'® The mechanistically derived
formalism utilized here includes an intrinsic expression to
introduce light into the chemical reaction mechanism and
utilizes the IUPAC rules to calculate the light-matter
interaction taking place in the photo-catalytic films.'® Such
an intrinsic kinetic approach is critical to ensure the
transferability (for other studies) as well as the
meaningfulness of the study. Although numerically and
computationally complex, intrinsic kinetic formalisms have
been  previously utilized to study photo-catalytic
processes.”’’ > However, only few works tested the results
coming from kinetic studies with parallel physico-chemical
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studies coming from independent spectroscopic>*?* or
adsorption® studies. Here, we wish to go a step forward in
order to braid chemical and chemical engineering
information into a kinetic procedure that takes into account
initial and independently obtained physico-chemical
information to test the results of the kinetic formalism and,
at the same time, fixing numerical details of such procedures
to ensure that the kinetic formalism by itself can provide
useful physico-chemical information.

To show the consistency of our novel approach, we will
subject to analysis both activity and selectivity of the
toluene photo-elimination from both (relevant) physico-
chemical and kinetic perspectives and get novel
information about the way the catalysts interact with the
catalytically relevant molecules. Such an information
cannot be achieved by physico-chemical or kinetic
methods alone and thus opens a way to extract otherwise
“inaccessible” chemical knowledge. This approach is here
utilized to interpret the photo-chemical and photo-physical
effects coming from addition of tungsten oxide to the
(parent) anatase single-phase reference in composite
systems. Such an approach provides novel information in
a quantitative way, opening a path for the understanding
of complex catalytic reactions and composite catalysts.

2. Materials and methods
2.1. Sample preparation and characterization

Titania (called here Ti) was synthesized by a microemulsion
method in a single pot for both single titania and composite
samples. The microemulsion involved an aqueous phase
dispersed in n-heptane, using Triton X-100 (Aldrich) as a
surfactant and hexane as a cosurfactant.>® Titanium
tetraisopropoxide (Aldrich) and ammonium tungsten oxide
(Alfa Caesar) were used in all synthesis procedures. The total
cation content of the aqueous solution is 0.5 M. Water/(Ti +
W) and water/surfactant molar ratios were, respectively, 18
and 110 for all samples. In the case of composite samples
(called TiW, having a 0.25 mol% of WO;, selected based on a
previous study'’), the aqueous solution of the tungsten
precursor (ammonium tungsten oxide from Alfa Cesar) was
agitated for 30 min. Subsequently, a stoichiometric (to obtain
the  corresponding  W(vi)  hydroxide) quantity of
tetramethylammonium-hydroxide (TMAH) was introduced
from the aqueous phase of a similar microemulsion. After 5
min of contact, titanium tetraisopropoxide (a mixture with
isopropanol (2:3)) was added drop by drop into the
previously resulting microemulsion. In the case of doped
samples, we added titanium tetraisopropoxide (mixed with
isopropanol as described before) to an inverse emulsion
containing an aqueous solution of the tungsten precursor
(previously agitated for 30 minutes). In both samples, the
resulting mixtures were stirred for 24 h, centrifuged,
decanted, rinsed with methanol and dried at 300 K for 6 h.
Following the microemulsion preparation method, the
amorphous powders were calcined at 723 K under air for 2 h.
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The BET surface areas and average pore volumes and sizes
were measured by nitrogen physisorption (Micromeritics
ASAP 2010). XRD profiles were obtained using a Seifert D-500
diffractometer with Ni-filtered Cu Ko radiation in a 0.02°
step. The particle sizes were estimated by XRD using the
Williamson-Hall formalism.>” UV-vis diffuse-reflectance
spectroscopic experiments were performed using a Shimadzu
UV2100 apparatus with nylon as a reference and the results
presented as the Kubelka-Munk transform.>®

