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Abstract

A plane reactor illuminated by LEDs was used to study the kinetics of the photocatalytic
mineralization of formic acid in a TiO; film. Two of the most widespread types of kinetics
were considered to see if their popularity is deserved. More specifically, one-parameter
quadratic-type and Langmuir-Hinshelwood-type kinetics were compared against the
concentration—time experimental data at different levels of illumination. Closed-form
solutions, which allow for the calculation of substrate concentration over time, were derived
for the application of the integral method of kinetic analysis. The considered factors, which
affect the reaction rate, were the substrate concentration and the rate of photon absorption
(RPA) and were varied in order to investigate most of the possible kinetic regimes. The
possible onset of limitations due to external and internal mass transfer and transport of
the photons was analyzed and discussed. Thanks to the absence of such limitations in the
system under examination, it was possible to appraise the “intrinsic” kinetics directly. Both
the models were apt to fit the observed decrease in the substrate concentration with time,
even if with different soundness. However, substantial differences between the two models

check for were evidenced in the capabilities to reliably reproduce the effects of the RPA.
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L. Comparison of Quadratic vs.

Langmuir—Hinshelwood Kinetics for Kinetics of photocatalytic reactions is a topic still being widely investigated and

Formic Acid Mineralization in a discussed [1-11], mainly because its knowledge is essential for the design and/or the
Photocatalytic Film. Catalysts 2025,15,  analysis of the reactor, including the satisfactory utilization of the radiant energy or of
887. https://doi.org/10.3390/ the reactor space and the optimization of the photocatalyst amount; the evaluation of the
catal15090887 photocatalytic activity; the comparison with other photocatalytic systems; and the possible
Copyright: © 2025 by the authors. validation of a reaction mechanism.
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the quadratic-type kinetic equations, the one developed by Minero and coworkers [12]
sparked interest because, despite its simplicity (it has only one kinetic parameter), it offers
the possibility to predict explicitly the effects of virtually all the relevant factors, such as the
rate of photon absorption and the substrate concentration [13]. Therefore, in the present
work, we chose to focus our attention on the “Minero Quadratic type”, MQT, and the
“Langmuir-Hinshelwood type”, LHT, kinetic equations for the description of the degra-
dation of formic acid, FA, in a photocatalytic film. It is worth noting that the utilization
of photocatalytic films avoids the problematic and costly post-process recovery of the
photocatalytic particles, which is the main drawback when working with slurries of fine
photocatalytic powders. So, photocatalytic films represent probably the most promising
system for practical applications of photocatalysis.

The objective of the work was to point out the differences, merits, and faults of the
two kinetic models through the kinetic analysis carried out with both the kinetic models on
the experimental data obtained in a plane reactor illuminated by UVA LEDs.

Particular attention was paid to avoiding errors that might undermine the analysis. For
instance, it cannot be ignored that a correct kinetic analysis requires that the experimental
data be obtained in systems free of mass transport limitations and limitations due to the
uneven distribution of photons. As regards this latter type of limitations, it is observed
that the interaction of the photons with matter adds complexity to any photoactivated
reacting systems. The first law of photochemistry [14], which dates from the first half
of the nineteenth century or earlier, asserts that light must be absorbed by a compound
in order for a photochemical reaction to take place. So, photons, which in some way
act as “immaterial reactants” [15-18], “materialize” and become usable by the reaction
only when absorbed [19]. The second law of photochemistry, the Stark—Einstein law, is a
photoequivalence law. It states that “every atom or molecule which takes part in a chemical
reaction absorbs one quantum of the radiation which induces the reaction.”. This law
implies that the reaction rate must depend on the “rate of photon absorption” with the
quantum yield that indicates the effectiveness of the possible activation of the reaction [20].
As a consequence, the relevant kinetic factor in the kinetic equation must be an intensive
variable, which measures the rate of photon absorption. The best choice for this intensive
variable is the specific, i.e., per unit of photocatalyst mass, rate of photon absorption, SRPA
or §. An alternative is the volumetric rate of photon absorption. The adoption of the
radiation intensity, or worse, of the impinging intensity, in substitution of these intensive
variables as a factor in the kinetic equation is a common practice, but obviously it is not
accurate. In fact, it does not directly consider the phenomenon of photon absorption,
and hence, it disregards to some extent the laws of photochemistry. So, the absorption of
photons is certainly an essential step for the activation of the reaction, but it inevitably
makes the radiation field non-uniform inside the reactor. Unfortunately, the local values of
the rate of photon absorption cannot be measured, due not only to technical difficulties
but also to the “observer effect”. As a consequence of the SRPA nonuniformity, the rate
of reaction also varies even in the presence of a uniform substrate concentration, with the
practical impossibility of experimentally measuring its distribution. At best, it is expected
that just the average of the specific rate of photon absorption, (¢), and the average of the
specific rate of reaction, (R), could be measured or “observed”, but the knowledge of (R)
vs. ($) does not generally give consistent information about the “intrinsic” kinetics unless
certain rules are respected [21-23]. As previously mentioned, the possible internal and
external mass transfer limitations [24—27], which are usually not present when operating
with photocatalytic slurries, might also severely affect the observed rate of reaction in
photocatalytic films. Unfortunately, many kinetic studies simply ignore these problems, in
particular the effects of the SRPA nonuniformity, with the consequence that it is not possible



Catalysts 2025, 15, 887

30f21

to know the reliability of the results and conclusions. In the current work, it is shown
how to verify that mass and photon transport limitations are negligible, so that the system
becomes “kinetically observable”. The operating conditions adopted in the current work,
which involve a relatively wide variation of the initial substrate concentration and of the
level of illumination, allowed us to cover a significant part of the possible kinetic regimes
without these limitations affecting the results. It was therefore possible to carry out a
sound analysis and comprehensive comparison, based on the capabilities of the two kinetic
models of not only fitting the experimental data but also respecting some well-established
behaviors or rules of photocatalytic reactions.

2. Results and Discussion

In each experimental run, the FA concentration was measured at different times to
obtain substrate concentration, Cg, vs. time data that were processed with the integral
method of kinetic analysis. In 26 runs, characterized by different combinations of the initial
substrate concentration and of the level of illumination (see Figure S1 and Table S1 in
the Supplementary Material), a total of 158 experimental Cg vs. time data were obtained.
The values of the initial substrate concentration and of the level of illumination were
chosen to obtain thorough information about the effects of these two factors. In fact, in the
26 runs, the values of the dimensionless parameter SRPA*, which gives a measure of the
level of illumination, span over two orders of magnitude (see Figure 52) and the values of
the Damkohler number, Da, vary by an order of magnitude (see Figure S3).

