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Abstract: Phenol is a recalcitrant anthropogenic compound whose presence has been reported in
both wastewater and drinking water; human exposure to phenolic substances can lead to health
problems. The degradation of phenol (measured as COD decrease) through solar heterogeneous
photocatalysis with immobilized TiO2 was performed in two different reactors: a flat-plate reactor
(FPR) and a compound parabolic collector (CPC). A 23 full factorial experimental design was followed.
The variables were the presence of TiO2, H2O2 addition, and the type of reactor. Data were fitted
to the pseudo-first-order reaction-rate-kinetics model. The rate constant for photocatalytic phenol
degradation with 1 mM of H2O2 was 6.6 × 10−3 min−1 for the FPR and 5.9 × 10−3 min−1 in the CPC.
The calculated figures of merit were analyzed with a MANCOVA, with UV fluence as a covariate. An
ANCOVA showed that the type of reactor, H2O2 addition, or fluence had no statistically significant
effect on the results, but there was for the presence of TiO2. According to the MANCOVA, fluence
and TiO2 presence were significant (p < 0.05). The CPC was on average 17.4% more efficient than
the FPR when it came to collector area per order (ACO) by heterogeneous photocatalysis and 1 mM
H2O2 addition.

Keywords: solar irradiance; titanium dioxide; batch mode; figures of merit; fluence; collector area
per order

1. Introduction

The accelerated industrialization and civilization processes have led to an energy
crisis and a state of environmental pollution, which are considered the major threats to
the sustainable development of human society [1]. Currently, there is concern regarding
the presence of organic compounds in both industrial and municipal wastewater effluents,
as they pose a potential threat to the environment (even in trace concentrations); these
substances have been categorized as emerging pollutants, and they usually result from
the production, use, or disposal of pharmaceuticals, dyes, pesticides, and personal care
products, amongst others [2]. It must be remarked that conventional water-treatment
technologies have not been designed to remove these substances, hence the development
of effective removal strategies has drawn attention [3]. Furthermore, technologies must
comply with technical viability, economic feasibility and environmental safety to be consid-
ered sustainable [4]. It has been estimated that, worldwide, millions of tons of phenol have
been discharged into the environment from industrial waste [5].
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Advanced oxidation processes (AOPs), a group of water-treatment technologies, are
based on the generation of highly reactive oxygen species (ROS) to degrade organic com-
pounds through oxidation; amongst the AOPs, heterogeneous photocatalysis (HP) has been
proposed as a sustainable technology for environmental remediation, including wastewater
treatment [6]. HP is based on the use of semiconductors, also known as photocatalysts,
whereby light causes an electron from the valence band to migrate to the conduction band,
leaving a positive hole (h+

VB) in the valence band, and an extra negative electron (e−CB) in the
conduction band [7]; when in aqueous solution, ROS formation occurs, such as hydroxyl
radicals (HO•), hydrogen peroxide (H2O2) and superoxide (O−2

•) [8]. HP can harness
solar light and does not need the addition of any other substance [9]; although, adding an
appropriate amount of H2O2 is a significant strategy to improve photocatalytic activity, as
it is an electron scavenger and it undergoes reduction by capturing e−CB, thereby producing
more HO• [6].

Due to its high reactivity, nontoxicity, high stability, and low cost, nanometric titanium
dioxide (TiO2) is doubtlessly the most researched photocatalyst [10], as the generated ROS
along with the h+

VB could almost decompose any organic compound [11]. Nevertheless,
it has its own share of disadvantages, predominantly its limitation to promote HP with
only ultraviolet (UV) light, which only comprises 5% of the solar-radiation spectrum [12].
There is a noteworthy scientific interest pertaining to the development of photocatalysts
that are active under visible light [13], but this approach does not necessarily imply an
activity equal to that of TiO2, as the redox reactions fostered by HP are determined by
the photocatalyst band positions (valence and conduction band) [14]. TiO2 use is also
prompted by its commercial availability [15].