Electron paramagnetic resonance (EPR) measurements were
done using a Bruker ER200D spectrometer operating in the
X-band. The sample suspensions (0.5 mg mL™) were prepared
in redistilled water (Milli Q) or methanol (HPLC grade,
Scharlab) and sonicated for 4 min before the experiment. In this
experiment, 5,5-dimethyl-1-pyrroline-N-oxide (DMPO, Sigma-
Aldrich) was used as a spin trapping agent. The solutions of
DMPO (0.01 M) were prepared in water and kept on ice during
the whole set of experiments. Then, 100 pL of the solid
suspension and 100 pL of the corresponding DMPO solution
were mixed into an EPR flat quartz cell under atmospheric air.
Then the cell containing the experimental mixture (sample/
DMPO/water) was irradiated for different time periods (from 0.5
to 10 min) with the identical light excitation source to that
employed for the photoreactor (see below), being then
immediately transferred to the spectrometer cavity for EPR
analysis. In some cases, decay of a small radical concentration
(below 3% on average) was observed in the darkness during the
course of spectrum recording. Typical EPR spectrometer settings
in a standard experiment were: ca. 9.75 GHz microwave
frequency, 19.5 mW microwave power, 100 kHz modulation
frequency, 1 G modulation amplitude and 2 x 10> spectrometer
gain. All spectra were recorded at room temperature. No
significant signal saturation was observed in those conditions.
Blank experiments (without sample) were also performed to
check the absence of radical formation in DMPO solutions
(water or methanol) under irradiation and in the absence of
solid. The g-walues (+0.0001) were determined using 2,2-
diphenyl-1-picrylhydrazyl (DPPH, Sigma-Aldrich) as an internal
standard. The EPR spectra were recorded and analyzed using
the Bruker software WinEPR.

2.2. Adsorption and photo-catalytic experimental details

Adsorption of toluene and benzaldehyde in the ppm range
was followed by mass spectrometry (Onmistart 300) and gas
chromatography (FID, HP-Innowax 0.32 mm LD. x 30 m)
using a gas mixture prepared by injected toluene or
benzaldehyde with a syringe pump (Cole-Parmer 74900) in a
N, flow (Bronkhorst mass flow controller) under illumination
conditions. In situ light excitation was carried out using 365
nm radiation. A Hg-Xe 500 W lamp with a 280-400 nm
dichroic filter coupled with a 365 nm (25 nm half-width)
filter (LOT-Oriel) were used to select the light excitation. The
intensity was nearly identical (ca. 8.5 mW cm™>) to photo-
catalytic experiments as measured using a HD2303 Delta
Ohm radiometer.

This journal is © The Royal Society of Chemistry 2020
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Gas-phase photo degradation of toluene (=99% Aldrich)
was carried out in a continuous-flow annular photoreactor
containing ca. 0.4 mg cm™> of photocatalyst as a thin layer
coating on a Pyrex tube (the loading is fixed to maximize the
activity of the samples, see ref. 16). The reactor details are
fully described in a previous work and a scheme of it is
presented in Fig. S1.1>° The reacting mixture (100 mL min ")
was prepared by injecting toluene into a wet (ca. 15-90%
relative humidity) 20 vol% O,/N, flow before entering to the
photoreactor, yielding an organic inlet concentration of ca.
200-400 ppmv. Fluorescent UV (Sylvania F6WBLT-65; 6 W)
was used for the photoreaction experiment. Reaction rates
and selectivity were evaluated under steady-state conditions,
typically achieved after ca. 3 h from the irradiation starting
time. Selectivity is presented as molar percentage of carbon-
containing products. Carbon balance is better than 95.8% in
all cases. The concentrations of toluene and the reaction
products were analyzed using an on-line gas chromatograph
(Agilent GC 6890) equipped with a TCD (for CO,
measurement) and an FID (organics measurement) detector.

3. Results and discussion
3.1. General formalism

According to the reactor geometry presented in Fig. S1f and
under kinetic control regime (see “external and internal
mass-heat transfer” analysis in the ESIT section), the
differential mass balance equation for toluene photo
degradation can be expressed as:

dc
V2 <%> = arC7Hs (1)

In eqn (1), v,, a, Ccy, and rcy, are, respectively, the axial
velocity, the external catalytic surface area per unit volume,
the toluene concentration and the average reaction rate. To
solve eqn (1), one boundary condition is necessary:

CC7H8(Z = 0) = Cg,n,,in (2)

Eqn (1) and (2) take into consideration only the convective
flow through the axial coordinate z, which is a typical
approach for this configuration reactor. 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-chemical
reactions.”>>° More details about the mass balance equation
deduction are presented in the ESIf (section 2, “mass
balance”).