As stated in the introduction, a correct kinetic analysis must take into account also all
the intervening phenomena that are not directly related to the intrinsic kinetics but could
affect the observed rate of disappearance of the substrate. For a photocatalytic reaction in
a film, these phenomena are the internal and external mass transfer of the substrate and
the transport of the photons into the film. Usually, in photocatalysis, it is rather complex
and uncertain to quantify their weight on the observed rate, so it is preferable to operate in
conditions such as to make their effects negligible.

2.1. Kinetic Models

Let R = f(Cs, ) be the constitutive equation (i.e., the kinetic equation) of R, the
intrinsic specific reaction rate, which in general depends on Cg, the molar concentration
of the substrate (FA in the current case), and on ¢, the specific rate of photon absorption
(SRPA). The “intrinsic kinetics” is the rate that takes into account only the events occurring
at a molecular level. It is invariant with respect to all the phenomena (such as internal and
external mass transfer and radiant energy transport), which take place on a macroscopic
scale in a real reactor and may mask the actual intrinsic rate.

As specified in the title, two different types of kinetics were taken into account to
describe the experimental data obtained in the system under investigation. The first is a
Langmuir-Hinshelwood-type, LHT, kinetics:

R . Kp(¢)C 5 . . Kp(9)C
f(Cs, ¢) = KmaX(fP)H_Ik(L(p()(p)SCS% R(Cs, 9) = KmaX(GD)H_Ii((]iP()@)SCS
or
N . . C . . .
R(Cs, 9) = Kanax(9) g, With Ks (@) = 1/K0(9) M

where Kmax(9), K.(§), Ks(¢) are kinetic constants. It is now unanimously recognized
that these kinetic constants should depend on ¢. It is worth noting that the mechanism,
which can be associated with the LHT kinetics, is not necessarily the classic Langmuir—
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Hinshelwood mechanism, which is inaccurate in photocatalysis, and is not unique, since in
photocatalysis, different mechanisms lead to the same final kinetic equation [28].

The second kinetics considered here is the quadratic-type kinetics, MQT, which was
proposed by Minero and coworkers [12]:

A

. 2¢ A . 2¢
f(Cg, @) = K'C 1 -1 R(Cs,¢) = K'C 1 -1 2
(Cs, ) s< +k’C5 )ﬁ (Cs, ) s( +k’C5 ) )

with k' = kCp,, where k is a kinetic constant and Co, is the oxygen concentration. If, as
usual, the oxygen concentration does not vary, k’ too is a constant. MQT equation can be
considered a particular case of the more generic quadratic-type equation introduced by
Gerisher [15]: ﬁ(CS, ) = KiCg (\ /1+ KZ% — 1). The Gerisher equation and the MQT
equation become the same when it is assumed that K; = k' and K, = 1/Kj.

Looking at the formulation of the MQT and the LHT kinetic equations, it is apparent
that they are really dissimilar. However, Figure 1 shows that, despite the formal differ-
ences, the effect of the substrate concentration on the reaction rate at constant ¢ is almost
the same.

1.0
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Figure 1. The dimensionless reaction rate, R* = R/ RMQT,OO (where RMQT,OO is the asymptotic value
of the reaction rate for the MQT model as Cg approaches infinity), according to the LHT and the MQT
models vs. the dimensionless substrate concentration, C§ = K'Cg/ ¢. The LHT curve is obtained by
fitting with the LHT kinetic model 26 evenly spaced points in the range 0 < C§ < 7.5 of the MQT
curve (for additional details, see Section S2 in the Supplementary Material).

As a consequence, the ability of the two kinetic models to fit R vs. Cg data is almost
the same. Due to the similarity of the two curves in Figure 1, the differential method of
kinetic analysis [29] cannot give a clear distinction between the two kinetic models and no
advantage derives from its utilization. Conversely, the integral method of kinetic analysis
is not affected by the amplification of experimental errors and noise in the derivatives of
experimental data, which is typical of the differential method and offers the possibility to
evaluate more accurately the kinetic parameters. However, the integral method would
preferably require an analytical solution to the integration of the mass balance equation,
which is not always viable. Weighing the pros and cons, the integral method appears much
more suitable for the type of kinetics in question, in particular if the analytical solution
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is available; nonetheless, most kinetic studies still adopt the differential method [5]. The
analytical solutions for both models will be shown later on. For these reasons, the integral
method has been adopted in the present work. As is well known, it consists of assuming a
given kinetic equation, integrating the mass balance of the substrate over time, and finally
calculating the values of the fitting parameters, which best fit the equation obtained by the
integration to the experimental Cg vs. time data.

The effect of the SRPA on the rate of reaction is explicit in the MQT equation, which
entails an apparent first-order behavior with the SRPA at low levels of illumination and a
0.5 apparent order behavior at high levels, as is experimentally observed in photocatalysis.
On the contrary, the SRPA is not a kinetic factor that originally appeared explicitly in the
LHT equation, but now it has been accepted that the LHT kinetic constants must depend
on the SRPA. Concerning this aspect, various approaches and relationships have been
proposed [5,30-32], some theoretical and others phenomenological, typically on the basis
of the experimentally observed behavior, but none of these expressions clearly prevailed.
So the values of LHT kinetic constants were derived here without assuming a priori any
type of dependence of them on the SRPA.

2.2. Analysis of the Possible Limitations Due to External Mass Transfer

The mass transfer coefficient in the liquid solution can be evaluated using the rela-
tionship proposed by Vezzoli et al. [25] for a very similar geometry of the reactor with a
photocatalytic film. As illustrated in Section S3 of the Supplementary Material, the mass
transfer coefficient of FA turns out to be ky, po = 5.66 x 10> m/s.

Of course, it is expected that the most important drop of the substrate (FA) concen-
tration, ACg, from the bulk of the solution to the film-solution interface is reached at the
highest value of the molar flux of FA, ﬁ; A at the film—solution interface. Assuming the
very likely approximation of pseudo-steady state conditions, this quantity can be estimated
as Ny, Aj = %ﬁg, where —npp g = (R) x w is the molar rate of disappearance of FA due to
the photocatalytic reaction, w is the mass of the catalyst in the illuminated film, and A; is
the superficial area of the interface (0.0167 m?).