According to the results reported in the pertinent scientific literature, the technol-
ogy readiness level for wastewater treatment employing HP is currently between the
technological-research and technological-development phases [16]. It is hypothesized that
HP system reactivity needs to be enhanced by a factor of 100–1000 in order to be considered
at the industrial level [17]. Another challenge is the handling of the photocatalyst; HP is
usually performed with the photocatalyst suspended in the media, but due to the photocata-
lyst size, additional processing is needed to recover it from the treated water, which implies
additional costs. This inconvenience can be avoided by immobilizing the photocatalyst
with inert material supports, although at the expense of some HP efficiency [18]. So far, the
few commercial endeavors, such as Puralytics Lilypad, Puralytics Shield 1000, BrightWater
Titanium Advanced Oxidation Process and Purifics PhotoCat, all employ immobilized TiO2;
it has thus been deduced that said approach might be the most suitable for technological
development to a greater extent [19].

One more difficulty is the relative scarcity of research focused on photocatalytic
reactors or systems compared to the research on photocatalytic materials [20,21], which is
pertinent to the undeveloped scale-up strategies from the lab to the pilot scale [22]. It has
been noted that the design and analysis of a photocatalytic reactor is difficult, as it involves
particles of pollutant in a liquid state, the photocatalyst in a solid state, and the phenomena
related to light [4]. Photocatalytic reactors have often been designed by empirical endeavors
rather than from rigorous scientific principles, as the pertinent engineering knowledge is
not extensively available [23].

The lack of design conventions has allowed the presentation of different solar-
photocatalytic-reactor designs, such as: slurry fountain, single-baffle, multiple-baffle, so-
lar pond, rectangular chamber with solar concentrator, and offset tubular and cascade;
additionally, photocatalytic reactors based on devices for solar-photothermal-energy collec-
tion, such as the Fresnel collector, compound parabolic collector (CPC), parabolic through
collector or flat-plate reactor (FPR) [20]. It is desirable for solar photocatalytic reactors
to: be of low cost, avoid significant temperature increase, be resistant to several weather
conditions, make use of both direct and diffuse solar light, have a high optical and photonic
efficiency, reduce mass limitations, ensure dissolved oxygen in the medium, be chemically
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stable, have a high surface-area-to-volume ratio, and be geometrically appropriate for light
propagation and distribution [24].

Low-concentration (one sun) CPC systems have been recommended by many re-
searchers [25], as they are relatively low cost, need no sun-tracking devices, are able to
utilize both direct and diffuse solar radiation, are resistant to several weather conditions,
and have high optical efficiency [26], as the reflectors allow for an almost entire illumination
on tubular reactors [27].

For their part, FPR reactors have high surface-area-to-volume ratio [28], might offer
a higher irradiated surface area, and consist of a simple structure [29]; they can also
utilize both direct and diffuse sunlight, and since most of the time they are left open to
the atmosphere, transmissive losses that might be caused by the cover material and its
thickness are eliminated [30].

It is known that the outcome of an HP process depends on diverse factors, i.e., oxygen
partial pressure, photocatalyst species, light intensity, light source, pollutant concentration,
pH, temperature or reactor geometry; hence, an HP process performed in a reactor, in all
likelihood, will differ if performed in another one [4]. Several figures of merit have been
proposed to be used as benchmarks for comparison between photocatalytic reactors, such
as material-based parameters: reaction rate, reaction rate related to catalyst mass, turnover
frequency, turnover number, and space-time yield; additionally, there are the light-based pa-
rameters: quantum yield, apparent quantum yield, quantum efficiency, photonic efficiency,
photonic yield, power-conversion efficiency, solar-to-chemical-conversion efficiency and
photocatalytic space-time yield [31]. Several light-based figures of merit require the solution
of the radiative transfer equation, which is a complex and time-consuming task [32,33];
hence, for practical purposes and for solar photocatalytic reactors in the low-concentration
regime, the collector area per order proposed by Bolton et al. 2001 [34] is a more accessible
figure of merit.