Similarly, we can establish the corresponding differential
mass balance for the products generated under reaction. In
this case, we only detected production of benzaldehyde
(C;HeO) as an intermediate and CO, as a final oxidation
product. The one corresponding to benzaldehyde (eqn (3)
and (4)) will be utilized here in combination with those of
toluene (eqn (1) and (2)) to describe the evolution through

This journal is © The Royal Society of Chemistry 2020
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the reactor of the two linearly independent chemical species
of the reaction:

v, (dCcmso

dz ) = ~arc,H,0 3)

The boundary condition is:
Cemo(z=0)=0 (4)

The two differential equations (eqn (1) and (3)) will be solved
simultaneously using as input the experimental results
presented in Table 1. This table summarized the results for
15 experiments (with repetition of the central point 3 times)
per sample, defined following the Box-Behnken scheme of
three factors (water inlet content, illumination level and
toluene inlet concentration) and three levels.'®

The solving of eqn (1) and (3) requires deriving the
expression of the reaction rate as a function of the
experimental variables presented in Table 1. To reach this
objective, first we need to fix a formalism to obtain the
reaction rate from a reaction scheme summarized in Table 2.
The reaction mechanism can be simplified considering the
well-established initial steps of any photocatalytic processes:
(i) the photo-excited sample generates electrons and holes,
(ii) holes may react with adsorbed water and superficial OH"
ions to generate hydroxyl radicals, and (iii) molecular oxygen
acts as an acceptor species in the electron-transfer reaction,
partly reducing the recombination processes and the
resulting loss of energy as heat.?®>*?*3%31 For toluene, the
main charge carrier species interacting with the organics is
known to be the hydroxyl radical.”?®*> For the hydroxyl-type
mechanism, the benzaldehyde is the main intermediate and
is produced by the OH-radical attack to the methyl moiety of
toluene.?*?*3" From this intermediate, the mechanism is
complex but the corresponding carbon-containing species
evolve via hydroxyl-radical attack.”?%?*?>3273%  Taple 2
summarizes all these elemental steps as well as termination
steps for hydroxyl radical species.

According to Table 2, the reaction rate of toluene
consumption and benzaldehyde generation are described by
eqn (5) and (6) (presented in Table 3), respectively. As
outlined in ref. 19, to obtain these equations we need to
consider: i) the application of the steady-state approximation
to holes and hydroxyl radical species; ii) that charge
recombination in semiconductors is expected to be much
faster than any chemically related charge transfer step
(ks[h'][e’] > k, [H,0].as[h'] in Table 2); iii) the solving of the
balance of sites where the adsorption of molecules are
defined by Langmuir-Hinshelwood-type formulae, taking into
account that organic molecules (but not oxygen) compete
with water; and iv) the local superficial rate of electron-hole
pair generation r, (see first row in Table 2) has been

substituted by rg = J ¢e;°di = EZGE’S-

React. Chem. Eng., 2020, 5,1429-1440 | 1431
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Table 1 Details of the Box-Behnken factors used as well as catalytic responses measured through the toluene (Tol) reaction rate and benzaldehyde

(Bz) yields

Experimental variables

Rater,

(10" mol m™2s7™")

Yields,

(10" mol m™2s™")

HR/% Light%/% Toluene Cone. (10* mol m™) Ti TiW Ti TiW
90 50 4.46 3.75 9.28 0.60 7.45
15 50 4.46 3.97 9.83 1.07 8.53
45 100 4.46 4.30 10.64 1.07 9.57
45 25 4.46 2.80 6.92 0.42 5.51
45 50 6.69 4.52 11.19 1.09 8.84
90 25 6.69 2.75 7.17 0.63 5.07
90 100 6.69 6.53 16.29 1.11 11.40
15 25 6.69 3.47 8.66 0.99 7.11
15 50 8.92 4.92 12.36 1.72 10.46
45 25 8.92 2.93 7.28 1.05 6.56
45 100 8.92 4.08 10.27 1.97 9.76
90 50 8.92 3.45 8.64 1.21 8.56
15 100 6.69 5.37 13.69 2.12 12.59
45 50 6.69 4.52 11.19 1.09 8.84
45 50 6.69 4.52 1.19 1.09 8.84
¢ Lamp intensity. Full illumination conditions: 1.55 x 10™® Einstein ecm™ s™".