The highest value of the rate of disappearance of FA (2.11 x 10~° mmol/s) was measured
at the highest values of the rate of photon absorption (2.6 x 1078 einstein/s with an einstein
that indicates one mole of photons, i.e., a number of photons equal to Avogadro’s number)

S : v 211x1075 —3 mmol
and FA concentration (=6 mM). In this case, n AL = “ooter = 1.26 X 107725 =,

o
So, ACg = 1?:;; = éégﬁgig = 22.3mmol/m? = 0.0223 mM, a value that represents
just 0.37% of the bulk concentration (6 mM). It can be concluded that external mass transfer
limitations are negligible and Cs, ~ Cgyx, where Cg , is the FA concentration at the
film-solution interface and Cg 1k is the FA concentration in the bulk of the solution.

An experimental test was performed to confirm the absence of external mass trans-
fer limitations. Two runs were carried out at different flow rates (1.125 L/min and
0.844 L/min), but at the same initial substrate concentration and level of illumina-
tion. The slope of the substrate concentration vs. time curve (see Figure S5 in the
Supplementary Material) was virtually unmodified by the change of the flow rate, thus

proving that external mass transfer is not limiting.

2.3. Analysis of the Possible Limitations Due to Internal Mass Transfer and Due to Transport of the
Photons in the Film

The observed rate of reaction may also be affected by limitations due to internal mass
transport and radiative transfer of the photons in the film. The transport of the photons
and of the substrate inside the film may take place in the same direction (parallel flow, PF)
or in opposite directions (counter flow, CF) [24]. PF is active in the present experimental
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runs, unless otherwise indicated. The MQT kinetics explicitly gives the dependence of the
rate of reaction on the rate of photon absorption, and for this reason, the MQT model will
be used for the present analysis. The approach for the evaluation of the average reaction
rate in the film and of the effectiveness factor is the same adopted in [24] for a simplified
kinetics. The procedure in the case of MQT kinetics and uniform illumination is illus-
trated in Section S4 of the Supplementary Material. Note that the illumination is uniform
thanks to the diffusion of light granted by the sand-blasted surfaces of the glass window.
It turns out that the observed rate of reaction and the effectiveness factor depend on
three dimensionless parameters:

e  The optical thickness, T, defined as T = x6, where « is the absorption coefficient of
the radiation and J is the geometrical thickness of the film. The optical thickness
represents the ratio of the geometrical thickness to the mean depth of penetration of
the photons into the film. Therefore, at relatively low values of T, it is expected that
the transport of photons is not limiting.

e  The Thiele modulus, ¢, defined as ¢ = 4 /52%, where R is the volumetric rate

of reaction, Cg . is the substrate concentration at the film-solution interface, @y is the
specific rate of photon absorption at the film—solution interface, and D is the effective
diffusion coefficient of the substrate inside the film. The Thiele modulus represents
the square root of the ratio of the characteristic rate of reaction to the characteristic
rate of diffusion, or, analogously to the optical thickness, it represents the ratio of the
geometrical thickness to the mean depth of penetration of the substrate into the film
(see Section S5 of the Supplementary Material and [23]). Therefore, at relatively low
values of ¢, it is expected that the internal transport of the substrate is not limiting.

e  The dimensionless parameter, ¢;;, defined as ¢ = % As previously observed, ¢
measures the level of illumination (it represents also the reciprocal of the characteristic

quantum yield).

The value of optical thickness was estimated by measurements of the fraction of light
transmitted through the film. According to the Lambert-Beer law, which is a reasonable
assumption to describe radiative transfer in a photocatalytic film [26], the optical thickness

can be calculated as T = In (?f”;‘) , Where dp,in is the entering photon flux and dp,T is the
P, 4 ’

transmitted photon flux. At an electric power absorbed by LEDs of 2.54 W, the measured
values of p,in and qp,r are 2.18 x 1078 and 5.53 x 10~ einstein/s, respectively, so that
T =~ 0.7, a relatively low value of the optical thickness.

The most critical conditions for the internal mass transfer limitations are at high values
of the reaction rate, that is, at high ¢. The highest value of ¢; in the experimental runs is
about 25, so the analysis is here carried out at ¢ = 25. The results obtained for ¢; = 25 and
T = 0.7 by solving the equations in Section S4 are shown in Figure 2.

The “specific rate of reaction at Cs, and (¢)” for the MQT kinetics is

ﬁ(Cs =Csy, ¢=(9)) = k’CS/*< 1+ % - 1), i.e., the rate of reaction evaluated

by the expression of the intrinsic kinetics, assuming that Cs = Cg . and ¢ = (¢). Consider-
ing that in the present case it has been previously demonstrated that Cs . ~ Cgpx, it is

also R(Cs = Cs « ~ Cspuix, ¢ = (@) ~ k,CS,bulk< 1+ 2@

K’ Cs pulk
In Figure 2, it is apparent that, at the current relatively low value of T (t = 0.7 < 1)

and at values of ¢ less than about 0.3, the average rate of reaction in PF, the one in CF, and
the “specific rate of reaction at Cg , and ()" are practically the same. It is worth pointing
out that, when T is larger than a given value (approximatively for T > 1.5), the average rate
of reaction in PF never approaches the value of the “specific rate of reaction at Cg . and (§)”
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even as ¢ tends to 0, due to the resulting non-uniformity of the radiation field. Note that
at T = 1.5, the absorbed radiant energy is a consistent fraction of the entering one (about
77.7%), whereas for a photocatalytic slurry [22], the limit is T = 2.5 instead of T = 1.5, but
with a lower fraction of absorbed radiant energy (59% for an annular reactor illuminated
by a UVA fluorescent lamp and 30% for the same plane reactor here adopted illuminated
by UVA LEDs).

Specific rate of reaction normalized

0
0.1

— Specific rate of reaction at Cg» and<(AP>
— <’R> , PF
— <’R> , CF

1 10
Thiele modulus

Figure 2. Normalized reaction rates vs. the Thiele modulus at ¢ = 25 and 7 = 0.7. The “specific rate
of reaction at Cg , and (@)” refers to the “intrinsic” specific rate of reaction evaluated with Cg = Cg ..
and ¢ = (@) in the kinetic equation. PF (parallel flow) refers to the case with photons and substrate
that penetrate into the film from the same direction, and CF (counter flow) refers to the case with
photons and substrate that penetrate into the film from opposite directions. In the shaded region
(with ¢ < 0.3), (R) is almost the same in PF and in CF. For the normalization, see Section S4 of the
Supplementary Material.

