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Abstract: Since the Industrial Revolution, technological advances have generated enormous emis-
sions of various pollutants affecting all ecosystems. The detection and degradation of pollutants has
therefore become a critical issue. More than 59 different remediation technologies have already been
developed, such as biological remediation, and physicochemical and electrochemical methods.
Among these techniques, advanced oxidation processes (AOPs) have been popularized in the treat-
ment of wastewater. The use of ZnO as a photocatalyst for water remediation has been developing
fast in recent years. In this work, the goals are to produce ZnO photocatalysts with different mor-
phologies, by using a green sol-gel process, and to study both the influence of the synthesis param-
eters on the resulting morphology, and the influence of these different morphologies on the photo-
catalytic activity, for the degradation of an organic pollutant in water. Multiple morphologies were
produced (nanotubes, nanorods, nanospheres), with the same crystalline phase (wurtzite). The most
important parameter controlling the shape and size was found to be pH. The photoactivity study
on a model of pollutant degradation shows that the resulting activity is mainly governed by the
specific surface area of the material. A comparison with a commercial TiO2 photocatalyst (Evonik
P25) showed that the best ZnO produced with this green process can reach similar photoactivity
without a calcination step.

Keywords: aqueous sol-gel process; ZnO; photocatalysis; pollutant degradation

1. Introduction

Although too often poorly appreciated and considered as an almost inexhaustible
resource, water is becoming a scarce commodity [1]. Its excessive and disproportionate
use in some regions of the world, combined with the overall increase in the population,
adds increasing pressure on water reserves and increases the general level of aqueous
pollution. To face these problems, treating and decontaminating wastewater for reuse ap-
pears to be a promising solution [2—4].

In general, it is possible to distinguish the following three main families of water
contaminants: chemical contaminants (organic and inorganic), microbial contaminants,
such as viruses and bacteria, and, finally, radiological contaminants. Depending on the
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type and quantity of pollutants present, as well as the volume of water to be treated, var-
ious treatment methods can be used [5]. This work will focus on organic pollutants and
the associated degradation processes.

Recently, innovative water pollution control techniques have emerged, as a result of
water quality legislation strengthening. Among these, advanced oxidation processes
(AOPs) are attracting growing interest. These processes constitute promising alternatives
for the degradation of organic pollutants, which are non-biodegradable and refractory to
conventional treatments [6].

All AOP technologies are based on the production and use of hydroxyl radicals
(OHe), which represent the most powerful oxidizing species that can be used in the field
of water and industrial effluent treatment. The advantage of AOPs lies in their ability to
degrade almost all organic molecules, by reacting with -C=C- double bonds and by at-
tacking aromatic nuclei, which are major constituents of refractory pollutants. Due to their
ability to break down the most recalcitrant compounds into biologically degradable mol-
ecules and/or mineral compounds (CO:z and H20), they can be used in addition to conven-
tional techniques, such as adsorption on activated carbon, reverse osmosis, or biological
treatments [6].

Among AOPs, photocatalysis relies on the activation of a semiconductor-type pho-
tocatalyst with light energy. When the photons meet the surface of the photocatalyst, they
are absorbed by the material, which allows the production of highly reactive oxidizing
and reducing species on the surface of the semiconductor photocatalyst. These radicals,
generated near the catalyst surface, from water and dissolved oxygen, are then able to
attack chemical bonds and induce the total or partial destruction of a wide variety of or-
ganic compounds [6-8].

Among the different semiconductors that can be used in photocatalysis, ZnO has
drawn a lot of attention in the photocatalytic remediation of wastewater fields, due to its
high free-exciton binding energy (60 meV), high electrical conductivity, and strong redox
ability with valence (VB) and conduction (CB) band positions [7,9]. Moreover, ZnO pre-
sents chemical and thermal stability [10].

Zn0O is a semiconductor with a band gap of around 3.37 eV [7], so it is activated by
UV light. As for the archetypal TiO2, many studies have been conducted to modify ZnO
light absorption properties, in order to shift it in the visible range or to increase its photo-
activity in the UV range [11-13]. Different preparation methods are found to synthesize
ZnO photocatalysts, such as the sol-gel method, precipitation, microwave-assisted meth-
ods, or thermal oxidation [9,10,14-16]. Sol-gel methods present the advantages of occur-
ring under soft conditions (i.e., at a low temperature and low pressure), producing liquid
sol or solid gel, to obtain materials in different shapes, such as coatings, powders, or mon-
oliths, and this process is also often compatible with water as solvent, reducing the envi-
ronmental impact of the preparative steps [8,17-19]. The sol-gel process is based on the
hydrolysis and condensation of metal alkoxides, to produce metal oxide materials [18]. By
playing on different parameters, such as the pH, the catalyst, or the time of reaction, fine
tuning of the metal oxide material characteristics (nanostructure, morphology, or surface
properties) can occur [17,20,21].

To date, the photocatalytic applications of ZnO nanostructures have been investi-
gated by numerous researchers. However, relatively little is known about the perfor-
mance of ZnO catalysts in relation to their morphologies, in a systematic comparative
manner [7].

In this work, the goals will be to produce ZnO photocatalysts with different morphol-
ogies, by using a green sol-gel process, and to study both the influence of the synthesis
parameters on the resulting morphology, and the influence of these different morpholo-
gies on the photocatalytic activity for the degradation of an organic pollutant in water. To
reach these goals, an aqueous sol-gel synthesis of ZnO will be studied, and the impact of
three synthesis parameters (pH, stirring, time of reaction) will be analyzed using a design
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of experiment (DoE) plan, implemented with JMP® Pro 15 software. All the ZnO photo-
catalysts will be characterized by PXRD (powder X-ray diffraction), TEM (transmission
electron microscopy), XPS (X-ray photoelectron spectroscopy), nitrogen adsorption-de-
sorption measurements, and DRUVS (diffuse reflectance UV-visible spectroscopy). In the
last part of this study, the photocatalytic activities of ZnO materials will be assessed on
the degradation of a water model pollutant that is commonly found in the pesticide p-
nitrophenol (PNP). The resulting photoactivities will be compared with the well-known
commercial Evonik Aeroxide P25 TiO: photocatalyst. This commercial product is synthe-
sized by a high-temperature aerosol process [22].

