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Abstract
To purify water at low cost for our daily life, the effect of ceramic-based (mullite–cristobalite) and (mullite–zircon) powders 
doped with different amounts of magnesium oxide (MgO) (10 and 20 wt%) was studied. These compounds are made of a local 
raw material DD3 with addition of zirconia  (ZrO2) to create an open porosity. The powders were prepared by the traditional 
mixing method with the help of an automated crushing. The effect of MgO doping on structural, morphological and photo-
catalytic properties of the material was studied by various analytical techniques such as X-ray diffraction, scanning electron 
microscopy, energy dispersive X-ray spectroscopy, infrared, and UV–visible spectrometry. The results of XRD proved that 
there was a deformation in the crystal structure of the two types of ceramics after addition, which resulted in a shift of the 
spectra to the right, while SEM proved the presence of pores with a larger size as the proportion of MgO increases. The 
chemical composition of the basic components of the ceramic compounds as well as the additive was confirmed with EDS 
and IR spectra. The final results show that ceramics with added zirconia (DD3Z) and doped with 10% of MgO have a better 
photocatalytic efficiency than ceramics without zirconia. This important effect could be related to the higher rate of porosity, 
which provides a more active surface. The 10% MgO content showed a high photoactivity of 77.33% in only 15 min. The 
maximum hydrolysis rate obtained with Orange II was 92.95% after a period of 45 min with DD3Z/MgO powders.
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1 Introduction

In recent years, the world has experienced strong population 
growth and industrial modernization [1, 2]. These factors 
contributed significantly to the percentage of waste that is 
emitted daily and condenses at the valley and river levels, 
resulting in a significant increase in their pollution [3–5]. 
The synthetic dyes used in the textile industry are one of 
the most dangerous water pollutants, through mixing their 
turbid waters with the waters of valleys and rivers, and thus 
lead to environmental disasters affecting humans, animals 
and plants [6–8].

For the purpose of elimination of these pollutants, local 
ceramics was used as a catalyst for the final disposal of 
organic dyes. Kaolin is characterized by a white or gray 
color depending on the type of impurities or the organic 
matter present in it and is also easy to break [9]. It is found in 
nature in the form of very thin hexagonal scales. The materi-
als are produced by the erosion of the bedrock, as most of 
the kaolin-based materials, are the result of granite deposits 
with aluminum silicate decomposition and deposition after 
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transportation by winds and rivers [10]. The chemical for-
mula of pure kaolin is  (Al2O3∙2SiO2∙2H2O) with an esti-
mated composition of: 39.53% of  Al2O3, 46.50% of  SiO2, 
and 13.95% of  H2O [11]. Kaolin is not naturally pure and 
have impurity percentages varying according to the nature 
of the materials [12, 13]. Among the three kaolin species, 
the Algerian local DD3 type was selected with the follow-
ing impurities MnO, CaO,  K2O, and  Fe2O3. This material is 
distinguished by its gray color and mass size of about 2.53 g/
cm3. The chemical analysis of the latter shows that the main 
component is alumina  (Al2O3) and  (SiO2) [14].

The application of heterogeneous photocatalysis is one 
of the most common applications to eliminate the toxicity 
and contaminants of colored organic dyes, especially Orange 
II due to its important industrial use [11]. Photocatalysis 
allows the decomposition of dyes through chemical reactions 
with the catalysts having the following properties: chemical 
stability, zero toxicity, and high sensitivity to light [15]. Two 
types of ceramics: mullite–cristobalite and mullite–zircon 
(with suitable open porosity rate) were used as basic materi-
als. The first one was extracted from the kaolinite type DD3 
and the second one was prepared from the kaolinite type 
DD3 + 38%  ZrO2 (DD3Z) after heat treatment. The presence 
of zirconium oxide  (ZrO2) in this clay leads to the formation 
of zircon  (ZrSiO4) with a high degree of open porosity esti-
mated at 33% after consuming the silica in the glass phase 
[11, 12].