Table 2 Hydroxyl-mediated mechanism for toluene photo-oxidation

Reaction step Const.
Activation

Photocatalyst hv - h* + e Tg
Adsorption

Site + C,H, — C,Hgads Ko,
Site + C;Hs0 — C;HgOus Keuo
Site + H,0 - H,0.4s Ko
Siteo, + 0, - Osads Ko,
Electron capture

Osads + e - Ozads kq
Hole trap

H,0,4s h* - HO' + H" ks
Recombination

h* + e - Heat ks
Toluene oxidation

C7Hgaas HO' - C7HgOaas ks
Benzaldehyde oxidation

C;HgOjads HO - Productsi,ads k5
Radical termination

HO + HO™ - 0,” + H,0 ke

In eqn (5) and (6), the concentrations are described by
Cehemical, ki are rate constants defined in Table 2, Kipemical are
adsorption constants (also defined in Table 2), and [sites] are
the available surface sites for adsorption. Thus, eqn (5) and
(6) include the effect of the reactant and water content of the
reaction feed as well as light trough the local superficial rate

1432 | React. Chem. Eng., 2020, 5, 1429-1440

of photon absorption (e*°), as defined by eqn (7).">*° In this
equation F,_ is the fraction of light absorbed by the sample
and gy the radiation flux at each position (x = Xg, Y5, Zs) of
the catalytic film (see Fig. S17).

€"%(x) = Goup(*)Fa,

(7)

This journal is © The Royal Society of Chemistry 2020
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To obtain the radiation flux on the surface of the samples,
we first calculated the impinging radiation flux from the
lamps (g, in Fig. S1}). Considering the coordinate system
presented in Fig. S1f and the geometry of the reactor
(annular multilamp), g, can be determined by eqn (8).*°

L=4 J(ﬂ maxL(xy) JG maxtere) P o
A

qn(Xs’ YS7ZS) = Z Z 2R 7y,

L=1

sin’6 (8)

P minL(xy) Y Omin(xy.0)

Xs — X1, Vs o
((712 ) cosyp + (R) s1ngo> dpdd

In eqn (8), X5, Ys, Zs and R are the coordinates of the points
located on the surface of the catalytic films and the radius of
the cylinder supporting the sample (Fig. S11). Angle variables
(0, ¢) are defined as described in Fig. S1f and section 1 of
the ESIf section. The integration limits can be evaluated
using the ray tracing method*® and are presented in the ESIf
section. Finally, the g, X/y components (see Fig. S1;t eqn
(9)) can be determined using ¢, and a radiation balance,
which considers the main optical (transmittance, F;, and
reflectance, R;) events occurring in all components of the
reactor placed between the emission source and catalyst, i.e.
glass and reaction media, as well as the catalytic film.

Gs3p = f(qn, Fi, Ry); 1 = catalyst, glass, reaction media  (9)

A detailed description of the mathematical formulation to
provide ¢gp, as a function of ¢, (eqn (8)) and the
transmittance/reflectance optical measurements for each
component of our reactor system can be found
elsewhere.”?!

Eqn (5) and (6) are the rate equations to be introduced in
partial differential eqn (1) and (3). The rate equations contain
four constants (presented as ¢; constants in Table 3). To
obtain physico-chemical information from the kinetic
analysis, we defined the f constants presented in Table 3. In
fact, p; informs about the ratio between the rates for
generation (“activation row” in Table 2) and recombination
of charge (“recombination row” in Table 2), and thus, it is a
measure of the number of charge carriers accessing the
surface of the material. Note that this measurement is carried
out under relevant reaction conditions, thus providing much
better information than luminescence, photoelectrochemical
or any other physico-chemical characterization procedure.
Additionally, £, informs about the combination of rates of
adsorption and hydroxyl attack of toluene vs. the
intermediate, benzaldehyde (see the corresponding constants
for “toluene and benzaldehyde adsorption and oxidation”
rows in Table 2). Therefore, from the kinetic approach just
presented, we can obtain information about the charge
carrier handling of a catalyst (f;) as well as the combined
effect of surface adsorption and hydroxyl attack for the
reactant and stable intermediates (f,). The two-way feedback
between physico-chemical techniques and the kinetic
approach considers, in first place, the analysis of the
reliability of the p; parameter using the measurement of

React. Chem. Eng., 2020, 5, 1429-1440 | 1433
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Fig. 1 Pareto plots for experimental design variables (A, relative humidity, %; B, light intensity, %; C, C% i ene. Mol cm™) on toluene photo-
oxidation and benzaldehyde photo-production. Catalytic rates (mmol g * h™), & (vertical blue line): 0.05.

radical species with EPR. Using the formalism presented in
section 4 of the ESIj we can show that the ¢ parameter
presented in Table 3 is closely connected with the p;
parameter. Moreover, measuring experimentally the
absorption constants of toluene and benzaldehyde and using
the f, parameter we can derive the ratio between the kinetic
constants of the two organic molecules involved in the
mechanism.