2. Results and Discussion

As explained in Section 3.1, different protocols were followed, in order to obtain ZnO
nanoparticles (NPs) with different morphologies. Two different synthesis protocols were
used, named syntheses 1 and 2 in the following, to facilitate reading. Synthesis 1 is a sol-
gel method carried out at room temperature, using NaOH as basic titrant, and is adapted
from [9], while synthesis 2 is a sol-gel method performed at 60 °C, using KOH as the basic
titrant and absolute EtOH as a solvent, and is adapted from [10].

2.1. Synthesis 1: a Study of Three Reaction Parameters

First, ZnO NPs were prepared by the synthesis 1 protocol, as detailed in Section 3.1.1.
The following three main reaction parameters were studied: the pH, which was varied
from 8 to 12.5, the stirring (or not) of the solution, and the reaction duration (varied be-
tween 1 and 7 days). In order to accurately reveal the joint impact of these three factors on
the size response, an experimental plan was designed using JMP® Pro 15 software. The
tested conditions are detailed in Table 1.

Table 1. Experimental plan designed by JMP® 15 software.

Table Code name pH Time (days) Stirring
1 z1 10.25 7 No
2 z2 10.25 1 Yes
3 73 12.5 4 No
4 Z4 8 4 Yes
5 Z5 12.5 1 No
6 76 8 7 Yes
7 z7 12.5 1 Yes
8 78 8 7 No
9 79 12.5 7 Yes
10 Z10 8 1 No
11 711 12.5 1 No
12 712 8 7 Yes
13 Z13 12.5 7 Yes
14 714 8 1 No
15 Z15 12.5 7 No
16 716 8 1 Yes
17 z17 10.25 4 Yes
18 Z18 10.25 4 No

2.1.1. Phase Composition

The crystalline ZnO phase present in all samples was identified by means of PXRD,
as can be observed in Figure 1, which shows the diffraction pattern of one of the 18 ZnO
samples (Z13). The position of the recorded diffraction peaks corresponds to that of the
Zn0O bulk diffraction spectrum, which can be indexed as hexagonal wurtzite (JCPDS 36-
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1451). The (004) and (202) plane peaks are less visible than the reference peaks because of
the background noise. All the other 17 samples exhibit the same XRD patterns, with vari-
ous peak widths, indicative of different crystallite sizes. Some XRD patterns (Figure S1 as
an example) show additional peaks in the 20 range of 5°-25°. After an extra washing with
deionized water, these peaks disappear, which suggests that they are relative to a zinc
acetate residue and not to another ZnO phase. Thanks to the Scherrer formula (Equation
(1)), it is possible to calculate the crystallite size (dxrp) of the 18 ZnO samples from their
diffraction patterns (Table 2, dxeo (nm)). The full width at half maximum (FWHM, named
pB) is calculated for the (102) plane (fourth peak), and 6 is the angle corresponding to this
diffraction plane. p and 0 were taken directly from the EVA software that was provided
with the PXRD instrument.

A
dXRD =09 m (1)

where f is the full width of the peak at half maximum, after correction of the instrumental
broadening (rad), A the wavelength (nm), and 6 the Bragg angle (rad).
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Figure 1. XRD diffraction pattern obtained for a ZnO sample prepared by Synthesis 1 (Z13-blue
line), as compared to a wurtzite reference (JCPDS 36-1451) diffraction spectrum (Z-red line).

All the samples were also analyzed by XPS, which confirmed the ZnO composition.
All the samples presented the same XPS spectra (an example is given in Supplementary
Materials, Figure S2).

2.1.2. Morphology and Size

The ZnO NPs morphology of the 18 samples was investigated by TEM analysis. As
is shown for nine samples in Figure 2, ZnO NPs can present the following variety of mor-
phologies: spherical, elongated, or geometrical (rectangular, trapezoidal). Most of them
were agglomerated in bigger particles. The morphology of the agglomerates is even more
significantly different; they either have perfect geometry, such as spheres or regular hex-
agons, or smaller and more irregular shapes.
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(a)

/

200 nm

Figure 2. TEM images of nine ZnO samples (a) Z4 (b) Z10 (c) Z1 (d) Z15 (e) Z17 (f) Z14 (g) Z2, (h) Z13 and (i) Z18 in which
different morphologies of the obtained NPs and agglomerates can be clearly appreciated. The different code names corre-
spond to the different syntheses (see Table 2).

Table 2. Concerning NPs and agglomerates exhibiting a non-spherical morphology,
the measured drem corresponds to the height for triangular or trapezoidal shapes, the
length for the rectangular or elongated shapes and the diameter of the circumscribed circle
for the regular hexagonal shapes.
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Table 2. Overview of the crystallite size (dxrp) calculated from diffraction patterns and average size of NPs and of their
agglomerates (drem), and the related standard deviations (otem) measured from TEM images for the 18 syntheses included
in the design of experimental plan. The diameter drem for non-spherical NPs and agglomerates corresponds to the height,
the length and the diameter of the circumscribed circle of triangular or trapezoidal, rectangular and regular hexagonal
morphologies, respectively.

Code dxeo  drem Nanoparti- otem  dtem Agglomerate  otem Morphology Morphology

JMP N° i
Name (nm) cle (nm) (nm) (nm) (nm) Nanoparticle Agglomerate
1 Z1 32 41 13 138 34 rectangular geometrical
i 1
2 72 52 29 8 109 36 elongated triangu ar and
spherical
3 Z3 23 30 8 109 11 elongated triangular and
spherical
4 Z4 109 28 15 717 115 spherical hexagonal
i 1
5 Z5 21 25 10 91 25 elongated triangular and
spherical
6 Z6 124 125 53 414 166 geometrical SPherical and geo-
metrical
7 z7 18 20 5 100 29 spherical triangular and
spherical
8 z38 71 48 12 1015 458 spherical geometrical
9 79 19 28 10 104 30 clongated ~ Tangularand
spherical
10 Z10 105 - - 110 26 tubular tubular
11 Z11 23 25 7 96 31 spherical triangular and
spherical
12 712 110 126 - 451 130 spherical geometrical
i 1
13 713 19 20 7 91 25 elongated triangular and
spherical
14 714 104 30 15 771 97 spherical hexagonal
15 715 19 21 8 98 32 elongated triangular and
spherical
16 716 112 37 5 696 134 spherical hexagonal
17 717 46 9 5 203 53 spherical spherical
18 718 48 37 19 158 57 rectangular geometrical

- =not measured.