The following values were assumed to evaluate ¢: <ﬁ> x w = 2.11 x 1078 mol/s (the
same critical value assumed previously for the rate of disappearance of FA), Degs = Dpa =
where ¢ is the porosity of the film and T, is the tortuosity of the pores; ¢ = 0.6 [27];
Tp = V3 [27]; Dpa = 1.52 x 1077 m?/s [33]; Vi = L x W x §; L, the length of the
film, L = 23.4 x 102 m; W, the width of the film, W = 7.1 x 1072 m; and Cs , = 6 mol/m?.
Due to the uncertainty in the evaluation of the film thickness, J, conservative (i.e., rela-
tively large) values for § were assumed ranging from 10~ to 10~® m. The definition of

b =4 /52% provides values of ¢ ranging from 0.02 to 0.06, which are anyhow
largely below 0.3.

On the other hand, at ¢ = 25, the values of (R) experimentally measured in PF and in
a run carried out operating in CF turned out to be the same, confirming that, in accordance
with the curves in Figure 2, ¢ is less than 0.3.

N

In these conditions, it is therefore (R) ~ R(Cs = Cs. = Cspui, ¢ = (§)) with

R(CS =Cs = Cspuiw, ¢ = (9)) = leS,bulk( 1+ % — 1> for MQT kinetics.

In summary, the equation (R) = f(Cspun, (¢)), which is the expression of the intrinsic
kinetics where just measurable quantities (<ﬁ>, Cspuik and (@)) appear, is valid for every
level of illumination only if (i) external mass transfer is not limiting, (ii) ¢ is sufficiently low
(indicatively ¢ < 0.3 when T = 0.7), (iii) the illumination is uniform, and (iv) 7 is sufficiently
low (indicatively T < 1.5 if ¢ = 0.3). It is worth pointing out that the values of the limits
reported inside the parentheses are valid for ¢; = 25. In fact, all three dimensionless
parameters affect the results, so the limit for a given dimensionless parameter normally
depends on the values of the other two dimensionless parameters. By the way, at such low
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levels of illumination that the rate of reaction is first order with respect to ¢, the third and
the fourth conditions are no longer necessary [21]. When all these conditions are met, as in
the current case, the system is “kinetically observable”, because it is possible to carry out a
simpler and reliable kinetic analysis just resorting to measurable quantities.

2.4. Application of the Integral Method of Kinetic Analysis

The first step is to consider the mass balance of the substrate in the recirculating
system, which comprises the reactor, the pump, and the reservoir. Owing to the fact that
the Damkohler number is largely less than 1 (see Figure S3), the conversion per passage
through the reactor is very low, the reactor is differential, the substrate concentration is
almost the same at any point of the recirculating solution, and the whole system behaves as
perfectly mixed [23].

In this case, the mass balance is % =ngg = —(R) x w, where ng is the number
of moles of the substrate in the recirculating solution, t is the time, and hs,g is the rate
of generation of S, which is negative for the disappearing substrate S. Introducing the
substrate concentration, the mass balance becomes % = — <R> %, where Cg is the molar
concentration in the bulk (from this point on Cg 1k will be indicated simply as Cs), and V;
is the volume of the solution for t;_1 <t < t; (i=0... N with N + 1 the total number of the
withdrawn samples). Note that the first sampling occurs at time t = t_; = —30 min (at this
time the system is filled with the solution and is kept at dark), and the second sampling
takes place at time t = tp = 0 (at this time the LEDs are turned on). In the time intervals
between t;_; and t;, no sampling occurs, and the volume V; remains constant. V; can be
expressed as Vi = V_1 — AV X (i+ 1), where V_; (600 mL) is the volume of the solution at
t = t_1, just before the first sampling, and AV the volume of each withdrawn sample (4 mL).

Considering that, as seen in the previous section, (R) ~ R(Cs, (¢)), then the mass
balance becomes

dCS o A A\ W .
R(Cs, (¢)) = K'Cs < 1+ iféoi — 1) for MQT kinetics and (4)
5 R . C -
R(Cs, (@) = Kmax(<¢>)W§+CS for LHT kinetics. (5)

2.4.1. Integral Method for MQT Kinetics
By inserting the MQT kinetic equation (Equation (2)) into Equation (3), one gets

dCS:—k’Cg( 14 209 —1)“’

dt k/CS Vi
or
&__Aﬁ__,,g 2<q)//>_
&~ Ny =y CS( e ! ©)
where k" = (kvxf) and (¢") = (<42/>:W)_

The solution obtained from the integration of Equation (6) from ti_j tot; i=1...
N) with the proper initial condition (Cg = Cg;_1 at t;_1) is (for additional details, see
Section S6 in the Supplementary Material):
2

__ ¥
CS,I - 4<a+y) (7)
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a

with y = a[wo(e“’/””)_l], a = 2(¢)/K = 2(¢")/K", b = c+aln(c+a)—

4<(p”>VT’il(ti —ti_1), ¢ = 2Cgi1 (, / aé:ls:l + 1) and Wy (x) the principal branch of the

Lambert W function [34-37], also known as the product log function or the omega function.

The solution at any time within the generic time intervals t;_; <t <tj(i=1...N)is
obtained starting from the first (i = 1) time interval ty < t < t; with the initial condition
Cs = Cgp at t = tg = 0, calculating Cg; = Cg(t = t;), then using this last value as initial
condition for the second interval and repeating these calculations for any successive time
interval till the desired i-th time interval.

The fitting parameter is the product (k' x w), and the input parameters are the known
values of the products ({¢) x w), which represent the rates of photon absorption in the film
at the three different levels of illumination. Note that there is only one fitting parameter
and it is not necessary to know independently the value of w.

2.4.2. Integral Method for LHT Kinetics
By inserting the LHT kinetic equation (Equation (1)) into Equation (3), one gets

dCS _ D CS o
a - KO T e v,
or dC v <
S _ D 0 2
@ - G T "

where Ko((9)) = (Kmax(\sfnxw).
The solution obtained from the integration of Equation (8) from t;_ to t; with the
proper initial condition (Cs = Cg;_1 at t = t;_1) is (for additional details, see Section S7 in

the Supplementary Material):

_a_ Kol9) Vo 4
o | et ~ ket V- (6~ ti1)]

K
Ks((¢))

GCsi = Ks((¢))Wo )

witha = Kg((¢)) In(Cgi_1) + Csi—1 and Wy(x) being the principal branch of the Lambert
W function.

