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a  b  s  t  r  a  c  t

The  assessment  of the  rate law  of  slurry  photocatalytic  reactions  appears  to  be a  hard  task,  mainly  because
in  this  type  of  reactions  the  average  rate  of reaction,  which  is  experimentally  observed  in  a real  reactor,
could  be  very  different  from  the “true”  (intrinsic)  rate  of  reaction,  which  cannot  be  measured  directly.
In  the  present  work,  it is shown  how  a proper  mathematical  model  allows  the  utilization  of  the differ-
ential  and/or  the integral  methods  of kinetic  analysis.  The  mathematical  model  must  take  into  account
not  only  the  momentum  and  the  mass  balances,  but also  the radiative  transfer  equation.  However,  the
discrimination  among  different  proposed  kinetic  laws  remains  difficult  since  these  laws  usually  predict
very  similar  behaviors.  In  the  case  of  “photodifferential”  reactors,  kinetic  analysis  can  be carried  out
considering  just  the  measured  average  rates  of  reaction  without  utilizing  the  mathematical  model.  For
instance,  it is  shown  that,  with  a  photodifferential  reactor,  the  fitting  of  the  average  rate of  reaction  vs.  the
substrate  concentration  gives  a satisfactory  appraisal  not  only  of  the  kinetic  parameters  but  also  of  the
average  rate  of  photon  absorption.  A sufficiently  low  value  of  the optical  thickness  (less  than  2.5)  is  the
main  requirement  to approach  the  photodifferential  condition.  Anyway,  a strategic  choice  of  the  exper-
imentally  investigated  values  of  the independent  variables  (e.g.  substrate  concentration  and  irradiance
to  the reactor)  is  important  for  the comprehensiveness  of the  kinetic  analysis.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Kinetic analysis can be employed for two purposes: to obtain
the rate equation, which is necessary for the engineering of chem-
ical reactors (design and study of the reactor), or to prove the
validity of a proposed kinetic mechanism. If the assumed rate law
satisfactorily fits the experimental data, it can be safely used for
the engineering of the reactor, especially if its utilization is lim-
ited within the experimentally investigated range of values for the
intervening independent variables (concentration of the reactants,
temperature, etc.), that is without extrapolation. For the validation
of a kinetic mechanism, the goodness of fit of the proposed kinetic

Abbreviations: AR, Annular reactor; BLB, Blue light bulb; CFD, Computational
Fluid Dynamics; LED, Light emitting diode; LHT, Langmuir Hinshelwood type; MQT,
Minero quadratic type; ODE, Ordinary differential equations; PDE, Partial differential
equations; PR, Plane reactor; RTE, Radiative transport equation; SE, Simulated exper-
imental; SRPA, Specific rate of photon absorption; UV, Ultra violet; VREA, Volumetric
rate of radiant energy absorption.
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model with experimental data remains a necessary condition, but
it is not always a sufficient one [1]. This happens for instance when
different kinetic mechanisms lead to very similar kinetic equations
or to similar predicted behaviors. This is the case of photocatalytic
systems. For instance, Turchi and Ollis [2] demonstrated that “many
possible mechanisms can give rise to the Langmuir-Hinshelwood
rate forms”. Of course, if the form of the rate equation is exactly
the same there is no chance of discriminating between different
mechanistic models through a validation against data obtained in
a real reactor. In this case, other non-kinetic proofs are required.
Langmuir-type equations and Quadratic-type rate equations, the
two main classes of rate equations presently proposed for photo-
catalytic systems, are formally different. Nonetheless, the reaction
rates predicted by a Langmuir-type equation are so alike to those
obtained with a Quadratic-type rate equation that it is difficult to
establish which equation gives the best fit of error-affected experi-
mental data [3]. By the way, the development of mechanistic kinetic
models able to give a comprehensive description of all the experi-
mentally observed behaviors in photocatalytic systems looks to be
a work still in progress with modifications which are constantly
proposed and need to be verified [2–23].
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In practice, it is more difficult to assess a mechanistic model
than an empirical model, which is sufficient for the engineering
of chemical reactors. A mechanistic model, however, can be used
for the improvement of the catalytic material or of the process.
In fact, a mechanistic model shows “how the system works” [24],
thus revealing which are the elementary steps, which should be
perfected. This aspect is particularly important for photocatalytic
processes, which currently need to arrive at the level of efficiency
required by some industrial applications.

In formulating a mechanistic model, the number of adjustable
kinetic parameters (the parameters which cannot be evaluated
independently) should be kept as low as possible to avoid
“overfitting” [25]. This latter phenomenon might have also the con-
sequence of transforming in practice a mechanistic model into an
empirical one when the number of parameters is so high, that it
becomes difficult to understand whether the goodness of fit is a
consequence of the correct identification of the intervening mech-
anisms or simply of the large degree of freedom. If a better fit is not
obtained in spite of the increased complexity and of the increased
number of parameters, the validity of the model might be ques-
tionable.

Furthermore, photocatalytic processes present some peculiar
features, as it is outlined in Table 1, which under many aspects
increase the complexity of the system.