Differences between the diameters calculated from diffraction patterns and those
measured from TEM images are observable. It is difficult to indiscriminately compare the
sizes measured from XRD and TEM analyses. First of all, the sizes measured by XRD and
TEM do not have the same meaning. Indeed, by means of the Scherrer formula (Equation
(1)), an average crystallite size is determined, while from TEM images, the size of NPs or
agglomerates of a specific zone of the sample can be measured. This is a fact that is im-
portant to keep in mind when the dxzp is smaller than the drem, which means that several
crystallites constitute a single NP. If the comparison of dxro and drem gives the same num-
bers, it shows that the observed nanoparticles are mainly composed of only one crystallite.

Secondly, an important approximation of the Scherrer equation is that all the crystal-
lites are considered as being spherical. As observed in Figure 2, it is clear that not all the
morphologies are spherical.

Moreover, a bias between the observed size, as compared to the real size, occurs for
both the size determination techniques employed [23]. Since a TEM image is a 2D projec-
tion of the sample, the latter could be slightly distorted, depending on its orientation, and
thus the size on the projection is not exactly the same as the actual object. Concerning
XRD, for the Scherrer calculations to be meaningful, the diffraction peak width should be
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purely that of the material itself, and should consequently be free from side effects. The
following several factors, other than NP sizes, could contribute to the width of the peaks:
instrumental broadening or the use of a non-monochromatic X-ray source, inhomogene-
ous strain or crystal lattice imperfections, temperature factors, etc. [24,25]. Furthermore,
crystallite size broadening is more important at a large value of 20, while instrumental
width and microstrain broadening are also the largest at a high 20 value. The asymmetry
of the peaks is more pronounced at a 20 angle lower than 30° [24,25]. As a compromise,
the (102) diffraction plane located at a 20 value of 48° was chosen to be used in the Scherrer
calculations. Thus, the dxrp determined is the apparent size of the crystallites in the direc-
tion perpendicular to the (102) plane.

Finally, as previously mentioned, the NPs prepared with synthesis 1 are agglomer-
ated in bigger particles of various sizes and shapes. Therefore, the precise measurement
of a single NP is intricated in TEM images. It is noteworthy that the standard deviations
of the mean sizes of both NPs and agglomerates measured by TEM are really high,
whereas XRD provided a single average value of crystallite size, without any estimation
of the size distribution. A more complex variant of the Scherrer equation can be devel-
oped, to take into account the crystallite size distribution [25], but it was not considered
in this work. The Scherrer equation is thus useful to compare several samples with each
other, rather than to precisely quantify the absolute size.

On the basis of the values gathered in Table 2, the dxro and dtem values are compared
and found to correspond, to a certain extent. Nevertheless, concerning the reactions per-
formed at pH 8 (samples Z4, 710, Z8, Z6, 212, Z14, and Z16), TEM and XRD analyses
exhibit the biggest differences. Reactions at a low pH seem to be less reproducible than
reactions at a higher pH. It was not possible to measure an isolated NP on the TEM images
of the Z10 sample. Indeed, as observed in Figure 2b, only long tubular forms were visible.

2.1.3. Statistical analysis of the three tested parameters

In order to study the influence of the three tested parameters (pH, stirring, and reac-
tion time) in this synthesis 1 protocol (Table 1), a statistical analysis was performed using
the JMP® Pro 15 software. It was chosen to work with crystallite sizes that were deter-
mined from XRD patterns, rather than size measured on TEM images. Indeed, the approx-
imations of the Scherrer equation, as described in Equation (1), would have impacted all
the size values in the same way, while it was difficult to precisely measure the NP size on
TEM images, due to their agglomeration in bigger particles, and to anisotropy. To visual-
ize the relationships between the three tested parameters and the dxro response, a scatter
plot was drawn (Figure 3) for the 18 ZnO experiments. A marked correlation between pH
and dxrp is appreciated in Figure 3 (middle), while stirring and reaction time do not seem
to influence the dxrp obtained.

. . .
120
CER | Y. .
- = an - .
100
& 80
5‘ - L] -
=4
= 60
L] - -
O - ‘ O L]
40
- - L
20 - % -~ [ ] 0 - 8
0
no yes 8§ 9 10 11 12 2300 26:30 96:20
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Figure 3. Scatter plot of dxrp values in function of stirring, pH and reaction time. A correlation
between dxkp and pH is clearly observable.

To investigate the percentage of correlation between the pH and dxrp, further statis-
tical analyses were performed. The actual pH of the 18 launched experiments varied by a
few tenths of a unit from the expected pH of the designed JMP® plan, because of the accu-
racy of the pH meter. For the statistical analyses, all the pH values were standardized to
the theoretical values of 8.0, 10.25, and 12.5, in order to reduce the repeatability error.
Then, a statistical model was built as follows: using a model of a degree equal to two, a
standard least squares method, and a screening report.

Figure 4 is a plot of the obtained dxrp, using the Scherrer formula to identify the dxzp
values expected by the built model. The adjustment summary is gathered in Table 3. The
R? is equal to 0.97, meaning that 97% is explained by the built model, which is therefore
relevant. The analysis of variance report (Table 4) provides the calculations for comparing
the fitted model to a model where all the predicted values are equal to the response mean
(58.5578 nm). The degree of freedom is the number of parameters implemented to fit the
model. This degree is equal to six for the model, for the following parameters: pH, stirring,
reaction time, pH * pH, pH * stirring, and pH * reaction time. The parameters (stirring *
reaction time) and (reaction time * reaction time) were not implemented here. An analysis
including these two additional parameters was also performed (see Figure S3 and 54, and
Table S1 in Supplementary Materials). Nevertheless, the LogWorth of the pH was lower
and the error sum of squares was higher, which means that the model explained less than
the analysis performed with less parameters.

140
120
100

80

60

Observed dyyp value (nm)

o
~
o

40 60 80 100 120 140

Expected dygp value (nm)

Figure 4. Observed dxrp values in function of expected dxrp by the built model. The red area and
the blue line represent the confidence interval and the mean value of the dxrp, respectively.