This solution is also known as the Schnell-Mendoza equation [38], which was derived
for Michaelis—Menten kinetics [37,38].

The presence of the Lambert W function in both the solutions of such different kinetic
models represents an intriguing mathematical curiosity.

The fitting parameters are Kg () and the products Kyay (5)xw X W at the three
different levels of illumination, each one characterized by a given value of RPA = (¢) x w
(in total, six fitting parameters). Note that also for the LHT kinetics, it is not necessary to
know independently the value of w.

2.5. Best Fitting, Assessment of the Kinetic Parameters, and Discussion

The non-linear least squares method with minimization of the sum of the squares
of the errors, carried out by the generalized reduced gradient method [39], was used to
calculate the values of the fitting parameters (the kinetic constants). The model equations
for the fitting of the experimental Cg vs. time experimental data were the two relationships,
one for each kinetic model, obtained in Sections 2.4.1 and 2.4.2 by the integration of the
mass balance.

For the MQT, the fitting was applied to the whole set composed of the 158 Cg vs. time
data obtained in the 26 experimental runs to obtain the value of the single fitting parameter
(the product k' x w).
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It is known that in the LHT model, the two kinetic constants Kmax and Kg depend on
¢, but there is no general agreement on which kind of dependence they have. Therefore,
in absence of a well-established dependence, it was preferred to use the fitting procedure
on the individual data set associated with each of the three levels of illumination. This
approach allowed to evaluate the two fitting parameters Kg 5) v and Kpay () 5w X W for
every value of (¢) x w.

The three values of (¢) x w (see Figure 3) were calculated from radiometric measure-
ments as the difference between the photon rate entering the film and the photon rate

transmitted through it.
T -

. ower <(p>>< w °
<(p> X W absorbed by
einstein/s LEDs

2%10-8 W einstein/s
2.54 0.553x10°8
6.27 1.36x10°8
11.15 2.43x10°®

.'
1x10-
0
0 2 4 6 8 10 12
Power absorbed by LEDs W

Figure 3. The values of the RPA = (¢) x w at different levels of illumination derived from radiometric
measurements of the photon rates entering and exiting the film.

Some of the fitting curves thus obtained are shown together with the experi-
mental points in Figures 4 and 5. Other curves can be found in Section S8 of the
Supplementary Material.

Ceyx2 mM Cgy=2 mM

——Power absorbed
by LEDs=2.54 W

Power absorbed
by LEDs=2.54 W

ColCey
CS/ CSU

Power absorbed
by LEDs=6.27 W

0.95 0.95

Power absorbed
° by LEDs=6.27 W

——Power absorbed

——TPower absorbed by LEDs=11.2 W

by LEDs=11.2 W

0.85 0.85

08

(a) MQT (b) LHT

075
0 50 100 150 200 250 300 350 0 100 200 300
Time (min) Time (min)

Figure 4. Cg/Cgp vs. time at a given initial substrate concentration (Cgp = 2 mM) and different levels
of illumination. Dots represent experimental data; continuous curves represent the kinetic models.
(a) MQT model; (b) LHT model.
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1 1
——Cs0=5.75 mM —(Cs0=5.75 mM
0.9 Cs0=4.5 mM 0.9 Cs0=4.5 mM
—Cs0=3 mM _ Cs0=3 mM
F 08 H 08
4 —cso-amm & —Cs0-2mM
U 0.7 - U 0.7
’ ——(Cs0=1 mM i ——Cs0=1 mM
. Cs0=0.5 mM 0.6 —Cs0=0.5 mM
(a) MQT —Cs0=0.25 mM (b) LHT o —(Cs0=0.25 mM
0.5 L 05
0 100 200 300 400 0 100 . 200 . 300 400
Time (min) Time (min)

Figure 5. Cs/Cg vs. time at a given level of illumination (RPA = (§) x w = 2.43 x 10~8 einstein/s)
and different initial substrate concentrations. Dots represent experimental data; continuous curves
represent the kinetic models. (a) MQT model; (b) LHT model.

The values of the kinetic parameters obtained through the best fitting procedure are
summarized in Table 1.

Table 1. Values of the best fitting parameters for MQT and LHT kinetic models.

MQT LHT
e K Ks
m3/s einstein/s mol/s M

0.553 x 1078 4.58 x 1077 0.056 x 1073

9.54 x 107° 1.36 x 1078 12.4 x 1077 0.272 x 1073

243 x 1078 22.6 x 107 0.614 x 1073

The coefficient of determination is practically the same (R? = 0.966) for both the models.
This result is not surprising in view of the similarity of the two curves in Figure 1. It is
concluded that the goodness of fit is very satisfactory with both the kinetic models for all
the various levels of concentration and illumination. This means that, if the objective is
simply to have a tool that is capable of carefully reproducing the experimental behavior,
both the models work fine, even if MQT is somehow simpler because only one kinetic
parameter is needed and the dependence on the rate of photon absorption is “built-in” and
reliable. After all, the capacity of the MQT model to fit the experimental data with just
one fitting parameter is really remarkable. On the other hand, it is worth pointing out that
the degree of freedom with LHT (six fitting parameters) is much larger than with MQT
(only one fitting parameter). This aspect is relevant because in kinetic analysis, it is usually
believed that, if a better fit is not obtained in spite of the increased complexity and/or
the increased number of parameters, the usefulness of the more complex model might be
questionable [40].

The values of the kinetics constant of the LHT kinetic equation vs. the rate of photon
absorption (RPA = () x w) are drawn in Figure 6a,b.
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Figure 6. The kinetic constants of the LHT model vs. the rate of photon absorption (RPA = (¢) x w) in
the film. (a) Kmax x w; (b) Ks.

The kinetic constants increase with ¢ according to the linear equations Kmax = bm@
and Kg = 1/Ky = ag +bs@ = ag +bg/w x (¢ x w) with by, =0.923, ag = —0.119 mol/m?>
and bs/w =2.99 x 107 s/m3. This linear trend essentially agrees with the results reported
by Emeline et al. [32] and by Xu et al. [41] (see Section S9 in the Supplementary Material).

