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Abstract: Different percentages of CuO and ZnO were added into a local kaolin ceramic-based
powder (DD3) with and without ZrO,. The modified powders were first characterized, then, a test
for the photocatalytic degradation of dyes with orange II (OII) was carried out. The DD3 powders
that were obtained with the addition of ZrO,, ZnO, and CuO, were prepared by two different
methods and have shown a large and very fast photocatalytic activity. Discoloration ratios of about
93.6% and 100% were reached after 15 min and 45 min, for CuO and ZnO respectively. Finally, an
alternative photocatalysis mechanism, based purely on chemical reaction processes, is proposed. The
photocatalysis results with modified powders are compared with the results obtained with thin films,
made with the same materials.
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1. Introduction

In recent years, the world has seen a large population growth and an increase in huge
modern industries. These factors significantly enlarge the percentage of everyday disposed
wastes. Most of this waste, one way or another, begins or ends in rivers, leading to terrible
pollution. In order to face this problem, ceramics have been used as a raw material for
the purification of water [1,2]. The choice of this raw material was motivated by the large
availability of ceramics in nature at a low cost, particularly in Algeria. Many countries in the
world have abundantly these raw materials such as calcium carbonates (CaCO3), dolomite
(CaCO3.MgCO3), bones (natural derived hydroxyapatite (HA): Ca1o(PO4)s(OH),), kaolin,
feldspar, and quartz. Many works have already been published for valorizing these native
raw materials for the production of ceramic membranes [3-5]. Besides these studies, other
interesting works were also published on both advanced ceramics [6,7] and bio-ceramics [8].
All of these publications are closely related to the goal of this present work and clearly
draw attention to possible multifunctional applications.

Since ceramic filters are generally constituted of a thick support (2000 pm) with mono
or multi thin membranes (from 10 to 40 um for each one), the replacement of the more ex-
pensive base materials, mentioned above, by other cheaper raw materials used in supports
(which constitute about 99% of the filter mass), is significantly important. Consequently,
considering this goal, ceramic based supports [9], and/or other supports [10,11], were
applied for the elaboration of low-cost ceramic microfiltration membranes applied to the
sterilization of plant tissue culture media [12]. Concerning bio-ceramic publications [13], a
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lot of low-cost materials were also employed, based on the abundantly available raw mate-
rials previously mentioned above. More recently, HA (Hydroxyapatite) based ceramics
were fabricated from natural HA using an original milling system, carried out by A. Harabi
and E. Harabi [14]. In this study, a particular desktop wet milling setup has been proposed
to obtain sub-micron sized HA powders. In addition, a simple and instant visual approach
of the animal bone age classification is proposed.

Generally speaking, there are two main filtration methods of polluting (or contami-
nating) waste materials. The first one consists of physical filtration of polluting particles
(ceramic membrane filtration) using economic and abundantly raw materials [15,16]. By
contrast, the second method allows (based on the photocatalytic activity) the discoloration
or degradation with powders by chemical reactions. Opportunely, the zone of Jebel Deb-
bagh, located in Guelma in the east of Algeria, is among the richest areas for kaolinitic
clays of different types. Therefore, kaolinitic clays, named DD3, have been selected in the
present study.

However, this raw material is not sufficient alone for a fine filtration. Numerous
studies have shown that by adding several elements, an increase in the degree of its
efficiency can be observed [17,18]. Water purification using zinc oxide (ZnO) is one of the
most popular materials. In this work, an optimal material for filtration was fabricated. The
ceramic is the main material and other contents were mixed. A content of 38 wt% ZrO, is
the best value for an optimal pore diameter and is added to the DD3 kaolinitic clay. These
two materials were mixed and treated at 1300 °C for 2 h. This step is performed for a
composite of mullite and zircon with a rate of suitable porosity of 33% [19]. The resulting
ceramic is used as a photo-reactor in the goal to absorb impurities from a polluting solution.
The obtained absorption rate was adequate but not satisfactory. In order to improve this
rate, additive materials that are also available at a low cost were used. These additives
are acetates, copper, and zinc oxides (depending on the method of preparation). These
two oxides are known for their stimulation of interactions in the aqueous solution [20].
In addition to this feature, ZnO is known for its high photosensitivity, stability at high
bandwidth [21] and its ability for degradation of many environmental contaminants (a
good photocatalyst) [22]. The copper oxide and zinc oxide are non-toxic p-type and n
semiconductors, respectively. Their energy band gap is Eg = 1.2 eV for CuO and Eg = 3.4 eV
for ZnO [23,24]. In addition, these two oxides may improve the properties of the catalyst.
These results have shown their efficiencies in several applications [25,26]. Indeed, once
the oxides are prepared, their ions, whose role is to absorb existent impurities in dyes (for
example orange II solution), allow the development of photocatalyst materials and lead to
optimize the efficiency for depollution.