Table 3. Adjustment summary.

Term Value

R 0.9715

Adjusted R? 0.9559

Square root of the mean error 84.968
Mean of the response 585.578

Number of observations 18
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Table 4. Analysis of variance report.
D f f M
Source egree o Sum o ean F ratio Prob >F
freedom squares square

Model 6 27,042.891 4,507.15 624.301 <0.0001

Error 11 794.146 72.20 - -

Corrected total 17 27,837.037 - - -

The total sum of squares is the sum of the squared differences between the response
values and the sample mean. It represents the total variation in response values
(27,837.037). The error sum of squares is the sum of squared differences between the fitted
values and the actual values. It represents the variability that remains unexplained by the
model (794.146). The model sum of squares is the difference between the total sum of
squares and the error sum of squares; therefore, it represents the variability explained by
the model [26]. In this case, the variability explained by the model is equal to 27,042.891,
which is much higher than 794.146, which remained unexplained. The mean square is the
sum of squares divided by the related degree of freedom.

The F ratio is a statistical test, the ratio between the model and the error mean
squares. The Probaility. >F is the P-value of the F test. The P-value is used to quantify the
statistical significance of a result under a null hypothesis. P-value is a measure of the prob-
ability of obtaining an F ratio as large as what is observed. In other words, a very small P-
value means that such an extreme observed outcome would be very unlikely under the
null hypothesis [26]. Here, the Prob.> F is lower than 0.0001, which indicates that there is
at least one significant effect in the model.

Figure 5 shows the importance of each parameter in the model (P-value and Log-
Worth). The LogWorth is defined as-logio(P-value), this is a transformation adjusting P-
values to provide an appropriate scale for graphing. Generally, a P-value lower than 0.01
corresponds to a presumption against the null hypothesis that is very high [26]. The ref-
erence blue line represents the -logi0(0.01), which is equal to two. A parameter that has a
LogWorth value greater than two is therefore considered significant. Assuming these con-
siderations, the most influencing effect on the crystallite size is the pH; a LogWorth equal
to 8.812 and an exact P-value of 1.5 x 109 were obtained. To a lesser extent, the second
parameter (pH*pH) also possesses a LogWorth value higher than two. On the basis of this
analysis, we can conclude that the ZnO crystallite size depends on the pH, and that the
function has a slight quadratic component (pH?). Because of the significance of the model,
it is possible to predict the dxrp for chosen values of the three parameters, using the pre-
diction profiler.

Source LogWorth P-value

Standard pH 8812 = : —_— 0.00000
Standard pH*Standard pH 2.338 sl 0.00460
Standard pH*Stirring 1.776 0.01675
Stirring 1.484 0.03279
Reaction time 0.844 | 0.14319
Reaction time*Standard pH ~ 0.612 ; 0.24429

Figure 5. Effects summary. The blue line represents the LogWorth reference equal to two.

These results are consistent with the observations made during the experiments. In-
deed, the clear solution transformed into a milky white suspension after the addition of
the first drops of NaOH. Nucleation begins immediately, because of the insolubility of
ZnQ crystallites in the solution. Thus, stirring and reaction time do not have much impact.
Whereas, the higher the pH, the higher the NaOH concentration, and, therefore, the higher
the supersaturation of the solution, which leads to faster nucleation. When the pH is
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lower, the concentration of NaOH in the solution is lower as well, and the crystallites can
grow slower and are therefore bigger.

2.2. Synthesis 2

ZnO NPs were also prepared by a second protocol, as described in Section 3.1.2., giv-
ing sample Z19. The obtained NPs were also characterized by PXRD and TEM analyses.
The aim of using this second synthesis is to produce regular spherical NPs with a maxi-
mum size of 10 nm.

The collected diffraction peaks (Figure 6) are in very good agreement with the wurtz-
ite reference (JCPDS = 36-1451). The dxro calculated by the Scherrer equation, using the
(102) peak plane as well, is equal to 8 nm (Table 5).
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| I l L (004) (202)
(200) (201)
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~
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Figure 6. XRD diffraction pattern obtained for ZnO sample (Z19) prepared by synthesis 2 (blue
line) as compared to a wurtzite reference diffraction spectrum (Z-red line).

The Z19 sample was also analyzed by XPS, which confirmed the ZnO composition
(Figure S2).

TEM analyses were performed both for the sample before any washing, and after the
washing steps and redispersion in technical EtOH. The TEM images (Figure 7a) revealed
that most of the NPs are spherical and well dispersed. Since the NPs are dispersed, the
size measurement of individual NPs (drem) was performed using ImageJ® software, in or-
der to increase the precision. The obtained average size of NPs is 5 nm (o =1 nm), close to
the dxro calculated by the Scherrer formula. On the TEM image after the washing steps
(Figure 7b), NPs were found to be agglomerated into clusters of an average size of 113 nm
(o =70). This result suggests that the centrifugation between each washing step may in-
duce aggregation of the NPs.
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Figure 7. TEM images of ZnO sample (Z19) prepared by synthesis 2. (a) Sample analyzed before
washing steps, NPs are well dispersed; (b) sample analyzed after washing steps, NPs are agglom-
erated in particle clusters.

In the article reporting the protocol that we adapted for this second synthesis, Sham-
hari et al. [10] emphasize that the utilization of absolute EtOH as a solvent is required to
produce NPs with a uniform shape and size. Therefore, a variant of this synthesis, using
technical EtOH as a solvent, was also performed, in order to study the influence of the
EtOH grade during the reaction process.

As shown in Figure 8, NPs prepared using technical EtOH (Z20), and after washing
steps, have the same morphology as those in the case of the synthesis performed in abso-
lute EtOH. The average NPs size is 5 nm (o = 2 nm), which is comparable to the first syn-
thesis test using absolute EtOH (Z19). Therefore, the grade of the EtOH used as a solvent
does not impact the morphology and size of the prepared NPs. As compared to NPs syn-
thesized in absolute EtOH, analyzed before any washing and redispersion steps, the NPs
are less well dispersed compared to when absolute EtOH is used as a solvent. This result
seems to confirm the hypothesis that ZnO NP aggregation occurs during the centrifuga-
tion and washing steps.