The objective of this paper is to compare the performance of two solar photocatalytic
reactors with different geometries: flat plate and compound parabolic collector. The
different efficiencies of the reactors were tested by the degradation of phenol (as a model
compound, measured through COD) and analyzed through reaction kinetics and statistical
tests. Collector area per order (ACO) (m2/m3–order) was also estimated for the evaluation
of energy requirements or area required by every reactor.

2. Results and Discussion
2.1. Chemical-Oxygen-Demand Decrease

Figures 1 and 2 show the decrease in chemical-oxygen demand (COD) over time, the
former for photolysis (PL) and the latter for HP. The average COD at the beginning of the
experiments was 100 ± 6 mg/L.

In all cases, solar PL degradation was exiguous compared to solar HP. Phenol resists
solar photodegradation alone to some extent; degradation rates vary between studies,
and it can range from small rates that do not reach 10% degradation [35–37] to exemplary
rates as high as 38% [38]. It should be noted that solar HP is scarcely reported, and most
studies analyze degradation by employing artificial UV light. Invariably, HP degradation
surpassed PL degradation in all instances, as rather than relying on UV light alone for
degradation, HP ROS generation greatly favored phenol degradation, as the principal ROS
generated is HO•, whose electronegativity is surpassed only by fluorine [39–42].

In the FPR case (Figure 1), PL yielded a slightly higher degradation compared to
PL + H2O2, while it performed in contrary fashion in the CPC case. Even though the CPC
provides a higher increase in the medium temperature (up to 45 ◦C), it has been reported
that such an increase in temperature plays a negligible role in H2O2 decomposition in
the absence of photocatalysts [43]; hence, the slight difference in degradation for PL and
PL + H2O2 in both FPR and CPC is within expectations, as the higher temperature would
not foster an increase in HO• generation.
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Figure 1. Chemical-oxygen-demand decrease during photolytic degradation for both flat-plate reactor
(FPR), with (FPR(H2O2)) and without (FPR) H2O2 addition, and compound parabolic collector reactor
(CPC), with (CPC(H2O2)) and without (CPC) H2O2 addition. Control experiments performed in the
dark (DC) are also included for both flat-plate reactor (FPR), with (FPR (H2O2) DC) and without (FPR
DC) H2O2 addition, and compound parabolic collector reactor (CPC), with (CPC(H2O2) DC) and
without (CPC DC) H2O2 addition.
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Figure 2. Chemical-oxygen-demand decrease in heterogeneous photocatalytic degradation for both
flat-plate reactor (FPR), with (FPR + TiO2 + H2O2) and without (FPR + TiO2) H2O2 addition, and
compound parabolic collector reactor (CPC), with (CPC + TiO2 + H2O2) and without (CPC + TiO2)
H2O2 addition. Control experiments performed in the dark (DC) are also included for both flat-
plate reactor (FPR), with (FPR + TiO2 + H2O2 DC) and without (FPR + TiO2 DC) H2O2 addition,
and compound parabolic collector reactor (CPC), with (CPC + TiO2 + H2O2 DC) and without
(CPC + TiO2 DC) H2O2 addition.
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In HP + H2O2 (Figure 2), the degradation was enhanced in both reactors, as H2O2 can
act as a scavenger for the extra electron in the conduction band, undergo homolytic cleavage,
or react with O−2

•, all of which improve HO• generation [44]. It has been reported that a
high H2O2 concentration can negatively impact on the process outcome by decelerating
heterogeneous photocatalytic activity [44].

Phenol degradation in control experiments performed in the dark can be consid-
ered as negligible when compared with the results obtained in the solar experiments
(Figures 1 and 2), as the highest degradation was obtained in HP + H2O2 carried out in the
CPC (10%) (Figure 2), which can be attributed to adsorption phenomena [45] and oxidation
caused by H2O2 [46].

In all the experiments, the pH remained between 6.5–7.0; in this range, phenol is
mostly found in its molecular form and possesses a neutral charge, while TiO2 presents
a negative surface charge. As the charges are different, an appropriate interfacial contact
between TiO2 and aqueous phenol should occur [47].