In this work, different methods are applied to the powder fabrication, namely co-
precipitation and traditional mixture. The material is a kaolin-based material, function-
alized with different oxides. The effects of these two different methods for the material
preparation are tested for the photocatalysis of a dye. The efficiency of the photodegra-
dation is studied and a mechanism is proposed. The results obtained showe that the
degradation of a dye (orange II (OII)) reached 94.4% for the use of powders prepared by the
co-precipitation method, after about 45 min. For powders prepared by the mixing method,
a degradation rate of 93.63% was obtained after 15 min. The addition of ZnO, which is
mainly for the ceramics modified with ZrO2, increases the efficiency. The experimental
results of the prepared ceramic-based materials for the degradation of a dye are compared
with the thin film results made with the same materials and applied on different dyes
for degradation.

2. Experimental Studies
2.1. Xray Diffraction

The powders produced by different methods of preparation were treated at 500 °C and
characterized by X-ray diffraction (XRD). The obtained results are shown in Figure 1la—f.
Figure 1a,b present DD3 ceramic powders prepared by a traditional mix, while Figure 1c,d



Catalysts 2021, 11, 733

3of21

are related to the same ceramic prepared by a co-precipitation method. In addition to the
peaks of the ceramic phases (mullite (JCPDS 15-0776), zircon (JCPDS 06-0266), zirconia
(JCPDS 37-1484), and cristobalite (JCPDS 39-1425)), it is noted that on all the spectra there
are suitable intensity peaks of ZnO, in particular for a content of 50 wt%. The diffraction
angles of these peaks are as follows: 36.42° for DD3 (Figure le) and 36.24°, 36.35° for
DD3Z (Figure 1f) are compared with JCPDS No.36-1451 file and a ZnO hexagonal phase of
Wurtzite type was found. By contrast, it can be noted that for the spectra of the ceramic
containing ZnO and CuO, the peaks characterizing copper oxide appear only for samples
with 12.5 wt% and 5.35 wt%. For other samples (2.8 wt% CuO), there is no peak of CuO
and this may be due to the weakness of the added oxide content that cannot be detected
by the XRD [27]. It is also possible that this absence of peaks is due to the superposition
of CuO peaks on other phases. The peaks of the XRD spectra slightly shift to lower
angles (Figure 1a,c) and to the higher angles in the same Figure 1b,d. The addition of CuO
contributes to a variation of the lattice parameters which results in a slight shift of the
peaks. This can be also explained by a substitution of the atoms of the ceramic structure by
the Cu?* ions [28]. The results are presented in the Table A1 (Appendix E).

The comparison between the results obtained by the different methods of preparation
shows that the peaks in the XRD spectra of samples prepared by co-precipitation are thinner
than those of the samples prepared by the traditional mixing. Consequently, it is found
that by using the co-precipitation method, finer grains are obtained.

The grain sizes of the powders can be extracted from the XRD data (see Appendix E.
Table Al in Appendix E gives the results for DD3 before and after addition of Zn and Cu
and for DD3 + 38% ZrO2 (DD3Z) after addition of Zn and Cu.

2.2. Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray Spectroscopy (EDX)

The morphology of the catalyst material prepared by the traditional mixing method
was studied by SEM (Figure 2). The size of the granules was not homogeneous because of
the differences between the ceramic materials and the additive oxides. In the SEM images
shown in Figure 2a,c, there is a clear change in the shape of granules after the addition of
ZrO, into the DD3 clay material. Moreover, it was observed that there was an increase in
the number and in the average size of pores. The value of the pore sizes changed from
50 nm (without ZrO, addition) to 292 nm (with ZrO, addition). The addition of both
zinc and copper oxides into the two types of ceramics has contributed significantly to the
increase in the percentage of pores within the granules and induced the capture of a larger
number of impurities in the dye. These two oxides also changed the morphology of the
DD3Z material and led them to become similar to flake-like structures with more pores,
compared to raw DD3. The raw material maintained its characteristics with only a small
increase in the number of pores. The compositional elements of these powders by the
EDAX analysis confirmed the presence of Zn and Cu metals or oxides in the DD3 and
DD3Z clays (Figure 3).
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Figure 1. XRD spectra of powders treated at 500 °C prepared by the traditional mixing method (a,b) and co-precipitation
method (c,d). x: Zircon (ZrSiOy), §: Zirconia (ZrO,), ¢: Cristobalite (5i0;) *: Mullite (3A1,03.25i05), 0: ZnO and ¢: CuO.
(All of the additional ratios are given in weight percentage). The spectra of the initial clay DD3 (e) and modified DD3 with
ZrO2 is shown for comparison (f).
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Figure 2. SEM images of DD3 (a), DD3+ 14.28 wt% ZnO + 5.37 wt% CuO (b), DD3 + 38 wt% ZrO,
(c), and DD3 + 38 wt% ZrO»+ 14.28 wt% ZnO + 5.37 wt% CuO (d).
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Figure 3. EDX analysis of catalysts showing composition of elements in table inset (all of the additional ratios are given in
weight percentage). (a) DD3, (b) DD3Z, (c) DD3 + (14.28% ZnO—5.37% CuO), (d) DD3Z + (14.28% ZnO—5.37% CuO).