In the goal to increase the efficiency of the decomposi-
tion of organic dyes, an oxide with a high catalytic activity 
was added to the used powders [16]. MgO is one of the 
semiconductors selected in the study based on its mechani-
cal, electrical, optical and thermal properties that make it 
a good catalyst for various applications [17–19]. Over the 
past decades, this material has showed great scientific and 
technological advantages due to its high thermal stability (up 
to 2900 °C), low wear resistance, dielectric (dielectric con-
stant 9.8) and large impermeable range (Eg = 7.2 V) [20–22]. 
Recent studies have also shown that the size and shape of 
the magnesium oxide nanoparticles give it a high-quality 
surface as a reaction catalyst, due to structural defects on the 
surface. It is suitable for water decomposition and hydrogen 
production [16, 19, 22]. MgO is also used for special wide-
ranging biological roles including groundwater, wastewater, 
drinking water, air emissions and toxic waste treatment, as 
well as potentially as an antimicrobial agent [16, 21, 23–25].

In this work, the absorption kinetics, the degradation rate 
of the dye, and the ability of the used catalysts to purify 
the contaminated dye present in the aqueous solution were 
studied. These powders were prepared from the traditional 
mixing method with the help of an automatic crushing. The 
effect of the percentage of magnesium oxide (MgO) added 
to the ceramic materials on the photo degradation efficiency 
was also studied. The obtained results showed that the 

degradation of Orange II (OII) has reached 92.95% with the 
use of powders DD3Z type with addition of 10 wt% MgO, 
during approximatively 45 min. In the case of powders of 
pure ceramics DD3, with the same addition (10 wt% MgO) 
and the same experienced time, a degradation rate of 89.01% 
was obtained.

2  Experimental study

2.1  Sample preparation equipment

During the preparation process, several devices for sample 
preparation and thermal treatment were used. To grind 
the raw materials, a Fritsch crushing device (Pulverisette 
7) was used. When the powder is placed in the containers 
of the device, with the addition of distilled water, we add 
pellets (agate) with a diameter of about 10 mm, which 
play a major role in obtaining nanometer granules. In the 
study two electric ovens were used, one of which is used in 
dehumidification and drying, with a maximum temperature 
of 220 °C from Memmert (Schwabach, Germany). The sec-
ond furnace from Nabertherme (Lilienthal, Germany) was 
used for high temperatures (with a maximum temperature 
of 1350 °C).

2.2  Materials

The primary material used in the production of the 
ceramic substrates is a local clay of the Djebel Debbagh 
region (DD3). This raw material was chosen because of 
its availability in our country, the ease of extraction and 
good quality [11]. It consists mainly of  SiO2 (51 wt%), 
 Al2O3 (47 wt%) and 2 wt% of other oxides. The zirconium 
oxide  (ZrO2; 99.5% purity) added to these clays is from 
Sigma–Aldrich.

For the preparation of powders, different percentages 
of MgO [MgO; 99.0% purity] were added (10, 20%). The 
photocatalytic test was carried out on an aqueous solution 
of Orange II  (C16H11N2NaO4S; OII—Sigma–Aldrich).

2.3  Preparation of the DD3/ZrO2 kaolin mixture

After the treatment at 1300 °C two types of ceramic pow-
ders were used in this study. The first one consists mainly 
in mullite and cristobalite and the other one in mullite and 
zircon. These powders are without zirconia (DD3) or with 
the addition of zirconia (DD3 + 38%  ZrO2). The choice of 
this raw material is justified by the fact that ceramics are 
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available in a significant quantity in nature, and in Algeria 
in particular.

The region of its extraction is Djebel Debbagh, located 
in Guelma (36° 31′ 52 N and 7° 16′ 03).This site is charac-
terized by a ceramic rich in kaolinite clay of various types. 
The addition of 38 wt% of zirconia  (ZrO2) is justified by 
the goal to fabricate zirconium silicate  (ZrSiO4) with the 
 SiO2compound remaining from the kaolinite ceramics [26, 
27].

2.4  Methods of MgO‑doped ceramics powders

The traditional mixing method is easy, quick to perform 
and less expensive than other methods. Moreover, it is 
the most used methods to obtain solid solutions based on 
the reaction of a mixture of oxides inside an agate ves-
sel using automatic crushing. [19–21]. This technique is 
mainly based on the easy and short time of the fabrication 
process and the use of less expensive compounds.