Figure 8. TEM image of ZnO sample (Z20) prepared by a variant of synthesis 2 using technical
EtOH as a solvent, after washing steps.
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2.3. Comparison of both Synthesis Methods

In order to compare the two ZnO syntheses performed, Table 5 gathers the mean
reaction parameters (pH, basic titrant, temperature (T)), the crystallite size formed (dxzp),
and their morphology, as observed on TEM images. As discussed in Section 2.1.3., pH is
the most influencing parameter on the dxro, in the case of synthesis 1. As a comparison,
the pH in synthesis 2 is also shown in Table 5. At the same pH value, different particle
sizes were obtained using both methods. The reaction medium of synthesis 2 became iri-
descent after 2 h, while the reaction mediums of the others turned into a milky white so-
lution right after the addition of the very first drops of the basic titrant. ZnO crystallization
seems to be slower during synthesis 2, and, therefore, KOH is a basic titrant that is more
appropriate for the synthesis of smaller ZnO NPs. The higher temperature also allows
better solubility of zinc salt, and reduces the agglomeration.

Table 5. Comparison of the main reaction parameters of the two ZnO syntheses, the crystallite size
(dxrp) and the morphology observed by TEM.

Synthesis pH Basic titrant Temp(i;'ature dxepo (nm)  NPs Shape
1 8.00 NaOH 25 105 geometrical
1 10.25 NaOH 25 45 geometrical
1 12.50 NaOH 25 20 spherical
2 10.16 KOH 60 8 spherical

2.4. Photocatalytic Activity

Among different semiconductors, ZnO is a successful and popular photocatalyst that
has demonstrated high photosensitivity and chemical stability [27,28]. As developed in
Sections 2.1 and 2.2, a large variety of ZnO nanostructures were obtained from the differ-
ent syntheses. Because the influence of the morphology of ZnO nanostructures on their
photocatalytic activity is not fully investigated in the literature, it seemed interesting to
test some of the prepared ZnO samples in such applications. In this case, the tests were
performed under UV-A light because of the high band gap value of ZnO (>3 eV).

The degradation percentage of p-nitrophenol (PNP, structure presented in Figure 9), Dene,
is given in Equation (2) [29], where [PNP]: is the concentration in PNP at time t and [PNP]o
is the initial concentration of PNP at time t = 0.

[PNP]¢
[PNP]o

Dene (%)= (1- ) *100% @)

OH

NO,

Figure 9. Structure of PNP molecule.
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2.4.1. Experiments under two UV-A lamps

In order to study the influence of the morphology of the ZnO NPs on the photocata-
lytic activity, different ZnO samples, prepared with synthesis 1 and 2, exhibiting different
nanoshapes, were selected to be tested (Figure 2 and 7). The experimental methods are
detailed in Section 3.3. Samples Z2 and Z13 exhibit the same morphology (triangular ag-
gregates), but their sizes are not the same (Z2:29 nm; Z13:20 nm) (Table 2). This is why
they were both chosen. The others are either nanotubes (Z10), faceted (Z18), round aggre-
gates (Z17), hexagonal aggregates (Z14), or very small spherical NPs (Z19).

First, a blank test was performed as follows: PNP was irradiated alone under UV-A
light, in order to determine whether its degradation occurs after 7 h of light exposure.
Figure S5 shows the PNP absorption spectra for PNP, as follows: not irradiated; irradiated
with UV-A light during 7 h non-filtered; the same, but filtered with the same syringe filter
as used for the catalysts; and filtered, followed by the addition of a drop of HNOs (1
mol.L1), respectively. As observed in Figure S5, PNP is not degraded upon 7 h of UV-A
light exposure. The filter (polypropylene, 13 mm diameter, 0.2 m pore size, Whatman™)
does not adsorb the PNP. Thus, this filter can be used in further tests.

The photocatalytic activity of the seven selected ZnO samples for PNP degradation
was tested under two UV-A lamps. The degradation percentage of PNP (Dene ) was cal-
culated using Equation (2), and the results are gathered in Figure 10. Commercial Evonik
P25 TiO2 was also tested as a reference. Indeed, it is the most used commercial photocata-
lyst, and no commercial ZnO photocatalyst is available to date.

. 50
dD
7
r_| 40
= 30
g 20
< 10
5h
o
0
72 710 713 718 717 Z14 719  Evonik
P25

Code Name of ZnO sample tested

Figure 10. Degradation percentage of PNP (%) for the 7 ZnO samples tested (under two UV-A
lamps) and for commercial Evonik P25 TiO2 used as reference.

The best results were obtained with Z19 (Dene = 52%), which presented the smallest
particle sizes. The second highest PNP degradation percentage (Drne = 30%) was con-
nected to the Z17 sample, whose particle size (9 nm) was similar to that of Z19, but these
were agglomerated into bigger particles (203 nm), as can be appreciated from Figure 2e.
The descending Drne order for the other ZnO samples tested approximately followed the
order of the NPs size, as follows: Z13 (20 nm) > Z14 (30 nm) > Z2 (29 nm) > Z18 (37 nm).
The sample that provided the lowest PNP degradation rate was Z10. Indeed, as shown in
Figure 2b, the morphology of the ZnO structure in this case is long and tubular. The best
photocatalyst (Z19) has similar activity to commercial Evonik P25 (~50% after 7 h). It is
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important to be reminded that this commercial photocatalyst is made by a high-tempera-
ture aerosol process [22], while the ZnO samples presented here are made at low temper-
ature, without a calcination step.

2.4.2. Specific Surface Area and Optical Properties

In order to obtain the values of the direct band gap energy (Egudirect) and the specific
surface area of the NPs, which are two important parameters of semiconductor photocata-
lysts, diffuse reflectance ultraviolet-visible spectroscopy (DRUVS) and 5 points
Brunauer-Emmett-Teller (BET) surface area analyses were performed on the seven ZnO
samples selected for the photocatalytic tests, and also on commercial Evonik P25.

From DRUVS, it is possible to determine the Egudirect by plotting (F(R-)hv)? as a func-
tion of the photon energy, and by extrapolating the linear part of the curve to the intersec-
tion with the x-axis (Equations (5) and (6) from [29]). For commercial TiOy, it is the indirect
band gap that is calculated, as TiO2 is an indirect semiconductor [30].