2.3. Vibrational Spectroscopy

In order to obtain a better characterization of the chemical sample compositions and
interactions affecting the sample properties, the IR technique was used for the character-
ization of the obtained powders. This technique is frequently used to study structures,
compositions, and chemical properties of materials. The obtained results by IR spectroscopy
are presented in Figure 4. Several absorption bands in the wavelength range, from 400 to
2000 cm™!, are clearly identified.

By comparing the IR spectra with no-addition and with different percentages of
additions in the powders, sintered at 500 °C for 2 h, using two different methods of
preparation, it can be seen that each of the spectra present an obvious phase. All spectra of
powders without additional compounds correspond to the Mullite-Cristobalite (DD3) or
the Mullite-Zircon (DD3Z) composite. The results of the analysis are complementary to the
XRD results. Seven absorption peaks in both compounds are observed at 615, 735, 1086, and
1159 cm 1. They are related to the process of forming the mullite present among them [29].
By comparing these results with the results obtained in the literature, the absorption bands
at 615 and 1159 cm ! are assigned to vibrations of the Al-O bond, while the 1086 cm ™!
represents the Si—O bond. One can additionally notice that the appearance of the absorption
band at 466 cm ! characterizes O-Si-O bending vibrations (v2) [30]. Three absorption lines
at 553, 735, and 834 cm ™! have a special association with Si-O-Al [31]. The cristobalite
was assigned to a S-O stretching, appearing at 788 cm ™! value [32]. The reduction in the
spectrum value was observed with the addition of zirconium oxide and is increased at
885 cm~!. However, in this special case of the SiO, group (v3), the presence of the ZrSiO,
phase is observed [33].
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Figure 4. Infrared spectra of the catalysts (a,b) mixed power method, (c,d) co-precipitation method with (1) DD3,
(2) DD3+ 28 wt% CuO + 2.8 wt% ZnO, (3) DD3 + 14.28 wt% ZnO + 5.37 wt% CuO, (4) DD3Z, (5) DD3Z+ 28 wt%

CuO + 2.8 wt% Zn0O, (6) DD3Z +14.28 wt% ZnO + 5.37 wt% CuO, (7) DD3+ 25 wt% ZnO + 12.5 wt% CuO, and (8) DD3Z +
25 wt% ZnO + 12.5 wt% CuO.

The results of XRD measurements have also previously revealed the surplus or resid-
ual quantity of the added monoclinic ZrO, oxide (Figure 1b,d,f). The absorption band for
the latter is localized at 484 cm ! in the IR spectrum of Figure 4b. For powders made by the
traditional mixing method (Figure 4a,b), the absorption curve changed in the 400-590 cm !
range. A decrease in the intensity of the ZnO absorption line of the spectrum is very
clear at 408 cm~! and corresponds to the Zn-O vibration. In the same spectral range, the
transmission spectra decreased when oxides were added (ZnO and CuO) into the ceramics
powder [34]. A change in the peaks of the transmission spectra was observed between
DD3 + 14.28 wt% ZnO + 5.37 wt% CuO and DD3 or DD3Z + 14.28 wt% ZnO + 5.37 wt%
CuO and DD3Z. This result has not been experienced with the co-precipitation method
(Figure 4c,d), where the same absorption curve is maintained even after the addition of
each compound with the emergence of a band at 424 cm ™! characteristics of ZnO.

By comparing the two methods, the spectrum of zinc oxide with the appearance
of the absorption bands by the mixing method can be clearly distinguished. This will
be confirmed later by a photocatalytic application, where the mixing method was more
effective than the co-precipitation method.