Ceramic powders and MgO oxide with specified ratios 
were mixed and ground using a grinder. Figure 1 presents 
the different steps of the preparation of the mixture by the 
traditional method. We note that these steps are the same 
for all mixtures; the difference is in the amount of oxide 
added to the different ceramic materials.

For the fabrication, 1 g of ceramic powders (DD3 or 
DD3 + 38%  ZrO2) without or with the addition of mag-
nesium oxide (10 and 20%) were placed in containers 
with the addition of 20 ml of distilled water. Seven grains 

(agate) with a diameter of about 10 mm were added, which 
contributes to obtaining particles of nanometer sizes. An 
automatic grinder machine was used at a rotational speed 
of V = 200 °C/min for 5 min. The prepared powders were 
dried in an oven at 200 °C for 30 min. In the last step 
the prepared powders were treated for two hours at 500 
degrees to obtain crystallized materials and to enable the 
removal of residual organic compounds by oxidation dur-
ing processing at high temperatures (> 300 °C). Thus, the 
prepared ceramic-based powders are used as catalysts. The 
process steps are shown in Fig. 1.

2.5  Characterization techniques

The crystal structure of the powder particles was identified 
by X-ray diffraction (Bruker AXS-8 D) using a type of radia-
tion CuKα (λ = 1.5406 Å).

For scans on JOIDES Resolution, the randomly ori-
ented bulk powders were top mounted onto sample hold-
ers and scanned using a Bruker AXS-8D Endeavor dif-
fractometer mounted with a VANTEC-1 detector and 
nickel-filtered CuKα radiation. The routine locked-coupled 
scanning parameters were set as follows: Voltage = 40 kV. 
Current = 30 mA. Goniometer angle 2θ = 15°–45°, Step 
size = 0.02°, Scan speed = 0.5  s/step, and Divergence 
slit = 0.6 mm.

The raw digital data processed on JOIDES Resolution 
using the DIFFRAC.EVA software package, which allows 
for baseline definition (set at enhanced, 1.000 curvature, and 
1.000 threshold) and smoothing (set at smooth default fac-
tor = 0.124). Diagnostic net peak areas (recorded in units 
of counts/s × angle [in 2θ], measured above the baseline) 
for each mineral (or mineral group) were determined using 
the “create area” function in DIFFRAC.EVA; that function 
accommodates manual adjustment of the upper and lower 
limits of the peaks.

The FTIR spectroscopy is a physical process which is 
based on the interactions of infrared radiation (electromag-
netic radiation with wavelengths of approx. 0.7–500 µm) 
with matter. In the identification of unknown substances, 
infrared spectroscopy represents a quantitative method of 
frequent application.

The vibrational spectra for all samples were obtained 
using a Bruker II-RAM spectrometer, equipped with an 
infrared source, potassium bromide beam splitter, and high 
sensitive DigiTectTM detector system. Disks of 13 mm 
diameter and 2 mm thickness, consisting of approximately 
0.6 mg sample gently dispersed in 200 mg of KBr, were 
carefully heated at 120 °C to minimize the amount of the 
absorbed water. Disks were then immediately and thoroughly 
scanned in the wavenumber region of 400–4000  cm−1 in 
transmission mode with a resolution of 4  cm−1 with 128 
successive scans.

Traditional mixing method

Sample sintered at 1300 °C (DD3 and DD3 + 38 % ZrO2)

DD3 and DD3 + 38 % ZrO2/ MgO

0.2 g of this mixture in distilled water

Dryin a stove at 200 °C, 30 min

Mix (V=200 r/min, t=5 min)

Powder

Treatment at 500 °C, t = 2 h

Fig. 1  Preparation of powders using traditional mixing
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A scanning electron microscope (JSM-6301F) was used 
to explore the different regions of the samples and to per-
form an elemental chemical analysis using an Energy-Dis-
persive X-ray spectrometer (EDX-X-Max 20  mm2). The ele-
mental and chemical compositions of the prepared powders 
were characterized by Infrared (IR) spectroscopy (Bruker 
II-RAM).