2.2. Kinetic Analysis

Table 1 lists the calculated photolytic (kph) and the photocatalytic (KphC) rate constants
for each of the experimental runs. As can be seen, KphC values were higher than those for
kph under the same conditions, and the experiments where a higher COD decrease was
observed also showed higher reaction-rate constants.

Table 1. Calculated photolytic and photocatalytic responses to UV reaction-rate constants.

Reactor/H2O2

Photolysis (PL) Heterogeneous Photocatalysis (HP)

Photolytic
Degradation

(%)

Reaction-Rate
Constant kph

(×10−3 min−1)

Fluence
QUV (kJ/L)

Reaction Rate
with Respect to

Fluence KUV
(×10−3 kJ−1 L)

Photocatalytic
Degradation

(%)

Reaction-Rate
Constant KphC
(×10−3 min−1)

Fluence
QUV (kJ/L)

Reaction Rate
with Respect to

Fluence KUV
(×10−3 kJ−1 L)

FPR/No
H2O2

25.2 ± 1.8 2.9 74.6 3.4 37.3 ± 1.5 5.0 71.2 6.4

FPR/1 mM
H2O2

22.4 ± 1.3 2.7 74.6 3.2 45.4 ± 2.9 6.6 71.2 8.5

CPC/No
H2O2

23.7 ± 3.3 2.6 105.5 2.2 36.2 ± 1.2 4.6 100.6 4.1

CPC/1 mM
H2O2

26.1 ± 0.7 3.1 105.5 2.6 40.7 ± 0.5 5.9 100.6 5.2

The coefficient of determination (R2) for photolytic experiments averaged 0.88, while
the photocatalytic experiments averaged 0.93, which can be considered appropriate for
fitting the data to the pseudo-first-order-reaction model, which has already been broadly
reported to describe phenol degradation via HP [48].

2.3. Fluence Analysis

The fluence (QUV) for each experimental condition is presented in Table 1 as well. The
CPC illuminated area was roughly 40% higher than that of the FPR, which clearly accounts
for QUV being 40% higher in the CPC experiments than in the FPR. However, it is necessary
to consider that the photocatalyst-covered area in the CPC was 72% compared to that of
the FPR.

The effect of temperature on the outcome of HP has not received enough attention [49]
as to propose a plausible hypothesis as of yet. In the past, phenol degradation in het-
erogeneous photocatalytic processes with TiO2 was reported to improve as temperature
increased. Such improvement was explained by the interfacial rate of electron transfer to
oxygen due to an increased recombination rate, the stabilization of the holes located on the
oxygen atoms surface due to water adsorption, and an increased pollutant desorption rate,
which maintains availability of active sites [50]. Further research is needed on this subject.

The proposed reaction-rate constant in the function of QUV (KUV) was employed to
describe reaction kinetics with respect to cumulative UV dose instead of time [51]; the aver-
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aged R2 values were 0.88 for photolytic experiments, 0.93 for photocatalytic experiments,
0.92 for the FPR and 0.89 for the CPC, compared to 0.88, 0.93, 0.92, and 0.90, which were the
R2 values for the reaction kinetics as a function of time. As the values are almost identical,
it can be inferred that reaction kinetics as a function of QUV can properly explain a reaction,
just as reaction kinetics as a function of time.

2.4. Collector Area per Order

Table 2 shows the collector-area-per-order (ACO) value for each of the experimental
conditions. The lower the collector area per order, the higher the efficiency of the process.
It was found that the CPC needed an average of 28% less photocatalyst area than the FPR.
As discussed earlier, one of the effects of adding the reflector to the CPC is to attain more
optical efficiency [52], which could account for a better use of the photocatalyst covered
area. Nevertheless, offset tubular reactors (without reflectors) have also been reported in
the literature [53–56]. An experiment researching the degradation of an organic pollutant
compared the performance of an offset tubular reactor with that of a CPC; it concluded
that the offset tubular reactor offered the possibility to treat higher volumes, decrease the
carbon footprint involved in reactor fabrication, and simplify the reactor scale-up, although
at the expense of increasing residence time [57]. Even though the mentioned experiment
used a suspended photocatalyst, it poses the question of the actual use of reflectors in
photocatalytic reactors.