Substituting the linear relationships of Kmax and Kg into the LHT kinetic equation,
this latter becomes R = bm<pas+bf%. According to this kinetic equation, the apparent

. R . A~ e R _ as+Cg . .
order of reaction, o, LHT, With respect to ¢ is oy LuT = aFCotbed (for the derivation of the

various apparent orders of reaction, see Sections S10-513 in the Supplementary Material).
This equation can be compared with the one for the apparent order of reaction, oy mQT,
with respect to ¢ in the case of MQT kinetics:

¢
“@,MQT = = " —.
R(CS/ ¢) \/ 1+ 2k/4)CS

It follows that for the LHT model, it is (})13}) apLar = 1 and q}gr;o opur = 0. The

first limit agrees with what is usually observed, but the second limit is in contrast with
the experimental evidence, since a value of 0.5 is usually reported for «; at high levels
of illumination. Conversely, the MQT kinetic model is in agreement with experiments,
since it intrinsically predicts for o the usual values of 1 and 0.5 at low and high levels
of illumination, respectively. In practice, with the LHT model, the fitting of the current
experimental data Cg vs. time data is good only if the reaction rate is not in accordance
with the appropriate dependence on the SRPA. Conversely, if the correct dependence of
the reaction rate is imposed, the fitting of the current Cg vs. time data with the LHT model
would not be satisfactory at every level of illumination. Practically, LHT model experiences
the too-short-blanket-problem; if you pull it up on one side, you expose the other side.

Note that for the experiments of the present work, the estimation of & gives the values
0.61 < oy mqr < 0.96 and 0.15 < &y Lyt < 0.97, thus confirming the previous observations
on the different possibilities of the two models of respecting the usual behavior of o.

The capability of the MQT model to correctly interpret the effects of the SRPA is so
satisfactory that it can be exploited also to evaluate the rate of photon absorption. The
solution in ¢ of the kinetic equation is

K'Cs R \?
¢ 2 [( + K Cs>
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and it can be used if all the variables on the right-hand side have been measured or
evaluated. Alternatively, it is possible to fit the experimental data by adopting the SRPA as
fitting parameter. To test this latter approach, the integral method of kinetic analysis was
utilized to fit the current experimental data with the MQT model and to obtain not only
the kinetic parameter k' x w, but also the values of the RPA at the three different levels of
illumination. In Figure 7, the values obtained in this way are compared with those obtained
by radiometric measurements. The consistency between the two sets of values proves that
this can be a viable way to measure the rate of photon absorption in photocatalysis.

3x107%

{(@yxw
.

elnstenns '

2x1078

."..
1x1078
‘-.‘..
0
0 2 4 6 8 10 12
Power absorbed by LEDs W
e Radiometric measurements Fitting procedure

Figure 7. Comparison between the values of the RPA = ($) x w at different levels of illumination
obtained by the fitting procedure with the MQT model and by radiometric measurements.

The equation for the evaluation of the apparent order of reaction with respect to Cg
is ocg LHT = ﬁgf—)@ Therefore, the LHT model is of order 0 at high concentrations and

tends to order 1 at low concentrations.
For the MQT model, it is ¢y = a-b wherea = Cg( /1 + % —1)andb = &% — %

— a—2b’ 7

So, the reaction is again 0 order ;t lz'sgh concentrations but tends to 0.5 ordke; V;t low
concentrations. It is worth observing that the behavior predicted by the MQT model at very
low concentrations looks to be physically unrealistic; in fact, it implies that the substrate
concentration vanishes after a finite time (see e.g., Figure 8). A reaction kinetics with order
less than 1 can be accurate except at very low concentrations. Before the concentration
becomes zero, the order of reaction must increase to at least 1 to avoid the substrate
disappearing completely at a certain time.

Actually, the limit of substrate concentration for the validity of the MQT model is
probably so low that it is of minor practical interest. For instance, it was observed by
Camera-Roda et al. [22] that only at FA concentrations less than about 0.15 mM (a very low
substrate concentration indeed), the MQT is no longer viable. It is likely that some minor
phenomenon, which is not taken into account in the mechanism of the MQT kinetic law,
may become not negligible only at very low substrate concentration.
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Figure 8. Cg vs. time. MQT kinetic model (continuous curve) and experimental data (dots) for
Cs(t =0) = Cgp = 0.91 mM, (§) x w =2.43 x 1078 einstein/s, and k' x w =9.54 x 1077 m3/s.

The estimation of acg for the experiments of the present work gives the ranges of
values 0.04 < acg mot < 0.39 and 0.01 < a1yt < 0.71, which are of course within the limits
previously examined. It is worth noticing that the values of oc¢ mQT, 0tcg LHT, opMQT, and
o, LHT in the investigated experiments span over at least 70% of the difference between
their individual theoretical minimum limit and maximum limit. This demonstrates that
a significant variety of kinetic behaviors, each one characterized by a specific order of
reaction, is represented in the current analysis.

3. Materials and Methods
Chemicals and Experimental Methodology

The photocatalytic degradation of formic acid (Fluka), FA, in aqueous solution pre-
pared with deionized water (conductivity less than 5 x 107 uS/cm) has been investigated.
FA is directly mineralized [27,42-44] without the formation of byproducts, whose presence
otherwise could influence the rate of disappearance of the substrate.

A plane reactor with total recycle was used. Figure 9 shows the schematic of the system.
In each experimental run, the system was initially filled with 600 mL of the FA aqueous
solution, and the peristaltic pump (Cole-Parmer model 7554-95) delivered a constant flow
rate of 0.844 L/min. After 30 min in the dark to attain adsorption equilibrium, the LEDs
were switched on. It was noticed that the FA concentration during the 30 min dark phase
remained almost constant. Also, in runs carried out in the dark, the FA concentration did
not decrease over the typical time of an experimental run, thus demonstrating that the
contribution of adsorption to the decline of FA concentration is negligible.

Four milliliters of the recirculating solution were withdrawn at regular time intervals
to measure the concentration of FA by a Shimadzu TOC-5000 A analyzer.