2.6  Measurement of photocatalytic activity

The photocatalytic activity of various pellets and powders 
were monitored by means of a UV spectrometer (V-630, 
JASCO) in the goal to measure the absorbance with a 
wavelength range of 250–650 nm. Orange Dye II (OII) was 
selected as an organic substrate for catalyst tests to evaluate 
the effects of the powders. The colored aqueous solutions 
were prepared from orange II by dissolving a quantity of dye 
in distilled water and stirring with a magnetic mixer for half 
an hour to completely dissolve the dye.

0.2 g of powder with different MgO additives (10 and 20 
wt%) in 25 ml of aqueous OII solution (25 mg/l, PH 8.9) was 
used. After each period of 15 min, 2.2 ml of a solution was 
taken, then centrifuged at 3500 U/min for 7 min to separate 
the solid part from the liquid. Finally, the resulting solution 
was analyzed by absorbance spectra in the wavelength range 
250–650 nm. After each optical measurement, the absorb-
ance spectra were measured. The rate of decomposition and 
degradation of the colored solution was calculated using the 
following relationship [11, 27, 28]:

where C0 represents the initial concentration of the solution 
before placing the catalyst, whereas C represents the vary-
ing concentration of the solution during each measurement.

(1)Degradation (%) =
C0 − C

C0

× 100,

3  Results and discussion

3.1  X‑ray diffraction

The powders produced by different percentages of magne-
sium oxide (10, 20 wt%) were treated at 500 °C and char-
acterized by X-ray diffraction (XRD). The obtained results 
are shown in Fig. 1a–f. Figure 1a, b presents DD3 ceramic 
powders prepared by a traditional mix method. In addition 
to the peaks of the ceramic phases: mullite with 2θ = 16.36º, 
25.86º, 26.27º, 31.02º, 33.20º, 35.23º, 37º, 39.30º, 40.94º, 
and 42.57º (JCPDS 15-0776), zircon with 2θ = 20.01, 26.99, 
35.64, 38.55, and 43.83° (JCPDS 06-0266), Mono crystal-
line zirconia  (ZrO2) at 2θ = 17.48, 24.13, 24.45, 28.20, 
31.48, 33.85, and 34.17º (JCPDS 37-1484), and cristobalite 
with 2θ = 21.66° and 35.78 (JCPDS 39-1425)) [11, 26, 27].

The addition of MgO contributes to a change in the lat-
tice parameters which results in a slight shift of the peaks. 
The higher MgO content in the powder, the greater the 
shift to the right is observed. This leads to a deformation 
of the crystal structure due to the expansion of the cell and 
changes in its dimensions due to the occupation by large Mg 
atoms  (Mg2+  = 0.72 Å) sites in the ceramic  (Al3+ = 0.5 Å, 
 Si4+ = 0.40 Å)) [11, 22]. As shown in Table 1, the size of the 
granules increases with the addition of the MgO in case of 
mullite–cristobalite from 27.2 to 34.5 nm. It is also observed 
that with the increasing of magnesium oxide content in the 
powder, a low intensity peak at 18.11° appears, which char-
acterizes Mg(OH)2 (Fig. 2e) [20].

In Fig. 2f (DD3 + 38 wt%  ZrO2 + 20 wt% MgO), the 
observed peaks were attributed to the MgO phase corre-
sponding to the (200) plane. The addition of 20 wt% of MgO 
leads to an increase of the intensity of the mullite, zirconium, 
and cristobalite phases, which becomes more crystallized 
and decreases in the zircon phase when 10 wt% of MgO is 
added (Table 2). There is a clear decrease in all of the peaks 
by increasing the proportion of magnesium oxide to 20 wt% 
in the ceramics powders for the two parameters (the width of 
the lines decreases, and the size of the granules increases). 
The peak (200) of the magnesium oxide phase is shown in 
the diffraction spectrum (DD3 + 38%  ZrO2 (80%) + MgO) at 