2.4. Optical Analysis

The optical analysis was performed for the DD3, DD3Z and DD3/ DD3Z + (ZnO
(14.28%), or CuO (5.37%)) samples. The measurements were performed in the wavelength
range of 200-900 nm. The results are shown in the Figure 5. It can be noted that the
absorbance is maximal for the sample DD3 + ZrO, (DD3Z). The presence of CuO and ZnO
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in the DD3 and DD3Z clay improved the absorbance in a remarkable way. The absorbance
decreased with the addition of ZrO, in the clay, which can be explained by the formation
of the ZrSiO4 component, which is characterized by a great optical reflection. The increase
in the photocatalytic effect is mainly attributed to the increase in the reaction surface (grain
porosity). With this goal in mind, the addition of ZnO (14.28 wt%) and CuO (5.37 wt%)
appears to give a good absorbance with the two added chemical compounds (ZnO and
CuO) that match their gaps [35]. It is noted that zinc oxide absorbs below 375 nm, and
copper oxide has a low gap and absorbs almost the entire visible leading to a black powder.

-
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Figure 5. UV-Vis Absorption Spectra of the catalysts. (1) DD3 + 14.28 wt% ZnO + 5.37wt% CuO,
(2) DD3, (3) DD3Z + 14.28 wt% ZnO + 5.37wt% CuO, (4) DD3Z (DD3 + 38%ZrO2).

2.5. Photocatalytic Performance

With the goal of developing practical applications, the prepared samples were tested
for purification of contaminated solutions. This study was carried out by measuring
the degradation of orange II as a function of time. The dye was chosen because it rep-
resents more than 50% of the world production of coloring matter [36]. It is initially
non-biodegradable and resistant to bacterial attacks in aqueous media [37].

By contrast, this application was previously carried out on powders prepared by both
conventional mixing and co-precipitation methods. These powders are DD3 and DD3Z
without and with different contents of ZnO and CuO. Figure 6 represents the visible UV
spectra obtained for samples prepared by a traditional mixing. It is noted that for DD3
and DD3Z powders (Figure 6a,b), the degradation of orange II reaches 42% and 60.3% for
7 hand 2 h, respectively. These values are remarkably improved by the addition of ZnO
mainly for DD3Z (Figure 6¢—f), for which the purification percentage reached very high
rates during short periods. For example, a complete purification (98.9%) of an OII solution
was almost achieved during 15 min with the addition of 50 wt% ZnO to DD3Z. The same
result was obtained with DD3 + 50 wt% ZnO with a degradation time of 30 min.
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Figure 6. UV spectra showing the ZnO doping effect in the ceramic powder prepared by the
traditional mix method and treated at 500 °C (degradation of OII (Amax = 484 nm) versus time) (all
of the additional ratios are given in weight percentage). (a) DD3, (b) DD3Z, (c) DD3 + 25% ZnO,
(d) DD3Z + 25% ZnO, (e) DD3 + 50% ZnO, (f) DD3Z + 50% ZnO, (g) ZnO. R = reference for OIL

The high rate of purification obtained with the samples was experienced with a ZnO
content of 50 wt%. In order to reduce this content and to have samples where the ceramic
material was dominant, another sample with addition of ZnO was used. These samples
have the same efficiency for purification applications and were prepared following the
same protocol (traditional mixing method).

The added material for this purpose was copper oxide (CuO) because of its positive
properties in this domain of applications. The study was carried out with 5.37 wt% CuO and
14.28 wt% ZnO. Using UV-visible spectra, the obtained photocatalysis for these samples is
represented in Figure 7. There is a remarkable improvement in the degradation rate for
DD3 -based samples (Figure 7a,c,e,g) when it is compared to the degradation time of DD3Z
-based samples (Figure 7b,d f,h). The degradation rate reached 82.4% for 30 min (Figure 7g)
and 93.6% for 15 min (Figure 7h) for DD3 and DD3Z samples, respectively. It was also
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found that by removing the UV lamp, the orange Il degradation rate reached 89.52% for
DD3 powders (Figure 8a) and 96.35% for powder DD3 + 38 wt% ZrO, powder in 45 min
(Figure 8b).
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Figure 7. UV spectra showing the effect of the method for preparing ceramic powders doped and
treated at 500 °C for degradation of OII (Amax = 484 nm), Co_precipitation method: (a) DD3 + 25 wt%
Zn +12.5 wt% Cu, (b) DD3Z + 25 wt% Zn + 12.5 wt% Cu, (c) DD3 + 28 wt% Zn + 2.8 wt% Cu, (d)
DD3Z + 28 wt% Zn + 2.8 wt% Cu. Mixed powder method: (e) DD3 + 28 wt% ZnO + 2.8 wt%
CuO, (f) DD3Z + 28 wt% ZnO + 2.8 wt% CuO, (g) DD3 + 14.28 wt% ZnO + 5.37wt% CuO, (h)
DD3Z + 14.28 wt% ZnO + 5.37wt% CuO. R = reference for OII.
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Figure 8. Percentage change of orange II photodegradation versus time for ceramic powders prepared
by two methods: Traditional mix and co-precipitation for (a) DD3 and (b) DD3Z = DD3 + 38 wt%
ZrO2 (All the additional ratios are given in weight percentage).