The geometry of the plane reactor illuminated by an array of 123 LEDs and the
scheme of its cross-section are shown in Figure 10. The aqueous solution of FA flows (flow
rate = 0.844 L /min) from z = 0 to z = L in the space between the borosilicate glass wall at
y =51 (illuminated front window) and the one at y = S, (rear window). The dimensions
of thereactorare L=23.4cm, W=7.1cm,S; =1.8cm, S, = 2.2 cm. At the entrance of the
reactor, the solution enters a duct with 9 side parallel channels (3 mm diameter) evenly
spaced along it to obtain a uniform distribution of the flow at the reactor entrance. The
same configuration is used at the exit. The tank acts as a reservoir where mixing helps to
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homogenize the solution and to maintain the oxygen at the saturation concentration by
gaseous exchange with the air through the free surface of the liquid solution.
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Figure 9. Representation of the experimental apparatus.
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Figure 10. (a) Geometry of the reactor and (b) scheme of its cross section (the elements in (b) are not
to scale).

The LEDs are dimmable. Therefore, the emitted power can be varied, but the emission
spectrum (see Figure S18 in the Supplementary Material) does not change with the emitted
power. The electric power absorbed by LEDs was measured by a digital multimeter (RCE
PM 600). The radiometric measurements were taken by a Delta Ohm photo quantum meter
(model HD9021) with an LP 9021 UVA sensor probe. Note that, in the present arrangement,
photons and the substrate (FA) penetrate the porous film in parallel flow, PF [24].
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The photocatalytic film was deposited on the surface of a borosilicate plane glass by a
sol-gel technique as described below.

The glass of the rear window was previously sandblasted to favor the adhesion of
the film. The borosilicate glass of the front window, which faces the film, was sandblasted
on both sides to enhance the diffusion of the light and make as uniform as possible the
illumination of the film.

The chemicals used in the preparation of the film were tetra (isopropyl) titanate
(TTIP, 97%, Aldrich, St. Louis, MO, USA), isopropanol (2-PrOH, 99%, Riedel de Haen,
Seelze, Germany), titanium dioxide powders (TiO,, P-25, Aeroxide, Rheinfelden, Germany),
diethanolamine (DEA, 99% Riedel de Haen, Seelze, Germany), and deionized water.

The adopted procedure is similar to the one used in [45] and is described below.

A 270 g measure of DEA were added to 60 g of a mixture of TTIP and 2-PrOH (molar
ratio 1:4) and thoroughly mixed for 2 h. Then water was added drop-by-drop till a final
value of 2 for the molar ratio HyO to TTIP was obtained. The next step was the combination
of the TiO, powders to the solution in the quantity of 20 g per liter of the solution. After an
additional 12 h of mixing, the sol was ready for utilization. The sol was poured into a tray
on a pantograph lift. The glass was hung on a support and leveled horizontally. Then, its
bottom side was dipped into the modified sol by slowly raising the pantograph lift. After a
1 min immersion, the glass was extracted from the sol by slowly lowering the pantograph
lift. The solution in excess was drained carefully for 2 min. The glass was put into an oven
at 150 °C for 30 min and moved into another oven at 550 °C, where the film remained for
4 h till the completion of calcination. Finally, the solidified film was gently rinsed with
deionized water. This procedure was not repeated, so only one layer was deposited to form
the film. In this way, the film was relatively thin and, as shown in the previous section, it
was possible to avoid limitations due to internal mass and photon transport.

4. Conclusions

The application of the integral method of kinetics analysis to Cg vs. time data has
proven a useful tool for obtaining valuable information that can be utilized to identify the
strengths and weaknesses of MQT and LHT kinetic models. Conversely, the differential
method of kinetic analysis, even though very popular and easier to use, is not suggested
for LHT and MQT kinetics, because it amplifies the experimental noise without being able
to differentiate between the two different kinetics. On the other hand, the main difficulty
in the application of the integral method (i.e., the need of an analytical solution to the
mass balance equation) was overcome by the utilization of closed form solutions in terms
of the Lambert W function, one of which is presented for the first time to the best of the
authors’ knowledge.

The initial substrate concentration and the intensity of the radiation emitted by LEDs
were varied with the aim of investigating a broad range of kinetic regimes. The kinetics
was studied assuming that the system is “kinetically observable”, i.e., the average reaction
rate can be expressed by the kinetic equation where measurable values of the concerned
quantities (substrate concentration in the bulk of the solution and average value of the
rate of photon absorption) are used directly as kinetic factors. This assumption, which
can be expressed as (R) ~ R(Cs = Cspuix, = (¢)), where R(Cs, ) is the expression of
the intrinsic kinetics, is fundamental to make the analysis viable and to obtain reliable
information about the “intrinsic” kinetics. The conditions that must be satisfied for this
hypothesis to be valid are (i) external mass transfer is not limiting; (ii) the Thiele modulus,
¢, is sufficiently low (¢ < 0.3); (iii) the optical thickness, T, is sufficiently low (7 < 1.5); and
(iv) the illumination is uniform. The fulfillment of all of these conditions has been verified
for the experimental runs under study.
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The following points of the comparison between the MQT and LHT kinetic models
can be remarked.

e The goodness of fit was very satisfactory and almost identical with both kinetic models,
but the MQT model achieves this result with just one fitting parameter compared to
six fitting parameters of the LHT model. So, even if in practice both models are able to
predict the Cg vs. time behavior, nonetheless, in terms of simplicity and robustness,
the much lower number of fitting parameters is a plus for MQT model.

e Inregard to the dependence on the rate of photon absorption, the following conclusions
were drawn. With the MQT model, the type of dependence is explicitly formulated
in the model and was shown to be very apt to reproduce the experimental data at
the different levels of illumination. It was shown that the MQT model with FA as
substrate might even be used to measure the rate of photon absorption in a sort of
photocatalytic actinometry. With the LHT model, the kinetics parameters Kpyax and
Ks linearly increase with the rate of photon absorption to ensure the best fit of the
experimental data. Other types of dependencies would not give the same goodness of
fit. However, this linear increase implies that at high levels of illumination, the reaction
is of zero order with respect to the rate of photon absorption, and this outcome is not
consistent with the 0.5th order of reaction experimentally and commonly observed.
Again, the MQT looks to be preferable.

e  The order of reaction, g, with respect to the substrate concentration varies continu-
ously with Cg, for both the models, but with different limits. The two models have
the same limiting order (0) at a high concentration, but when the concentration tends
to 0, the limit is 1 for LHT and 0.5 for MQT. If the order of reaction remains below
the first order when the concentration diminishes, at some point, a deviation from
the experimental evidence occurs. This is what happens with MQT, which works fine
except at very low concentrations. This a problem of MQT that, however, only arises
at concentrations so low as to be of little practical interest. With the LHT, the limit of
the order of reaction is 1, so no inconvenience of this type occurs.