Table 1  Results of structural 
analysis type DD3 before and 
after MgO addition

Phases Plan (hkl) 2Ө (°) Ө (°) FHWM β (°) Β (rad) D (nm)

Mullite (210) 26.28 13.14 0.356 0.0062 23.0
Mullite + 10% MgO (210) 26.4 13.20 0.302 0.0053 26.9
Mullite + 20% MgO (210) 26.45 13.23 0.316 0.0055 25.9
Cristobalite (101) 21.68 10.84 0.261 0.0045 31.4
Cristobalite + 10% MgO (101) 21.78 10.89 0.259 0.0045 42.1
Cristobalite + 20% MgO (101) 21.72 10.86 0.26 0.0045 31.4
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42.96° with a low intensity due to the used treatment tem-
perature value, or its formation in small quantities, which is 
not explained by the X-ray diffraction technique.

3.2  Scanning electron microscopy (SEM)

The morphology of the catalyst was studied by SEM, where 
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Fig. 2  X-ray scattering scheme of DD3 and DD3 + 38%  ZrO2 pow-
ders with 10 wt% and 20 wt% MgO, treated at 500 °C for 2 h. ZrS zir-
con, Zr zirconia, C cristobalite, M mullite. a DD3, b DD3 + 38 wt% 

 ZrO2, c DD3 + 10 wt% MgO, d DD3 + 38 wt%  ZrO2 + 10 wt% MgO, 
e DD3 + 20 wt% MgO, f DD3 + 38 wt%  ZrO2 + 20 wt% MgO
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Table 2  Results of structural 
analyzes of type DD3 + 38% 
 ZrO2 before and after the MgO 
addition

Phases Plan (hkl) 2Ө (°) Ө (°) FHWM β (°) β (rad) D (nm)

Mullite (121) 40.82 20.41 0.382 0.0067 22.1
Mullite + 10% MgO (121) 40.84 20.42 0.383 0.0067 22.2
Mullite + 20% MgO (121) 40.84 20.42 0.346 0.0060 24.6
ZrSiO4 (200) 27.02 13.51 0.188 0.0033 43.2
ZrSiO4 + 10% MgO (200) 27.01 13.51 0.247 0.0043 33.1
ZrSiO4 + 20% MgO (200) 27.03 13.52 0.159 0.0028 50.9
ZrO2 (− 111) 28.20 14.1 0.209 0.0036 39.7
ZrO2 + 10% MgO (− 111) 28.23 14.11 0.295 0.0051 28.0
ZrO2 + 20% MgO (− 111) 28.24 14.12 0.189 0.0033 43.3
SiO2 (101) 21.67 10.83 0.246 0.0043 32.8
SiO2 + 10% MgO (101) 21.69 10.84 0.248 0.0043 32.8
SiO2 + 20% MgO (101) 21.67 10.83 0.237 0.0041 34.4

Fig. 3  SEM images of powders before and after addition of MgO: a DD3, b DD3 +  ZrO2, c DD3/10 wt% MgO, d DD3 +  ZrO2/10 wt% MgO



161Journal of the Korean Ceramic Society (2023) 60:155–168 

1 3

the grain size was not homogeneous due to the difference in 
particle sizes of ceramic materials and additives. Figure 3a, 
b shows a clear change in the granule shape after addition 
of zirconium oxide to DD3. It is also noticeable that the 
pore ratio increases, where the average pore size reaches 
292.5 nm compared to 50.2 nm without addition. The addi-
tion of 10% MgO to both types of ceramics significantly 
increased the percentage of pores within the granule, result-
ing in more active materials for better photocatalytic effi-
ciency and the specific application used in this work.

MgO contributes to change the morphology of the 
DD3Z type. A compact flake (chips) structure (Fig. 3d) 
is observed, making them more porous compared to the 

DD3 type (Fig. 3c), which keeps the same shape with an 
increase of the open porosity fraction. As a result, the 
addition of magnesium oxide made a significant contribu-
tion to the porous structure and is ideal for photocatalysis 
applications.