A big issue in solving eqn (1) and (3) is to obtain a result
with physical meaning. We note that the formalism
summarized in Table 3 for the f parameters indicates that
there is a relationship between the values of the alpha
parameters that must be satisfied. This provides a strong
guidance to the fitting procedure. Otherwise the solution can
have some uncertainly due to the complex surface of
hyperpotential of the fitting problem.*®

A MATLAB® R2018b algorithm was build up to obtain the
kinetic ~parameters using a subroutine to solve
(simultaneously) the differential eqn (1) and (3) (subroutine
ode45 based in a Runge-Kutta formalism) subjected to
boundary conditions (eqn (2) and (4)), coupled with a
nonlinear least-squares fitting algorithm (Isqnonlin,
algorithm: trust-region-reflective optimization) to obtain the
parameters of eqn (5) and (6). To provide an insightful
analysis of the fitting procedure, we used the “MultiStart”
MATLAB formalism®® in order to obtain a global minimum
(mathematical) of the fitting procedure and compare it with

1434 | React. Chem. Eng., 2020, 5, 1429-1440

the result obtained using the additional constrains (with
physical meaning) coming from introducing the relationship
between alpha parameters used to define the beta parameters
(Table 3). Hereafter, the first result is called “math”
(representing the mathematical solution yielding a global
minimum) result and the second “phys” (a local minimum
with physical meaning). In both cases, we tested 10° starting
sets of parameters to run the calculations. 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 with eqn (5) and (6) as well as the experimentally
measured errors obtained for the reaction rate. As
mentioned, experimental data to carry out the process are
compiled in Table 1.

3.2. Braiding physico-chemical and kinetic information

Our main objective is to set up a procedure which would
provide an effective two-way interaction procedure linking
physico-chemical and kinetic information as well as to
provide new information, currently non-accessible by the
isolated application of each type of study to photo-catalytic
materials. The utility of this objective is exemplified through
the new clues offered towards the understanding of the
catalytic effects coming from the addition of tungsten oxide

This journal is © The Royal Society of Chemistry 2020
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to a single-phase anatase powder. The main physico-chemical
properties of the single-phase Ti and composite TiW
materials are presented in Table S2 of the ESIT section.
Titania presents the anatase structure (PDF 21-1272; space
group I4,/amd), while tungsten oxide shows the monoclinic
structure (PDF 83-0951; space group P2,/n) with the particle
size in the 10-15 nm range and ca. 23 nm, as detailed in
Table S2.f

The catalytic results for the two samples are presented in
Table 1. We note that the tungsten oxide reference is not
presented, as it displays more than one order of magnitude
inferior activity than the Ti reference, thus giving a rather
limited contribution by itself to the composite system. The
higher activity of the TiW sample with respect to the Ti
reference as well as a significant variation in selectivity
(benzaldehyde formation is enhanced in the presence of
tungsten oxide) between the two catalysts are evident from
this table. A first analysis of the Box-Behnken catalytic
results is carried out using the Pareto plots present in Fig. 1.
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Pareto charts of standardized effects and main effects are
powerful visualization tools that summarize the results of the
factorial design carried out. They indicate the statistically
significant parameters as those that are above the established
threshold. To model the catalytic response of the solids, we
utilized linear, quadratic and crossed terms between the
three factors studied. For a parameter to be statistically
significant, the null hypothesis of the parameter's coefficient
being equal to zero is tested by comparing the calculated
ANOVA p-value with a significance test level here set at a =
0.05 (95% of probability). This value is shown by a vertical
line in the charts presented in Fig. 1. If the p-value is less
than o, the hypothesis that the coefficient is equal to zero is
rejected and deemed to be statistically significant. The weight
of the parameters is indicated by the length of the plotted
bar.*”

Some differences in the functional response of the TiW
and the Ti materials to changes in the experimental variables
(relative humidity, irradiation intensity and toluene inlet
concentration) can be inferred from Fig. 1. More concretely,
for toluene we see essentially the same behavior (except in
the exact values of the weight of the parameters) with
dominance in both cases of toluene concentration inlet-
related variables. Contrarily, the important differences in the
generation of benzaldehyde are highlighted by the analysis of
Fig. 1. Such figure provides conclusive evidence that
selectivity differences between the TiW and Ti samples are
strongly dependent on the reaction conditions, allowing us to
conclude that the analysis of selectivity using a single
reaction condition can provide rather poor information. In
addition, the benzaldehyde production of the TiW sample
shows significant sensitivity to the relative humidity of the
inlet stream (and to lower extent light intensity), while in the
case of the Ti sample, the three factors (and their
interactions) strongly affect benzaldehyde production.