In summary, both kinetic models perform well in reproducing the experimental Cg
vs. time behavior, but, unlike MQT, LHT seems to present more characteristics of a purely
phenomenological model than a mechanistic one. MQT looks to be more robust and simpler
from several points of view. The only weakness of MQT is the inability to work correctly
at very low concentrations, probably because the mechanism behind the model does not
consider some phenomena that become non-negligible only under these extreme conditions,
which nonetheless are of minor practical importance.

Finally, it is worth noting that the degradation of formic acid appeared particularly
suitable for conducting kinetic studies in photocatalysis, thanks to the absence of by-
products and the good reactivity.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/catal15090887/s1. Figure S1: Overall view of the values of
the initial substrate concentration and of the level of illumination utilized in the 26 experimental
runs.; Figure S2: The value of the dimensionless parameter SRPA* for the 26 experimental runs;
Figure S3: The value of the Damkohler number in the 26 experimental runs; Figure S4: Dimension-
less rate of reaction according to the LHT and the MQT models vs. the dimensionless substrate
concentration; Figure S5: Cg/Cgp vs. time at fixed initial substrate concentration (Cgy ~ 5 mM) and
power absorbed by LEDs = 6.27 W, but at two different flow rates of the fluid through the reactor;
Figure S6: Scheme of the system with the photocatalytic film. (a) Substrate and photons traveling
in parallel flow. (b) Substrate and photons traveling in counter flow; Figure S7: Schematic repre-
sentation of the discretization grid and control volumes; Figure S8: Geometry of a one-dimensional
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control volume with the grid points; Figure S9: The halved control volume at the interface x = 1;
Figure S10: CS/CS0 vs. time at a given initial substrate concentration (Cgg = 0.5 mM) and differ-
ent levels of illumination; Figure S11: Cg/Cgg vs. time at a given initial substrate concentration
(Cgp = 2 mM) and different levels of illumination; Figure S12: Cg/Cgp vs. time at a given initial
substrate concentration (Cgyp = 5 mM) and different levels of illumination; Figure S13: Cg/Cgy vs.
time at a given level of illumination ((¢) x w = 2.43 x 1078 einstein/s) and different initial substrate
concentrations; Figure S14: C5/Cg vs. time at a given level of illumination ({(§) x w = 1.36 x 1078
einstein/s) and different initial substrate concentrations; Figure S15: Cg/Cgy vs. time at a given level
of illumination ({¢) x w = 0.553 x 1078 einstein/s) and different initial substrate concentrations;
Figure S16: The dependence of the LHT kinetic constants on ¢. Data in the figure are adapted from
Emeline et al. [32]; Figure S17: The dependence of the LHT kinetic constants on ¢. Data in the figure
are adapted from Xu and Langford [41]; Figure S18: The emission spectrum of the UVA LEDs. Table
S1: Values of the initial substrate concentration, Cg, and of the level of illumination utilized in the
26 experimental runs. References [46,47] are cited in the Supplementary Materials.
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Nomenclature

A superficial area of the interface between the film and the solution
Cox oxygen concentration

(@ substrate concentration

Cs « substrate concentration at the film-solution interface

Cs bulk substrate concentration in the bulk of the solution

Csp initial substrate concentration

Cs =K Cs/¢ dimensionless substrate concentration

Da Damkdhler number, Da = R(C%SOW» %

Dot effective diffusivity of the substrate in the film

Dga diffusivity of the FA in the solution

L length of the illuminated photocatalytic film

k kinetic constant of the MQT kinetic equation

k" = kCox kinetic constant of the MQT kinetic equation

Ky, Ko kinetic constants in the Gerisher equation

Kma)i((p) L kinetic constants of the LHT kinetic equations

KL(9), Ks(9)

Krax, (¢) xw value of the kinetic constant Kmax at RPA = (¢) x w

Ks,(p) xw value of the kinetic constant Kg at RPA = (¢) x w

kmFaA mass transfer coefficient of FA

(N+1) total number of the withdrawn samples

ng number of moles of the substrate in the recirculating solution
ny, A molar flux of FA at the solution fil interface

—Npp g the molar rate of disappearance of FA due to the photocatalytic reaction

ns/ g

rate of generation of the substrate (it is negative for the disappearing substrate)
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References

p,in photon flux entering into the film
dp,T photon flux transmitted through the film
R volumetric rate of reaction
R specific rate of reaction
RymoT o0 asymptotic value of the reaction rate for MQT model as Cg approaches infinity
SRPA* = k<’¢c>5 dimensionless parameter
t time
t time of sampling number i + 2
tq time at which the system is filled with the solution and of the first sampling
to time at which the LEDs are turned on and of the second sampling
Viiim volume of the film
V; volume of the solution in the time interval t;_1 <t < t;
Vr volume of the FA aqueous solution
\Y% volumetric flow rate
AV volume of each withdrawn sample
w mass of the photocatalyst in the film
4 width of the illuminated photocatalytic film
Wo(x) principal branch of the Lambert W function
Greek symbols
o, LHT apparent order of reaction with respect to ¢ for the LHT model
oo MQT apparent order of reaction with respect to ¢ for the MQT model
XCg, LHT apparent order of reaction with respect to Cg for the LHT model
XCg, MQT apparent order of reaction with respect to Cg for the MQT model
0 geometrical thickness of the film
€ porosity of the film
¢ Thiele modulus, ¢ = ‘52121()3?7%5@)
¢ specific rate of photon absorption, SRPA
o specific rate of photon absorption at the film-solution interface
o dimensionless rate of photon absorption, ¢j = kfg"S’*
K absorption coefficient of the radiation in the film
T optical thickness, T =« ¢
T tortuosity of the pores
Abbreviations
CF Counter Flow: the photons and the substrate are transported in opposite
directions inside the film.
FA Formic Acid
LHT Langmuir-Hinshelwood Type
MQT Minero Quadratic Type
PE Parallel Flow: the photons and the substrate are transported in the same
direction inside the film.
RPA Rate of Photon Absorption
SRPA Specific Rate of Photon Absorption
Brackets

9

denotes the volumetric average in the photocatalytic film
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