Table 2. Estimation of ACO, (m2/m3-order) and comparative efficiency for both photolytic and
heterogeneous photocatalytic processes, ε = [(ACOphotol − ACOphotocat )/(ACOphotol )]× 100, for phenol
degradation, based on a first-order reaction (n = 1), taking place in a batch mode for FPR and
CPC reactors.

Reactor/H2O2
Photolysis Collector Area per Order

ACO (m2·m−3-Order)
Photocatalysis Collector Area per Order

ACO (m2·m−3-Order)
Efficiency

(ε)

FPR/No H2O2 111.6 65.2 41.5%

FPR/1 mM H2O2 130.2 51.7 60.2%

CPC/No H2O2 98.3 50.3 48.7%

CPC/1 mM H2O2 77.0 42.7 44.4%

When the comparative efficiencies between both reactors for identical processes was
estimated, ε = [(ACOFPR − ACOCPC )/(ACOFPR)]× 100, CPC was on average 17.4% more
efficient than FPR in terms of collector area per order (ACO) for HP + 1 mM H2O2, 22.8%
for HP without added H2O2, 40.8% for photolysis + 1 mM H2O2, and 11.9% for photolysis
without H2O2 addition.

2.5. ANCOVA and MANCOVA Results

A summary of the analysis-of-covariance (ANCOVA) results is presented in Table 3.
The F value for each one of the four ANCOVA linear models were statistically significant
(p < 0.05), hence we can assume the models were suitable to analyze the experimental
design. The models were fitted with R2 values from 0.78 to 0.92, which means the models
can still be improved to yield a better variance explanation [58]. The results support
the observations made, as the effect of the PL/HP treatment was statistically significant
(p < 0.05) on the dependent variables in the four analyses.

H2O2 addition did not show a statistically significant effect (p < 0.05) in any of the
analysis; in a previous work, H2O2 showed a statistically significant effect (p < 0.05) [47],
but the phenol concentration was three times higher than the concentration employed
in the present experiment; similarly, the H2O2 concentration in the present experiment
was 1 mM, while in previous work it was 10 mM; the authors can presuppose that the
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proportion of pollutant (phenol, in this particular case) and H2O2 has an impact on the
outcome of the degradation.

Table 3. Summary of Analysis of Covariance (ANCOVA) for phenol-degradation experiment.

Source Degrees of Freedom Sum of Squares (×106) Mean Square (×106) F Value p-Value Probr > F

Degradation (F = 4.03, p = 0.03, R2 = 0.77)

Reactor 1 338.5 338.5 0.08 0.7

Photocatalyst 1 9.6 × 104 9.6 × 104 22.9 0.001

H2O2 1 3.6 × 103 3.6 × 103 0.8 0.3

Reactor*Photocatalyst 1 1.5 × 103 1.5 × 103 0.3 0.5

Reactor*H2O2 1 51.5 51.5 0.01 0.9

Photocatalyst*H2O2 1 4.2 × 103 4.2 × 103 1.0 0.3

Quv 1 1.2 × 104 1.2 × 104 2.9 0.1

Reaction Rate (F = 4.64, p = 0.02, R2 = 0.80)

Reactor 1 0.2 0.2 0.2 0.6

Photocatalyst 1 29.4 29.4 27.1 0.001

H2O2 1 2.5 2.5 2.3 0.1

Reactor*Photocatalyst 1 0.3 0.3 0.3 0.5

Reactor*H2O2 1 0.02 0.02 0.02 0.8

Photocatalyst*H2O2 1 1.5 1.5 1.4 0.2

Quv 1 1.1 1.1 1.0 0.3

Reaction Rate (Quv) (F = 5.02, p = 0.01, R2 = 0.81)