3.3  Energy dispersive X‑ray spectrometry

The chemical composition of the powders was examined 
after a heat treatment at 500 °C for 2 h by EDX analysis 
(Fig. 4). From the spectra, the atomic percentages of the 
main elements present for the ceramics (O, Al, Si, Zr) were 
extracted. Table 3 shows the percentage of main chemical 

Fig. 4  EDX spectra for the powders before and after the addition of MgO: a DD3, b DD3 +  ZrO2, c DD3/10 wt% MgO, d DD3 +  ZrO2/10 wt% 
MgO

Table 3  Quantitative analysis of 
the EDX spectra of the powders 
prepared by the mixing method

Powders Elements, at%

O (%) Mn (%) Mg (%) Zr (%) Si (%) Al (%)

DD3 63.35 4.23 – – 13.99 14.8
DD3Z 61.93 2.81 – 4.24 12.29 14.51
DD3/MgO 62.61 0.58 0.97 – 23.71 10.83
DD3Z/MgO 70.72 – 0.09 5.75 13.62 10
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elements. Most of the substrate components (Si, Al, and Zr) 
are similar and reasonable, while the additive components 
(Mg) are weaker. The main percentage of compounds is Si, 
since the amount of its presence in ceramics is the largest.

Based on these spectra, the presence of magnesium was 
found at a very low percentage. This result is due to the 
percentage of the Mg added to the ceramic powders and 
confirms the doping of specific DD3 and DD3Z ceramics 
with magnesium oxide.

3.4  Infrared (IR) spectra

To obtain a better characterization of the chemical sample 
compositions and interactions affecting the sample proper-
ties, the IR technique was used for the characterization 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 Fig. 4. Several absorption bands in the wave-
length range, from 400 to 2000  cm−1, are clearly identified.

Figure 5 shows the infrared spectra of ceramic powders 
without and with the addition of different percentages of 
MgO by the traditional mixing method at 500 °C for 2 h. 
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 [11]. 
By comparing these results with the results obtained in 
the literature, the absorption bands at 615 and 1159  cm−1 
are assigned to vibrations of the Al–O bond, while the 
1086  cm−1 represents the Si–O bond. One can addition-
ally notice that the appearance of the absorption band at 
466  cm−1 characterizes O–Si–O bending vibrations (v2) 
[28]. Three absorption lines at 553, 735, and 834  cm−1 

have a special association with Si–O–Al [29]. The cris-
tobalite was assigned to an S–O stretching, appearing at 
788  cm−1 value [30]. The reduction in the spectrum value 
was observed with the addition of zirconium oxide and is 
increased at 885  cm−1. However, in this special case of 
the  SiO4 group (ν3), the presence of the  ZrSiO4 phase is 
observed [11]. The IR spectrum shows the absorption band 
at 420  cm−1 characteristics of the MgO phase after addi-
tion of 10 wt% of the latter. The effect of MgO addition to 
the mixing method was demonstrated by the appearance 
of the Mg–O absorption band at 420  cm−1 after addition 
of 10 wt% MgO. It is observed that the spectrum is clearly 
changed in the range [400–500]  cm−1 and no characteris-
tic band of an additional phase is shown. The addition at 
20 wt. % of MgO was confirmed by the appearance of an 
absorption band at 419 and 486  cm−1of the Mg–O vibra-
tion mode [27, 28]. An absorption band characteristic of 
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–OH is due to the harmonic vibrations of  H2O [29–31] and 
observed for DD3 + 38% of  ZrO2.
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3.5  Optical analysis

Figure 6 shows the results of the optical analysis performed 
for DD3, DD3 + 38 wt%  ZrO2 and DD3/DD3 + 38 wt% 
 ZrO2 + 10 wt% MgO powders. The measurements were 
performed in the wavelength range of 200–800 nm. It can 
be noted in the latter case that the absorbance decreases for 
sample DD3 + 38 wt%  ZrO2. Thus, the addition of  ZrO2 
to the DD3 clay plays an opposite role in the absorbance 
compared to the photocatalytic degradation. The absorb-
ance decrease with the addition of  ZrO2 in the clay can be 
explained by the formation of  ZrSiO4 component character-
ized by a great optical reflection of the grains [32].