For samples prepared by the co-precipitation technique, the obtained visible UV
spectra are revealed in the Figure 7. DD3 or DD3Z clay samples were prepared with zinc
acetate and copper acetate solutions. Significant results were obtained with the addition
of 28 wt% ZnO and 2.8 wt% CuO. The purification percentage of orange Il impurities
reached 99.59% for a degradation time of 45 min with the DD3Z based samples (Figure 7b).
Comparing with DD3 -based samples, the degradation rate reached 84.13% for a time of
150 min (Figure 7a). The DD3Z based samples prepared with different methods had a
suitable effect on the purification of orange II (Figure 8 and Appendix D).

Finally, all of the results concerning the degradation of OII with the prepared materials
following two different methods are summed up in Figure 8. We observe that a very fast
degradation of OII can be reached (less than 20 min.) even without lamp (see Appendix C).
It is noted that there was no degradation of the orange II dye under UV light irradiation.

2.6. Mechanism of Photo-Catalysis

The photocatalysis mechanism is based purely on chemical reaction processes [38,39].
The samples tested for the photocatalysis were based on alumina-silicate ceramics with
and without addition of ZrO,. During the chemical reaction, SiO; and Al,O3 particles
adsorb an amount of pollutants in the solution through the electrostatic attraction [40,41]
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each doping material (ZrO,, ZnO, CuO) under the light led to the creation of electron/hole.
In the case of ceramics containing ZrO,, the #OH radicals are generated by the creation of
e~ /h * pairs and separated by the Al,O3 particles [42]. The radicals simultaneously act
on the surface areas of the contaminant adsorbed on SiO, and Al,Os3. Therefore, there is
a possibility of degrading a large quantity of dye. However, this degradation is not fully
satisfied as shown by Equations (A4), (A6), (A8) and (A13) in Appendix B [43].

In order to obtain good efficiency, we compared ZnO with and without CuO additions
into the ceramics. It is noted that the number of holes increases in ceramics with the
addition of ZnO and the addition of ZnO and CuO. This increase is due to the absorption
of photons (vh > Eg); the mechanism for this phenomenon is explained by the scheme
illustrated in Appendix B. The two semiconductors, CuO and ZnO, both added to the
ceramics led to an accelerated degradation of OII. Consequently, this degradation is carried
out by the p-n junction. After the absorption of the photon, a transfer of electrons can occur
from the valence band of CuO (p-type) to the valence band of ZnO (n-type).

This is possible thanks to the work function of CuO, which is similar to the one of
Zn0 (5.3 eV) [44]. For a small amount of the two oxides (ZnO and CuO), the separation of
electrons can be accelerated leading to an increase in holes. This electron separation plays
a large role in the production of €OH radicals [45]. Moreover, the position of the ZnO edge
of the conduction band is higher than that of ZrO,. As a result, there is a rapid transfer of
electrons from the conduction band (CB) of ZnO to the conduction band of ZrO,, and this
fast transfer prevents recombination. On the other hand, the transfer of holes may occur
from the ZnO with the most anodic valence band to the cathode valence band of CuO
(Equation (A3)). Potential edges CB of ZnO (—0.41 eV) and ZrO, (—0.38 eV) are negative
with respect to the standard redox potential E© (O, /0O, ) (—0.33 eV vs. NHE). In this
case, electrons of ZnO and ZrO, can reduce O, to O, (Equation (A4) and (A5)). However,
this reaction is impossible for CuO, because of its positive CB edge potential (+0.71 eV) [46].
Thus, the process begins when the holes interact with water to produce hydroxide, and the
electrons react with oxygen to induce a transparent color of the contaminated solution. The
¢O, may then react with H,O to form HO,* and H,O,. Moreover, because of the position
of the valence band edge of both ZrO, and ZnO oxides (+2.99 eV for ZnO and +3.22 eV
for ZrO,), there is potential to oxidize the dye to carbon dioxide and water with ZnO and
ZrO, by the aforementioned holes [47,48]. The position values of the two semiconductors
in zero charge point are calculated using the following relationships:

Evp = X— Ee + 0.5E, 1)

Ecp =Evp — Eg ()

where Eyp is the potential of the valence band edge, and Ecp is the potential of the
conduction band edge, X is the electro-negativity value (Xcyo = 5.81 eV, Xz,0 =5.79 €V,
Xzro2 =5.92 eV), E¢ is the energy of free electrons at the level of hydrogen (~ 4.5 eV) and
Eg is the band width of the semiconductor. The coexistence of the three oxides, ZrO,, CuO,
and ZnO, increase the rate of ¢OH in a very remarkable manner, compared to the case of
only ZnO in ceramics. The formation of the holes is based on the chemical nature of ZrO,,
Zn0O, and CuO. This may explain the high rate of orange II degradation in samples based
on ceramics with three oxides compared to other cases.