Eqn (5) and (6) provide a mathematical model, all these
factors and their interaction effects in the reaction rate of
toluene disappearance and the generation of benzaldehyde
production. The goodness of the fitting process considering
the “math” and “phys” procedures is summarized in Fig. 2.
The goodness of the fittings is analyzed using the linear
fitting R> parameter between experimental and modeled
toluene/benzaldehyde outlet concentrations as well as the
root mean square error (RMSE) differences between these
two concentrations and two molecules. In the case of toluene,
the two fitting procedures are essentially indistinguishable
for both samples Ti and TiW. For benzaldehyde production
differences between the two fitting procedures are visible
between the Ti and TiW samples but according to both R*
and RMSE parameters are of limited significance. We further
analyze the adequacy of the kinetic model in Fig. 3 and 4.
Fig. 3 displays the results of the fitting model (full lines
constituting the mesh) for the Ti sample, while Fig. 4 does
the same for the TiW sample. Both figures also contain the
experimental points corresponding to fix to the middle-level
value(s) one of the three factors (and scanning all other
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values for the two remaining factors) used in the Box-
Behnken design. The surfaces provide clear evidence of the
“flat” and/or “planar-type” response of toluene to the factors
in comparison to the one of benzaldehyde in the two

1436 | React. Chem. Eng., 2020, 5, 1429-1440

samples. We can see that benzaldehyde shows a more
complex response to the three factors in both samples.
Moreover, the figures allow us to visualize the complex
interaction between factors described by a simple number in

This journal is © The Royal Society of Chemistry 2020
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the Pareto plots of Fig. 1. In particular, we can see the different
interplays observed between the relative humidity and light in
both samples (corresponding benzaldehyde top panel of Fig. 3
and 4). A larger response of benzaldehyde and thus a stronger
interaction between these two factors are observed in the case of

This journal is © The Royal Society of Chemistry 2020

the Ti sample. Moreover, a different response between the samples
is evident when analyzing the interplay between relative humidity
and toluene inlet concentration (lower panel of Fig. 3 and 4). Such
a rich response is reproduced adequately by our model according
to fitting goodness parameters summarized in Fig. 2.
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To introduce physico-chemical information in the analysis
procedure, we calculated the rate of formation of OH radicals
using EPR and optical measurements (see section 4 of the
ESIT section) and measured the adsorption constants of
toluene and benzaldehyde. The inset in panel A of Fig. 5
shows a typical 4-peak signal attributed to the formation of a
‘DMPO-OH adduct, only formed after the irradiation of the
sample. This EPR signal displays (peak) intensities of 1:2:2:
1 and spin Hamiltonian parameters: axo = 14.9 G, ag = 14.9

1438 | React. Chem. Eng., 2020, 5, 1429-1440

G; g = 2.0056. For all samples, the intensity of the signal vs.
time displays a characteristic behavior, with an initial growth
period followed by a saturation plateau. This is a well-known
behavior coming from the growth of the radical formation
species until the interaction between radicals leads to the
formation of diamagnetic species. The formation of hydroxyl-
type radical species is thus measured through the initial rate
of radical formation.*®™*° After normalization using the
optical properties (see section 4 of the ESIt), we obtained a