Figure 11 shows the plot of (F(R=)hv)? as a function of the photon energy hv for the
seven ZnO samples tested. Table 6 gathers the results of the band gap energies found. All
the ZnO samples possess a slightly different Egdiret value, which is similar to values found
in the literature (~3.2 eV) [9,31]. There is no correlation between Egdirect and NP size in this
case. The light used for the photocatalytic tests is UV-A light, and its spectrum extends
from a wavelength of 400 nm to 315 nm, which corresponds to 3.10 eV to 3.93 eV. There-
fore, the Egudirect of each sample is compatible with UV-A light activation, which is why all
the samples were active photocatalysts, and were able to degrade PNP.

1 .
0.8 A
z 00 — 714 719 717
= 718 —713 —Z10
04 —
02 |
0 I T T T T T T T T T 1
3 32 34 36 38 4 42 44 416 48 5

E=hv (eV)

Figure 11. Determination dy DRUVS of the direct band gap energy for the seven ZnO samples
tested in photocatalysis.

Table 6. Band gap energy (Egdirect), PNP degradation efficiency (Denr), surface area from 5 points
BET (Sser ) and corresponding calculated value (St) for the seven ZnO samples. St was not calcu-
lated for Z10 due to its tubular morphology not allowing the NPs size to be measured from TEM
images.

SBET Stn Denr Eg direct
Code name (m? g) (m? g1) (%) Drnr/Sser V)
72 5 20 21 4.2 3.28
Z10 4 * 15 3.8 3.25

Z13 23 56 28 1.2 3.36
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Z18 4 22 18 4.5 3.28
717 6 23 30 5.0 3.30
714 3 10 26 8.7 3.29
Z19 30 129 52 1.7 3.26
Evonik P25 55 77 50 0.9 3.05**

* =not determined, indeed for Z10 samples the tubular morphology is not compatible with the
model.
** For commercial Evonik P25 TiO, it is the indirect band gap that is calculated.

From the 5 points nitrogen physisorption measurements, it is possible to determine
the value of BET surface area (m2.g'). Table 6 gathers the results provided by the nitrogen
adsorption 5 points BET (Sser), as compared to the theoretical model surface (Sw) calcu-
lated by Equation (3), for the seven ZnO samples tested in photocatalysis, and for Evonik
P25.

3

Sth = 3)
where Sw (m2.g™) is the theoretical model surface area; o (g.m) is the density, a value of
5.61 g.cm= was taken for ZnO [32], and a value of 3.89 g.cm™ for TiO2 [22]; and r is the
radius (m) of the crystallite. Here, it is chosen to take r as the radius determined by PXRD
(i.e., dxro/2).

As shown in Table 6, the highest surface area measured by BET is for the sample Z19,
which was expected, according to its high PNP degradation result. The Sser and Sw values
are consistent with each other, even if all the Sser values measured are much lower than
expected. This is probably due to the agglomeration of NPs in larger aggregates in the
dried powders, which results in a decrease in the specific surface area. Indeed, the specific
surface area is inversely proportional to the size of NPs, and agglomerated particles de-
crease the apparent size of NPs. The calculation of the Sw also has some of the following
limitations: all the NPs are considered spherical, which is not always the case (Z18 for
example), and all the NPs are considered monodispersed. Nevertheless, it can give an idea
of the importance of agglomeration in the samples, and its impact on the specific surface
area measurements. It can be concluded that the photocatalytic activity is mainly gov-
erned by the available surface of NPs. Commercial Evonik P25 presented the highest spe-
cific surface area (~55 m2.g™).

If the activity is normalized by the specific surface area (Table 6, fifth column), the
order of photoefficiency is different, and all the ZnO samples are better than the commer-
cial P25 catalyst. Especially, the Z14 sample, composed of hexagon, presents a high nor-
malized photoefficiency that is ten times higher than P25. These results suggest that if the
surface area of the ZnO samples could be increased, an activity much higher than the one
of Evonik would be obtained.

Some ways to increase the specific surface area would be, for example, to use some
surfactant during the synthesis, which would create additional porosity inside the ZnO
materials, due to a templating effect. A thermal treatment of the synthesized samples
could also create some microporosity if unreacted reagents were still present. However,
the temperature of such a treatment must be optimized in order to avoid sintering of the
particles, which would increase the particle sizes and decrease the specific surface area.
Another way to increase the specific surface area would be to synthesize smaller nanopar-
ticles below 5 nm, but these would be more difficult to recover.

2.4.3. Experiments under four UV-A Lamps with the Best ZnO Photocatalyst

The ZnO NPs prepared by synthesis 2 (Z19), which possess an average NPs size of
8.3 nm, were the best photocatalysts among all the ZnO samples tested, due to their higher
specific surface area. The photocatalytic activity of Z19 was, therefore, also tested under
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four UV-A lamps, in order to enhance the PNP degradation. After 7 h under four UV-A
lamps, Z19 exhibited a DPNP equal to 80%, which is a very competitive result.

2.4.4. Recycling Experiments with the Best ZnO photocatalyst

To assess the stability of the ZnO material, recycling experiments were conducted
with the Z19 sample, knowing that ZnO suffers from photocorrosion [13]. In Table 7, the
results of three consecutive photoactivity tests on PNP degradation are presented, with
the mean value and the standard deviation of these numbers. The degradation activity
remained constant during the three experiments, showing that the material kept its integ-
rity for 21 h. Moreover, an XRD measurement was taken on the Z19 sample, after the three
experiments. The pattern (Figure S6) was the same as in Figure 6, showing that the mate-
rial maintained its crystallinity during the recycling experiments.

Table 7. Recycling photocatalytic experiments on PNP degradation with Z19 sample.

1st photocata-
P ¢ 2nd photocata- 3 photocata- Mean PNP

Sample lytl(;:xfrinl?)ent lytic experimentlytic experiment degradation :Zi?i?;i
g(o/ ) (%) (%) value (%)
719 52 47 49 48 3

Concerning the evolution of the samples while working with real samples of polluted
water, carbon contamination of the surface of ZnO materials can occur during degrada-
tion, depending on the concentration of pollutants to eliminate. This contamination can
be removed by regeneration of the catalyst with UV exposition, or a thermal treatment if
the amount is very high.