Reactor 1 7.5 0.02 7.5 0.02

Photocatalyst 1 22.8 0.001 22.8 0.001

H2O2 1 1.6 0.2 1.6 0.2

Reactor*Photocatalyst 1 1.8 0.2 1.8 0.2

Reactor*H2O2 1 0.01 0.9 0.01 0.9

Photocatalyst*H2O2 1 1.2 0.3 1.2 0.3

Quv 1 0.0 0.9 0.0 0.9

Collector area per order (F = 13.1, p = 0.0008, R2 = 0.92)

Reactor 1 9.4 × 108 9.4 × 108 7.5 0.02

Photocatalyst 1 9.7 × 109 9.7 × 109 78.6 <0.0001

H2O2 1 2.3 × 108 2.3 × 108 1.8 0.2

Reactor*Photocatalyst 1 2.5 × 108 2.5 × 108 2.0 0.1

Reactor*H2O2 1 1.3 × 108 1.3 × 108 1.1 0.3

Photocatalyst*H2O2 1 3.1 × 107 3.1 × 107 0.2 0.6

Quv 1 6.0 × 107 6.0 × 107 0.4 0.5

Additionally relevant, the type of reactor had no statistically significant effect (p < 0.05)
on the degradation or reaction rate, but it did effect the ACO and KUV, which is expected,
as it has been reported that the reactor geometry is critical in heterogeneous photocatalytic
processes [59]. It can be assumed that the employed figure of merit is relevant for the analy-
sis, and further figures of merit might be proposed in order to understand the phenomena
better, such as the photocatalytic space-time yield or superficial area to volume ratio [21].
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None of the two variable interactions showed a statistically significant effect (p < 0.05),
so it can be inferred that there is no synergy between the analyzed variables. QUV was not
statistically significant either (p < 0.05), which can be attributed to the consistency of the
experimental conditions (operation during solar noon, on sunny days and over a relatively
short period) [47].

The multivariate-analysis-of-covariance (MANCOVA) results are shown in Table 4.
The Roy’s greatest root value was used to evaluate whether each of the independent
variables and their interactions had an overall effect on the dependent variables. Most
of the results support the ANCOVA findings, as it is shown that the presence of TiO2
was significant; nevertheless, its interaction with the type of reactor was significant as
well, which is in discrepancy with the ANCOVA. More notably, QUV was also significant
(p < 0.05), which indicates the model can still be improved.

Table 4. Summary of No Overall Effect Multivariate Analysis of Covariance (MANCOVA) for
phenol-degradation experiment.

Source Roy’s Greatest
Root Value F Value Numerator Degrees of

Freedom
Denominator Degrees

of Freedom Pr > F

Reactor 2.6 3.3 4 5 0.11

Photocatalyst 13.8 17.2 4 5 0.003

H2O2 2.4 3.0 4 5 0.12

Reactor*Photocatalyst 7.2 9.0 4 5 0.01

Reactor*H2O2 0.8 1.0 4 5 0.45

Photocatalyst*H2O2 0.3 0.3 4 5 0.80

Quv 7.4 9.2 4 5 0.01

These findings are valuable, as experiments comparing reactors are scarce; additionally,
it has been considered that the reactors differ in several operational and physical param-
eters, which sheds light on the fact that several of the aforementioned variables (oxygen
partial pressure, photocatalyst species, light intensity, light source, pollutant concentra-
tion, pH, temperature, reactor geometry) really do affect the outcome of a heterogeneous
photocatalytic process, which deserves further research.

3. Materials and Methods
3.1. Experimental Phase Location and Operation Timeframe

The experimental phase took place in the city of Durango (25.61◦ N, 103.43◦ W, 1900 m
above sea level; Durango, Mexico). Experiments were carried out in late July, in the
summer season, for 90 min during solar noon. Typically, average solar radiation surpasses
900 W/m2 [47].