This journal is © The Royal Society of Chemistry 2020
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spectroscopic parameter, the so-called J parameter in
Table 3, paralleling the f; parameter. In panel B of Fig. 5, we
can observe a comparison between the EPR and kinetic f;-
type parameters for Ti and TiW samples. Important
differences are observed between the f;-type parameters
obtained for the samples and coming from the “math” and
“phys” kinetic analyses. Although these fitting results are
essentially indistinguishable from a statistical point of view
(Fig. 2), a confrontation with the spectroscopic measurement
indicates that introducing physical restrictions to the
mathematical fitting procedure leads to a consistent picture
between the independent physico-chemical and kinetic ways
of obtaining the observable. Note that this indicates that the
kinetic information can be carefully obtained in order to have
physical meaning and that, however, kinetics can provide
information obtained under real (reaction) conditions about
a key point of the catalytic process, the number of kinetically-
relevant charge carrier species reaching the surface of the
solids. The latter indicates that the TiW sample overperforms
the Ti reference in a factor near 2.5-2.7 times. Therefore, the
charge separation taking place after light excitation and
physically  separating  charge  between the two
semiconductors'>'*'” make a significant contribution to the
rate of the hydroxyl-mediated photo degradation of all
carbon-containing molecules present at the surface of the
catalysts.

The study will be completed with the analysis of the S,
parameter. This parameter is presented in panel C of Fig. 5.
Again, the difference between the “math” and “phys”
procedures becomes evident. The reliability of the two
procedures is tested by comparing the estimation of the S,
parameter using the two procedures possible to calculate this
observable for each fitting presented in Table 3. Inherent to
the “phys” procedure is to render the same value (within
error) for the two estimations, while it is clear that this does
not occur in the case of the “math” procedure. To have
physical insights from the f, parameter, we first carried out
an adsorption study of benzaldehyde and toluene to obtain
the adsorption constants. The experimental data of the
absorption curves is presented in panels D and E of Fig. 5
for, respectively, toluene and benzaldehyde. The fitting of the
data using a Langmuir-Hinshelwood isotherm formalism is
presented as a solid line in the plots and was utilized to
obtain the adsorption constants. The ratios between toluene
and benzaldehyde adsorption and kinetic constants define
the f, parameter (Table 3) and are displayed in panel F of
Fig. 5. For our purposes, the key information is enclosed in
the corresponding kinetic constant ratio for Ti and TiW. As
can be seen in the figure, this ratio suffers a strong increase
in going from the Ti reference to the composite TiW sample.
This increase takes a value of ca. 29 times. This demonstrates
that the high activity of the system is not only achieved by
increasing the available hydroxyl radical species at the
surface of the materials by decreasing charge recombination,
but also by altering the transformation of the benzaldehyde
vs. toluene radical attack. Obviously, this would have

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

implications in the selectivity of the photo degradation
reaction. In this case, this is the origin of the significantly
higher selectivity towards benzaldehyde presented by the TiW
sample with respect to the Ti reference. This occurs by
accumulation of benzaldehyde at the surface of the Tiw
catalyst. In short, we highlight the fact that the procedure
outlined quantitatively measured several relevant physical
phenomena, providing a tool to quantitatively analyze the
effects of controlling activity and selectivity in a series of
samples.

4. Conclusion

Braiding spectroscopic and kinetic information taken under
relevant reaction conditions is a must in order to progress in
the photocatalytic research field. Herein, we presented a two-
way interaction scheme between physico-chemical and
kinetic approaches for analyzing activity and selectivity. Such
a procedure was used to analyze the physical origin of the
activity enhancement taking place by the addition of
tungsten oxide onto the surface of a highly active anatase
powder. We stress the fact that such analysis is carried out
quantitatively. The first information revealed by the method
is the number of kinetically relevant charge species reaching
the surface and able to interact with the organic molecules.
Second, we can detail, through the corresponding kinetic
constants, how such surface charge carrier species interact
with each one of the relevant organic molecules generated
via the attack of the radical species.

This procedure unveils that the photo-physical effects
directly related to the formation of hydroxyl radicals able to
reach the surface of the catalysts increase by a factor of ca.
2.5 times in the composite TiW system with respect to the
pure anatase Ti reference. It also shows drastic changes in
the kinetic constant of key benzaldehyde intermediate with
respect to the one of the toluene reactant when comparing
the single-phase and composite systems. The study shows
that tungsten oxide presence promotes the radical attack to
the toluene molecule in ca. 30 times with respect to
benzaldehyde. This shows that the selectivity is not based in
favoring the interaction of the catalyst surface with polar
(benzaldehyde) vs. non-polar (toluene) molecules. Although
there are changes in the adsorption of these molecules, they
do not command the main effects controlling the
corresponding disappearance (toluene) and formation
(benzaldehyde) rates, which do respond dominantly to
kinetic effects. Such kinetic effects command the selectivity
of toluene photo-elimination.
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