3. Materials and Methods

All the chemical reagents and solvents (purity and their supplier) used are gathered
in alphabetic order hereafter: Ammonium hydroxide(25% in water, extrapure, Acros Or-
ganics, Fisher Scientificc Hampton, NH, USA), Ethanol (99%, EURO DENATURATED
Techni Solv®, VWR Chemicals, Radnor, PA, USA), Ethanol absolut (AnalaR NOR-
MAPUR® Reag. Ph. Eur.,VWR Chemicals, Radnor, PA, USA), Methanol (Technical, VWR
Chemicals, Radnor, PA, USA), Nitric acid (68%, VWR Chemicals, Radnor, PA, USA), p-
Nitrophenol (99%, Acros Organics, Fisher Scientific, Hampton, NH, USA), Potassium hy-
droxide (>85% for laboratory use, Ph. Eur., Chem-Lab NV, Zedelgem, Belgium), Sodium
Hydroxide (99%, AnalaR NORMAPUR® Reag. Ph. Eur., VWR Chemicals, Radnor, PA,
USA), Zinc acetate dihydrate (99,5%, for analysis, E. Merck, Fort kennerworth, NJ, USA).

3.1. ZnO Synthesis

Zinc oxide NPs were synthesized by means of different methods in order to obtain
different morphologies. The parameters influencing the ZnO crystallite sizes have been
studied.

3.1.1. Sol-gel Synthesis 1

Zinc oxide (ZnO) NPs were first synthesized based on a sol-gel method reported by
Alias et al. [9]. In a 250 mL Erlenmeyer flask, 20 mmol of zinc acetate dihydrate
(Zn(CHsCOO0)2.2H20) was dissolved into 100 mL of EtOH at room temperature by mag-
netic stirring. In order to study the influence of the pH, the agitation and the reaction time
on the ZnO crystallite size, an experimental design (Table 1) was performed assisted by
JMP Pro 2015 software (JMP 12, SAS, Cary, NC, USA, 2015). The pH of the solution was
followed (Electrode pH, BlueLine, SI ANALYTICS®, Servilab) during the titration by so-
dium hydroxide solution (NaOH 1mol.L-). The clear solution transformed into a milky
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white suspension immediately after the addition of the first drops of NaOH. After the
predefined reaction time, under or without stirring, the product was extracted by centrif-
ugation (ALC® centrifuge PK 120, 6000 RPM, 10 min, ALC international S.r.l., Cologno
Monzese, Italy) and washed twice with deionized water and twice with EtOH. The prod-
uct was dried at 120°C overnight and ground with a mortar and pestle.

3.1.2. Sol-gel Synthesis 2

ZnO NPs were also prepared following the solvo-thermal procedure reported by
Shambhari et al. [10]. In a 250 mL Erlenmeyer flask, 6.7 mmol of Zn(CH3COO)2.2H20 was
dissolved in 63 mL of absolute EtOH and heated to 60 °C using a liquid oil bath with
constant magnetic stirring. In a second flask, 13.2 mmol of potassium hydroxide (KOH)
was dissolved in 33 mL of absolute ethanol under the same conditions as zinc acetate di-
hydrate. When both dissolutions were complete, KOH solution was added drop by drop
into the zinc acetate dihydrate solution at 60 °C with vigorous stirring. The reaction mix-
ture was stirred for 3 h at 60 °C. The solution turned iridescent and then a white precipitate
formed. The product was separated by centrifugation (ALC® centrifuge PK 120, 9000
RPM, 30 min) and washed twice with deionized water and twice with ethanol. The ob-
tained product was dried at 120 °C overnight and ground with a mortar and pestle.

3.2. Material Characterizations

X-ray diffraction patterns were recorded with a D8 Advance (Bruker, USA) diffrac-
tometer, a Cu-Kat (0.15409 A) anode and a LynxEye detector. A few milligrams of each
sample were deposited on an epoxy sample holder, previously covered with a very thin
layer of commercial moisturizer (Nivea®). Data were collected in the 20 range from 5° to
80°, with a step of 0.15° and a time/step of 0.15 s at room temperature. The obtained 2D
diffractograms were analyzed using DIFFRAC.EVA software (Bruker, Billerica, USA);
they were azimuthally integrated using the Fit2D software and calibrated with a LaB6
standard diffractogram.

The Scherrer formula (Equation (1)) was used to estimate the nanoparticle crystallite
size, dxrp (nm) [8].

Nitrogen sorption measurements were performed on a Micromeritics ASAP 2020 in-
strument (Bruker) in order to determine the BET specific surface area (Sser). About a hun-
dred milligrams of solid sample were degassed at 120 °C for 6 h prior to analysis.

Transmission electron microscopy was performed on an LEO 922 OMEGA energy
filter transmission electron microscope operating at 120 kV. Sample preparation consisted
of dispersing a few milligrams of each sample into an appropriate solvent, using soni-
cation (VWR ultrasound cleaner, power level 9, 30 min). Then, a few drops of the super-
natant were placed on a holed carbon film deposited on a copper grid (CF-1.2/1.3-2 Cu-
50, C-flat™, Protochips, Morrisville, NC, USA). The grid was then carefully deposited on
a filter paper and dried overnight under vacuum at room temperature. About one hun-
dred particles were measured and an average value was estimated (dtem).

DRUVS analyses were performed on a UV 3600 Plus UV-VIS-NIR spectrophotome-
ter from Shimadzu Kyoto Japan. Measurements were performed in diffuse reflectance
mode. The spectra range of analysis was from 200 to 600 nm. The baseline was realized
using Spectralon as a reference. The solid sample preparation consisted of filling the 3 mm
diameter microsampling cup using the appropriate funnel (praying mantis™ sampling
kit, Harrick). The sample was then flattened with a microscope glass slide and then intro-
duced into the praying mantis™. The spectra were transformed using the Kubelka—Munk
function [22,33] to produce a signal, normalized for comparison between samples, ena-
bling the band gaps (Egdirect) to be calculated. The details of this treatment method were
widely described elsewhere [23,29].

XPS analyses were performed with a FISONS SSI-X-probe 100/206 spectrometer (Sur-
face Science Instruments), equipped with an electron beam (8 keV) for surface charge neu-
tralization. A few milligrams of each sample were deposited on a double-sided adhesive
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support, clung onto a brass cup, and then introduced into a Macor® carousel topped by a
nickel grid in order to avoid charge effects. The analyses were then performed, without
further sample preparation at room temperature with an analysis chamber pressure of
10-¢ Pa.