2.7. Comparaison with Thin Films

The photocatalysis results obtained with DD3 powder doped with different materials
can be compared to thin films with the same materials (CuO, ZnO, ZrO,). A. Katal et al. [49]
reported the fabrication of a thin CuO film by a sputtering method and a thermal treat-
ment for visible-light photocatalytic degradation of Methylene Blue (MB). The different
surface structures and crystallinity of the different samples show the MB degradation with
a minimum of 2 ppm after 200 min. The fabrication of CuO thin films through DC/RF
magnetron sputtering technique [50] gives a similar result. Other studies with CuO includ-
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ing CuO/ zeoliteX [51], CuO/SiO2 [52], heterojunction CuO-Cu20 thin film [53] showed a
ma-ximum degradation after a similar period. CuO thin films contained 3D nanocubes [54]
demonstrated a photodegradation activity by decomposing a 5 ptM MB dye solution in
90 min under sun exposure. The ability of CuO thin films to degrade MB is attributed to the
high density of exposed CuO nanocube surfaces, compared to other CuO thin film samples.

CuO/ZnO composite oxide thin films were prepared for the photocatalytic degrada-
tion of different dyes [55]. In all of the studies, the maximum degradation efficiency
of nearly 90% was obtained after 120 min or 90 min in the best case. For example,
D.S. Paz et al. [56] prepared CuO/ZnO coupled oxide films onto aluminum substrates by
the electrodeposition method. The photocatalytic activities of the pure ZnO and coupled
CuO/ZnO thin films with different CuO contents were compared. They showed that a
pure ZnO film had a lower photocatalytic activity than the coupled CuO/ZnO films and
that the photocatalytic activity of the CuO/ZnO films changed with the copper content. A
maximum of degradation efficiency of 70% is reached after 300 min for CuO/ZnO. Another
study showed that by coating ZnO with CuO to form CuO@ZnO core—shell catalysts [57],
nitrophenols were degraded after 180 min.

ZrO; nano-thin films deposited at different substrate temperatures by the spray
pyrolysis method [58] reached a maximum degradation of MB dye of 72.13% after 180 min
of irradiation with sunlight only 30.82% degradation was observed after 30 min. The
synthesis of ZrO; by the solution combustion technique or ZrO, /TiO, mixed oxides [59].
Moreover, 80% degradation of a dye was observed in 2 h with a 25 ppm initial concentration.
The best result was obtained with ZrO2 calcined at 500 °C with about 85% degradation of
methyl orange after 60 min. All the results are summed up in the Table 1 for comparison.

Table 1. Comparison between powder and thin film of dye degradation.

Material Powder Thin Film
DD3Z + 50 wt% ZnO 98.9% of a OII (15 min)
DD3 + 50 wt% ZnO 98.9% of a OII (30 min)
DD3 + 5.37 wt% CuO + 14.28 wt% ZnO 82.4% (30 min)
DD3Z + 14.28 wt% ZnO + 14.28 wt% ZnO 93.6% (15 min)

co-precipitation technique
28 wt% ZnO and 2.8 wt% CuO

DD3 + 28 wt% ZnO and 2.8 wt% CuO 84% (150 min)
DD3Z + 28 wt% ZnO and 2.8 wt% CuO 99.6% (45 min)
Methylene Blue (MB) minimum 2 ppm
CuO .
after 200 min
CuO/zeoliteX [52], CuO/SiO2 [53], Methylene Blue (MB) minimum 2 ppm
heterojunction CuO-Cu20 thin film after 200 min
CuO/ZnO composite oxide thin films 90% (120 min)
ZnO with CuO to form CuO@ZnO

core—shell nitrophenols (180 min)

80% degradation of a dye was observed
in2h

ZrO2 nano-thin films [59] MB dye 72.13% (180 min)
ZrO2 calcined at 500 °C 85% methyl orange (60 min)

Zr02/TiO2 mixed oxides [58]
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3. Methods
3.1. Materials