3.2. Photocatalytic Reactors

Phenol degradation was carried out in two different solar photocatalytic reactors:
an inclined flat-plate reactor (FPR) and a compound-parabolic-collector reactor (CPC)
(Figure 3). The FPR consisted of a chamber made of polymethylmethacrylate (PMMA)
supported by a reclinable metal structure. The chamber was equipped at the top with a
polyvinyl chloride feeding pipe with small holes every 0.5 cm and, at the chamber’s bottom,
a drainage that led to a reservoir for the fluid. The sample was recirculated throughout the
reactor using a submergible water pump (Model H-331 BioPro, Jiangsu, China).
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The CPC reactor consisted of a 3 mm-thick PMMA tube, with 3 mm-thick PMMA
plates placed inside. The sample was fed into one end of the tube from a fluid reservoir
using a submergible water pump; the other end connected to a hose that delivered the fluid
back to the container. The tube was placed on a homemade compound parabolic reflector
made of a galvanized iron sheet covered with commercial reflective adhesive paper.

In the FPR, TiO2 was immobilized on a 30 cm-length and 33 cm-width frosted-glass
plate. On the CPC, it was immobilized on sixteen 5 cm-length and 4.5 cm-width PMMA
plates (both sides of the plate). A combination of previously reported methodologies was
used [60,61]: plates were pre-heated at 100 ◦C for 10 min; then, 10 mL of a suspension
containing TiO2 (Degussa-Evonik, CAS: 13463-67-7, Germany) were sprayed onto the plates
employing a commercial air brush and an air compressor; the TiO2-sprayed plates were
dried at 100 ◦C for 10 min [47]. TiO2 was immobilized onto the support surfaces at a ratio
of 2 g/m2 [62].

Two reactors of each geometry were available to perform duplicate experiments;
reactors were tilted at 24◦ inclination [63], facing south, which corresponds to an azimuthal
angle of 180◦, in order to maximize solar irradiance orthogonal incidence (with respect to a
flat surface) [64]. Table 5 shows the operational parameters, which differed for each reactor.
Figure 3 depicts the experimental setup.

Table 5. Different operational parameters between reactors.

Reactor Illuminated Net Area
(m2)

Photocatalyst Covered Area
(m2)

Volumetric Flow
(m3/h)

FPR 0.10 1 0.10 1 0.18

CPC 1.40 2 0.07 3 1.50
1 Glass plate area, equal to the photocatalyst covered area; 2 Reactor parabolic reflector area; 3 PMMA plates
photocatalyst covered area.

3.3. Experimental Conditions

A total of 3.5 L of a 100 mg/L phenol (Sigma-Aldrich, Schnelldorf, Germany. CAS:
108-95-2) solution prepared with deionized water was employed for each experimental run,
which lasted for 90 min (beginning 45 min before solar noon); 2 mL samples were taken
during the experiment (at 0, 5, 10, 15, 30, 45, 60 and 90 min) in order to quantify COD. For
the experiments making use of H2O2, 0.358 mL from a 30% H2O2 (Fermont, Guadalajara,
Mexico. CAS: 7722-84-1) stock solution was added to the phenol solution, in order to achieve



Catalysts 2022, 12, 575 10 of 14

H2O2 1 mM concentration. UV solar radiation was measured throughout the experiment
by employing a radiometer (CUV5, Kipp & Zonen, Delft, The Netherlands). Control
experiments performed in the dark were carried out for each of the experimental conditions.

3.4. Chemical Oxygen Demand Quantification

COD was quantified by the Method 8000 from the Hach Handbook of Water Analysis,
which is approved by the USEPA under 40 CFR 136.3 [65]. COD TNTplus HR vial tests,
a digital reactor block DRB200 and a DR-6000 spectrophotometer, all provided by Hach
(Loveland, CO, USA), were used. COD quantification is an appropriate analysis to evaluate
the extent of the complete degradation of an organic pollutant [47,66].

3.5. Kinetic Analysis

It has been reported that the photocatalytic degradation of phenolic pollutants can be
fitted to the pseudo-first-order rate equation, which is often observed in TiO2 photocatalysis,
and is attributed to a constant generation of reactive species under stable conditions [67,68].