It is clear that in photocatalysis the activation of the reaction
by the absorption of the photons has the consequence of making
necessary the knowledge of the value of the rate of photon absorp-
tion, which locally cannot be measured and may  vary very much
from point to point inside a real photocatalytic reactor. In some
respects the photons participate to the reaction as if they were
reagents (albeit immaterial reagents) consumed by the reaction
[26]. On the other hand, the mole (einstein) is the unit to mea-
sure the number of photons and the first step of a photocatalytical
event is often presented in the form of a stoichiometric equation:
h�+TiO2 → h++e−.

Unfortunately, the law of radiant energy transport leaves little
space for the control of the availability of the photons throughout
the reactor. The “advection” term which is present in a mass bal-
ance equation is absent in the radiative transport equation (RTE),
since the photons, unlike the real reactants, cannot be mechani-
cally “mixed”. The geometry and the properties of the illumination
system, the geometry of the reactor and the optical thickness are
of fundamental importance to obtain a “good” distribution of the
radiation inside the reactor. In particular, the optical thickness is
a general parameter, which governs the distribution of the light
in “participating media” [27,28] and therefore should be consid-
ered in the study of any system where photons activate some
phenomenon. In a slurry photocatalytic reactor a simple way  to
modify the value of the optical thickness is to vary the photocat-
alyst concentration, thus modifying the optical properties of the
slurry [29].

The described framework makes kinetic analysis a hard task,
which can be to some extent simplified by the use of a “photod-
ifferential” reactor [26,30]. The objective of the present work is to
give a survey of the difficulties encountered in the assessment of
the rate law of a photocatalytic slurry reaction and to identify some
guidelines to resolve these problems. The photocatalytic oxidation
of formic acid is here considered as an example to illustrate the
proposed procedures.

2. Materials and experimental methods

A slurry of Evonik Aeroxide Degussa P25 titania powders has
been used to photocatalytically oxidize formic acid (Fluka) in a
laboratory experimental apparatus. This simple organic molecule

is directly mineralized without the formation of intermediate
compounds [18,31,32]. The chemicals, the materials and the exper-
imental procedures are the same described in a previous work
[30], where all the details can be found. During all the runs, the
pH slightly increased from the initial value of 3.5, however with-
out exceeding 4. So, in all the experiments the pH remained well
beyond the pH value of the zero charge point for Evonik P25.

The reacting solution flows through an UVA illuminated reactor
and is recycled back by a peristaltic pump to the reactor after pass-
ing through a stirred tank from where the sample to be analyzed
are withdrawn (see Fig. S1 of the supplementary material).

Thanks to the relatively high recirculation rate, the whole sys-
tem approaches the behavior of a batch apparatus.

Two different types of photocatalytic reactors have been used:
a plane reactor (PR) illuminated by UVA LEDs with a narrow emis-
sion spectrum showing a peak at 378.5 nm [30] and an annular
reactor (AR) illuminated by a linear fluorescent blue lamp (Philips
TLD 8W/08 Blacklight Blue lamp) with a narrow emission spec-
trum showing a peak at 365 nm.  The geometry of the reactor and
the position of the light source are shown in [30] and in Fig. S2 of
the supplementary material for the PR and the AR, respectively.

Table 2 reports the values of the parameters relative to the AR.
An analogous table for the PR is presented in [30].

3. Kinetic equation

The rate equation developed by Minero et al. [15,16] has been
chosen for the present analysis in the system under investigation
and tested against the experimental data obtained at different oper-
ative conditions. The choice has been based on the consideration
that this equation is probably the one which explicitly takes into
account the effect of most of the widely accepted intervening vari-
ables (rate of photon absorption, concentration of the substrate, of
the oxygen and of the catalyst) with the lowest number of kinetic
parameters (only one). The degree of freedom, which is given by the
number of kinetic parameters, is an important characteristic of the
rate law. A lower number is appreciable since it avoids overfitting,
but concurrently the law should be able to reproduce satisfactorily
all the essential features of the reaction. The demonstration of the
validity of the model, which underpins this kinetic equation, is not
the objective of the present work. The aims are instead to under-
stand at which degree it is able to reproduce with only one kinetic
parameter some experimental results and to discuss about certain
aspects of the kinetic study of photocatalytic slurry systems with
the simplicity and the clarity, which follow from the adoption of a
one-parameter equation.

The rate equation by Minero et al. [16] can be written in the
following form [30], where the dependence on the catalyst con-
centration disappears if the specific absorption coefficient [34] is
constant, as it is usually observed [29].

R̂ = � × �̂ = k′CoxCs

(√
1 + �̂ × 2

k′CoxCs
− 1

)
(1)

where R̂ is the reaction rate per unit of photocatalyst mass, �̂ the
specific rate of photon absorption, SRPA, (i.e, the moles of absorbed
photons per unit time per unit mass of photocatalyst), � the quan-
tum yield, Cox and CS the concentrations of the oxygen and of
the substrate, respectively. The kinetic equation by Minero et al.
(hereafter MQT) belongs to the so called “quadratic-type” class of
rate expressions for photocatalytic reactions [3], even though the
number of kinetic parameters is just one against the two  or more
parameters which usually appear in this class of equations.

In view of the fact that the absorption of the photons is the pri-
mary step of a photocatalytic event, the volumetric or the specific
rate of photon absorption, or some other directly related vari-
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