The raw materials based on DD3 with ZrO, (DD3 + 38 wt% ZrO,) will be referred
to in the study by DD3Z. In addition to the local clay used in this work, the following
chemical compounds were added: zinc acetate [((CH3COO),; Zn.2H,0); 99.5% purity],
copper acetate [(Cu(CH3COOQ),); 99.0% purity], copper oxide [CuO; 99.0% purity], zinc
oxide [ZnO; 99.5% purity], sodium hydroxide [NaOH; 96.0% purity], and orange II (C1¢
H11N»NaO,S) for the application. The chemical compositions of both DD3 kaolin and
ZrO; have already been presented elsewhere [60], with the influence of ZrO; content (wt%)
on the open porosity ratio of compact clay materials sintered at 14001C for 2 h. The value
of 38% gives the best open porosity.

3.2. Characterization Techniques

The crystal structure of the powder particles was identified by X-ray diffraction
(XRD; Bruker AXS-8D, Karlsruhe, Germany) using a Cu K« (A = 1.5406 A) radiation. To
examine the microstructure composition, the scanning electron microscopy (SEM; JSM-
6301F, Tokyo, Japan) and energy-dispersive X-ray spectrometer (EDX; X-Max 20 mm?,
Oxford, UK) were used. The photocatalysis absorbance spectra were measured by a UV-
visible spectrophotometer (V-630, JASCO, Lisses, France) with a wavelength range of
250-650 nm. The chemical compositions of the prepared powders were characterized
by infrared (IR) spectroscopy (Bruker II-RAM, Karlsruhe, Germany). UV lamp (VL-4LC,
4W-254 nm) was used to activate the photodegradation.

3.3. Sample Preparation
3.3.1. Preparation of Powders

Two methods were used for the preparation of powders: the traditional mixture and
the co-precipitation (see Appendix A). In the first method, the DD3 and DD3 + 38 wt%
ZrO; kaolinitic clay powders were mixed using a mill with different contents of ZnO (0,
10, 25, and 50 wt%), and 5.37 wt% CuO. The addition of ZrO, to DD3 was used to obtain
a ceramic composed of mullite and zircon, after sintering for 2 h at 1300 °C. The average
particle size of the added ZnO powder was about 1 um, as indicated by the supplier.

The second performed method was co-precipitation. It is noted that in this method,
various amounts of zinc acetate and copper (28, 2.8/ 25 and 12.5 wt%) were added into
the same clay. Copper and zinc acetates were dissolved in a sodium hydroxide solution
previously diluted in distilled water (0.5 M).

3.3.2. The Photocatalytic Activity Measurement

The photocatalytic activity of all the materials was measured by monitoring the
absorbance evolution of a dye-containing solution. After preparation of the aqueous
solution with orange II (25 mg/l; pH = 8.9), 1 g of the studied powder was dispersed
in 25 mL of this dye solution. In order to activate the reaction between the powder and
the solution, the obtained mixture was deposited on a shaker (stirring 500 R/min) in a
dark room. Then, a lamp (VL-4LC. 4 W-254 nm) was used as a light source to activate
the reaction). After each 15 min, 2.2 mL of the solution was placed in a sealed tube and
centrifuged at 3500 U/min during 7 min in order to remove the catalyst. The solution
was analyzed by measuring the UV-Vis absorbance spectra in the wavelength range of
250-650 nm. Distilled water was used as a reference and measurements of the catalyst
solution were carried out every 15 min. The absorption rate of degradation is calculated
using the following equation [61]:

Co—C
0

Degradation ratio = x 100% 3)

where Cy and C are the initial concentration before and after illumination, respectively.
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4. Conclusions

The photocatalytic degradation of a dye solution by different ceramic powders pre-
pared by two different methods including the co-precipitation and traditional mixing
showed a great effect on the photocatalytic activity. The material is based on a DD3 mate-
rial with or without ZrO; and different oxides (ZnO and CuO). This dye degradation was
done with and without a UV-lamp on powders where the ceramic material was dominant.
The powders were used as catalysts. A very high rate of orange II degradation reached
93.63% after a short period of 15 min with DD3 +14.28 wt% ZnO + 5.37wt% CuO, and
DD3Z + 14.28 wt% ZnO + 5.37wt% CuO. For these additions, the morphology of the grains
became more porous with flake like structures. In this study, the chemical reactions of the
added oxides coupled with the method of preparation have shown that the degradation of
the dye was considerably improved. The results of the photocatalytic degradation of the
OII dye solution by different ceramic powders are compared with thin films of the same
materials. Ceramic powders induce a photodegradation that can be 5 to 10 times faster
than thin films.
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Appendix A
a- Traditional mixing b-  Co-precipitation
DD3 and DD3Z/ ZnO / CuO DD3 and DD3Z / Zinc acetate / |/ PH713
Copper acetate <r\>
lgtof this rilﬁiture in distilled 4/‘ 0.5 M NaOH in 100 ml of
water = n
Mix (v= 200 r/min. t= 5 min) Agitate at 70°C for 3 h
& . =
Drv in a stove at 200°C. 30 min Filter and wash with distilled water
i o
Drv at 200°C. t=10 min
Powder
i

Powder

Heat treatment at 500°C.