The main peaks analyzed in the different samples were C 1s, N 1s, O Is, and Zn 2p.
Data treatment was executed with the CasaXPS software (Casa Software Ltd., Teign-
mouth, UK) using a Gaussian/ Lorentzian (85/15) decomposition treatment and a Shirley-
type baseline subtraction. All XPS spectra were calibrated using the C-(C,H) component
of the C 1s peak localized at 284.8 eV.

3.3. Photocatalytic Experiments

In a quartz sealed round-bottom flask (Figure 12), 10 mg of each ZnO NPs were sus-
pended in 10 mL of a PNP aqueous solution (1 x 10-* mol.L'). The solutions were stirred
and irradiated with two UV-A lamps (TL Mini Blacklight Blue, TL 8W BLB 1FM/10X25CC,
Amax = 370 nm, Philips, Amsterdam, The Nederlands). The best sample was also irradiated
with four lamps. Aluminum foil was used to cover the outer wall of the reactor and pre-
vent any side reactions with ambient light. A 2 mL sample was taken after 7 h of exposure
to UV-A. ZnO catalysts were filtered off with a syringe filter (polypropylene, 13 mm di-
ameter, 0.2 um pore size, Whatman™, Maidstone, England). The concentration of PNP
was measured by UV/Vis spectroscopy (1700 UV/visible spectrophotometer, Shimadzu)
at 317 nm, which correspond to the acidic form of PNP. Previously, a calibration curve
was made for the PNP acidic form. Previously, a control experiment was performed to
assess if PNP does not undergo direct photolysis under this ultraviolet A (UVA) illumi-
nation.

It has been reported that if the degradation of PNP is not complete, specific peaks of
the intermediate molecules appear in the range 200-500 nm of the UV/visible spectrum
[34,35]. Due to the absence of these peaks during the measurements, complete minerali-
zation can be considered here. Moreover, total mineralization of PNP during homologous
photocatalytic tests using a similar installation has been shown in a previous work [36].

«—— Aluminium foil

ﬁ 5 UV-A lamps
== )
0 |

Figure 12. Schematic representation of the photocatalytic set used for the irradiation experiments.

3.4. Recycling Photocatalytic Experiments

To evaluate the stability of the photoactivity of ZnO materials, photocatalytic recy-
cling experiments were carried out with the Z19 sample. The same protocol as explained
in Section 3.3 was performed with this catalyst. After the first photocatalytic experiment,
the sample was recovered by centrifugation (9000 rpm for 30 min) followed by drying at
120 °C overnight. A second and third cycle of photocatalytic tests as described above were
applied to the re-used catalysts, with washing and drying steps between each photocata-
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lytic experiment. So, the Z19 sample was used for three successive photocatalytic experi-
ments, for a total of 21 h of illumination. A mean PNP degradation rate of the three exper-
iments was calculated. An XRD measurement was performed after the three photocata-
lytic experiments in order to check the integrity of the crystalline material.

4. Conclusions

In this work, ZnO nanoparticles were synthesized by a sol-gel process, in order to
obtain different morphologies in green conditions. The goals were to study both the influ-
ence of the synthesis parameters on the resulting morphology, and the influence of these
different morphologies on the photocatalytic activity, for the degradation of an organic
pollutant in water.

Two different experimental protocols were tested to produce ZnO. All the samples
provided the same ZnO crystalline phase (wurtzite), according to PXRD patterns. In order
to study the influence of the synthesis parameters on the resulting morphology, an exper-
imental plan was designed with JMP® software, to study the influence of three parameters
(pH, stirring (or not), and reaction time) in the first synthesis method, which was a sol-gel
process performed at room temperature and using NaOH as a basic titrant. Many differ-
ent sizes and morphologies were obtained, according to TEM images. A statistical study
performed with JMP® software revealed that pH is the most influencing parameter in the
crystallite size response for the ZnO prepared with this synthesis method.

The second synthesis process (sol-gel at 60 °C, using KOH as a basic titrant) provided
ZnO nanoparticles with the most regular shape, the smallest size (8 nm from XRD), and
with the highest dispersion.

In the second part of this work, the ZnO nanoparticles were tested in the degradation
of a model water pollutant, namely, p-nitrophenol, by advanced oxidation processes, un-
der UV-A light. The ZnO photocatalysts exhibited notable degradation after only 7 h. Na-
noparticles with different shapes and sizes were tested. The obtained results indicated
that the photoactivity of ZnO is mainly governed by the specific surface area. Optimiza-
tion of the nanoparticle size was therefore also critical for the water decontamination ap-
plication.

Moreover, comparison with a commercial TiO:2 photocatalyst (Evonik P25) showed
that the best ZnO produced with this green process can reach similar photoactivity with-
out a calcination step.

By normalization of the photodegradation by the specific surface area, the ZnO sam-
ples showed higher activities than the commercial photocatalyst, up to ten times. This
suggests that if the specific surface area of the ZnO can be further increased, the photoac-
tivity will reach a higher level than the commercial photocatalyst. It is important to be
reminded that the ZnO materials were obtained with a green synthesis process, without
an energy-consuming calcination step.

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4344/11/10/1182/s1, Figure S1: XRD diffraction patterns obtained for a ZnO sample (Z1) before and
after washing; Figure S2: XPS spectra of Z19 ZnO sample: (a) Zn 2p region, (b) O Is region, (c) N Is
region and (d) C Is region; Figure S3: Observed dxzrp values in function of expected dxrp by the built
model. The red area and the blue line represent, respectively, the confidence interval and the mean
value of the dxrp; Figure S4: Effects summary. The blue line represents the LogWorth reference equal
to two; Figure S5: evolution of the absorbance of PNP between 250 and 500 nm for pure PNP (blue
line), after 7 h of UV-A irradiation: not filtered (red line), filtered (yellow line) and with a drop of
HNO:s (green line), in order to evaluate the effects of these parameters on the PNP absorbance before
performing the photocatalytic experiments; Figure S6: XRD pattern of Z19 sample after three suc-
cessive photocatalytic experiments in PNP degradation. Table S1: analysis of variance report.
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