COD data were used to determine the KphC , or the kph, which were obtained by fitting
the data to the pseudo-first-order-reaction model.

For the photolytic experiments, the pseudo-first-order equation was determined by
well-known formal kinetics [69], considered as shown in Equation (1):

[COD]t = [COD]0e−kpht (1)

where [COD]0 is the COD at t = 0, and [COD]t is the COD at the time t; laminar flow within
the reactor (Re < 1000), constant fluid density and viscosity, and steady-state operation
were considered as assumptions [70].

KphC was determined employing Equation (2) [66,71,72]:

[COD]t = [COD]0e−KphC t (2)

where KphC is the photocatalytic reaction-rate constant.

3.6. Fluence Analysis

To calculate QUV, the protocol proposed by [51,73–75] was used. QUV with respect to
the time was calculated as indicated in Equation (3):

QUV = QUV,n−1 + UVn·(tn − tn−1)·
Ai

Vt
, (3)

where QUV is the fluence, UVn is the UV irradiance, tn is the time, Ai is the net irradiated
area and Vt is the total volume. According to [51], we can calculate [COD]t as a function of
QUV by Equation (4):

[COD]t = [COD]0e−kUVQUV , (4)

where KUV represents the rate constant calculated under fluence QUV.

3.7. Collector Area per Order Determination

Employing the reaction-kinetics order obtained, the collector area per order was
calculated as described by Bolton et al., 2001 [34]; by Equation (5):

ACO =
AcEst

Vt log
(
[COD]0/[COD] f

) (5)

Collector area per order (ACO) is defined as the area of irradiated photocatalyst needed
(Ac) to reduce the concentration of a pollutant ([COD]) in a unit of volume (Vt) by one order
of magnitude in a given time (t), considering an average UV solar irradiance (Es) [34,62].
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3.8. Experimental Design

A full factorial 23 experimental design was employed to test the effects of the type of
reactor, and control experiments without TiO2 and experiments with H2O2 addition were
also performed, completing two levels for each variable. MANCOVA and ANOVA were
used to determine if the effect of the independent variables was significant in the outcome
of the dependent variables [76]. The linear model employed was as Equation (6) describes:

wijk
xijk
yijk
zijk

= µ+ Pi + Rj + Hk + αC + εijk, (6)

where, wijk, xijk, yijk and zijk represent phenol degradation, reaction-rate constant, reaction-
rate constant as a function of fluence, and collector area per order, respectively; µ is the
general mean, Pi represents the presence of photocatalyst, Rj represents the reactor type,
Hk represents addition of H2O2, α stands for the regression coefficient of the covariate, C is
the covariate (QUV) and ε represents the lineal model error. The statistical software SAS
Studio 3.8 (SAS Institute Inc., Cary, NC, USA) was used to carry out the analysis.

4. Conclusions

It was found that HP with 1 mM H2O2 yielded the best performance for phenol
degradation, reaching 45.4% for the FPR and 40.7% for the CPC.

The COD decrease fitted well with the pseudo-first-order rate equation, and the
proposed KUV showed a higher R2. KphC for phenol degradation with 1 mM of H2O2 was
6.6 × 10−3 min−1 for the FPR, while it was 5.9 × 10−3 min−1 in the CPC.

The ANCOVA analysis showed there was no statistically significant effect on the
outcome of the reaction when it was carried out in any of the two reactor designs, despite
some differences in operational parameters, which merit further research. QUV did not show
a significant effect in the ANCOVA on any of the dependent variables, but the MANCOVA
did show a significant overall effect, which indicates the model can be further improved.

The type of reactor had no statistically significant effect (p < 0.05) on the degradation
or reaction rate, but it did on the ACO and KUV. The CPC was on average 17.4% more
efficient than the FPR when it came to collector area per order (ACO) for HP + 1 mM H2O2,
22.8% for HP without H2O2 addition, 40.8% for PL + 1 mM H2O2, and 11.9% for PL without
H2O2 addition.
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