Heat treatment at 500°C.,

Figure A1. The two methods followed for the preparation of powders.
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Appendix B

The following reactions are also present:

ZnO (e7) + ZrOy — ZrO;, (e7) (A1)
CuO (e7) +ZnO — ZnO (e7) (A2)
Zn0O (h*) + CuO — CuO (h*) (A3)
ZrO; (e7) + Oy — 05 (A4)
ZrO (e7) + Oy — 05 (A5)
ZrO, (h*) + OH™ — OHe (A6)
ZnO (h*) + OH™ — OHe (A7)
ZrO, (h*) + H,O — OHe + H' (A8)
ZnO (h™) + H,O — OHe + H* (A9)
O, +H,O — HO,; + OH™ (A10)
2HO; — Hy0, + 0, (A11)
H,O, +e~ — OHe + OH™ (A12)
OHe + Dye — The degraded dye (A13)

OHe + O, +h{,; + the degraded dye — CO, 1 +H,0 (A14)
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Figure A2. The photocatalytic composite mechanism ZrO, /CuO/ ZnO under UV light.

Appendix C
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Figure A3. Percentage change of orange II degradation versus time without lamp for ceramic
powders prepared by traditional mix method, (a) DD3 + 14.28 wt% ZnO + 5.37 wt% CuO and
(b) DD3Z + 14.28 wt% ZnO + 5.37 wt% CuO, (c) bar graph of the results for the two materials.

R = reference value for OII.
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Appendix D

Mixed powder Mixed powder
DD3/Zn0/CuO DD3+38 wt% Zr0, / Zn0O/ CuO
80.35%/14.28%/5.37% 80.35%/14.28%/5.37%

Mixed powder Co-precipitation Co-precipitation
DD3+38 wt% ZrQ, / ZnO DD3+38 wt% ZrQ,/Zn/Cu DD3+38 wt% ZrO,/Zn/Cu
50%/50% 69.2%/28%/2.8% 62.5%/25%/12.5%

Figure A4. Image showing the discoloration of OII for different durations of exposure under UV light.

Appendix E

Table A1. Results of structural analyses of type DD3 before and after addition (Zn: Cu).

Mullite (210) 26.278  13.139 0.356 0.0062 2

. 25%I\glftfzg%cll (210) 26311 13.155 0.593 0.0103 13
Mumt;; /zgé Zn+ (210) 26.118 13.059 0.605 0.0105 13
Si0, (101) 21.680 10.84 0.261 0.0045 31

Sio’i; 52% uZ“ * (101) 21.707 10.853 0.353 0.00616 22

SiO, +28% Zn +

2 8%Cu (101) 21.54 10.77 0.373 0.0065 21
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Table A2. Results of structural analyses of type DD3 + 38% ZrO2 before and after addition (Zn: Cu).

Mullite (121) 40.821 20.41 0.382 0.0067 22
Mullite + 25%
7n + 12.5%Cu (121) 40.889 20.444 0.532 0.0093 15
Mullite + 28%
Zn +2.8%Cu (121) 41.071 20.535 0.675 0.0118 12
ZrSiOy (200) 27.017 13.508 0.188 0.0033 43
ZI‘SiO4 + 25%
7n + 12.5%Cu (200) 27.068 13.534 0.468 0.0082 17
ZI'SiO4 +28%
71+ 2 8%Cu (200) 27.217 13.608 0.656 0.0114 12
SiO, (101) 21.667 10.833 0.246 0.0043 32
SiO, + 25%
70+ 12.5%Cu (101) 21.737 10.868 047 0.0082 17
SiO; + 28%
Zn + 2.8%Cu (101) 21.92 10.96 0.623 0.0109 12
Zr0O, (—111) 28.196 14.098 0.209 0.0036 39
ZI‘OZ +25%
Zn + 12.5%Cu (—=111) 28.289 14.144 0.468 0.0082 17
ZI‘O2 + 28%
Zn +2.8%Cu (—111) 28.441 14.220 0.606 0.0106 13.489
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