Consequently, the presence of MgO in the DD3 and 
DD3 + 38 wt%  ZrO2 clay improves the absorbance in a 
remarkable way. An increase of the photocatalytic effect 
is attributed to the increase of the reaction surface (grain 
porosity). Zirconium oxide  (ZrO2) absorbs at 233 nm. After 
the addition of 10 wt% of MgO to the two types of ceramic 
materials, the absorbance is increased.

3.6  Photocatalytic performance

As shown by the absorbance spectra obtained when the 
prepared materials are exposed to visible light. MgO pro-
vided a high efficiency in the analysis of solutions con-
taminated with OII. Figure 7 shows the absorbance spectra 
prepared by mixing in the grinder two types of ceram-
ics (DD3 and DDZ) without and with various amount of 
MgO and subjected to visible light. The OII degradation 
rate of ceramic powders without MgO addition was 42.0% 

for DD3 (Fig. 7a) and 60.3% for DD3Z (Fig. 7b), during 
periods of 7 and 2 h, respectively. These values are signifi-
cantly improved with an increase of the MgO percentages 
(Fig. 7c–f), where the purification degree reached higher 
values in shorter time periods.

The best purification was obtained with a value of 
92.95% for DD3Z (Fig. 7f), whereas 89.01% was obtained 
for the second DD3 type (Fig. 7e) for OII within 45 min 
when 10 wt% of MgO was added. The best results were 
obtained when 10% of MgO was added. The figure and 
7 h present the results of photocatalysis for the titration of 
the solution every 5 min instead of 15 min. With the same 
addition of magnesium oxide (10 wt%), the degradation 
rate of OII reached 77.33% for DD3Z type and 74.13% for 
DD3 type within 5 min (Fig. 7g, h).

Both types of ceramic material without MgO addi-
tion are not effective for photocatalysis and the difference 
appear only after several hours. With an addition of MgO, 
the catalyst occurs very quickly, and the transparency of 
the solution appears just a few minutes after adding the 
catalyst materials (Fig. 8).

3.7  Photocatalytic principle

Photocatalysis is an advanced oxidation or reduction process 
that catalyzes by excitation of the electronic space through the 
excited chemical reaction resulting in absorption of a photon. 
The semiconductor can be considered as a catalyst. The prin-
ciple of photocatalysis is close to the heterogeneous catalyst 
where the oxidation-reaction takes place at the surface of the 
semiconductor.

Inhomogeneous photodynamics depends on the genera-
tion of pairs (holes/electrons) in semiconductors by absorbing 
photons whose energy is equal to or greater than the bandgap 
energy (hv ≥ Eg) (Eq. 2) [33]. After photon absorption and the 
formation of  (e−/h+) pairs in the bulk of the solid it appears: 
either the recombination by the release of heat, or the interac-
tion with the species absorbed on the surface of the semicon-
ductors [33–35]. These pairs of electrons/holes are separated 
into free electrons in the conduction band and holes in the 
valence band. This phase will freeze its activity. At the same 
time, the presence of the fluid phase (gas or liquid) produces 
automatic absorption depending on the redox potential (or 
energy level) by transferring the electron towards the acceptor 
molecules (A) (Eq. 3), whereas the holes are transferred to the 
donor molecules (D) (Eq. 4). This phenomenon results in the 
production of very effective free radicals resulting in the return 
of oxygen and oxidation of water according to Eqs. (5, 6).

The production of hydroxyl radicals (∙OH) , is very effective 
during photocatalysis. These radicals reduce the proportion 
of any chemical compound and decompose it to have a high 
oxidation capacity (2.8 eV) compared to other oxidants such as 
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 O2 (2.42 eV) and  H2O2 (1.78 eV) [30]. Other oxidizing types 
such as OH and  H2O2 can also appear and lead to the forma-
tion of an intermediate product and possibly to the mineraliza-
tion of the chemical compounds absorbed on the surface of the 
photocatalyst. The described processes are summarized by the 
following chemical equations:

3.8  Powder mechanism (DD3Z/MgO)

The tested samples for photocatalysis are based on ceramic 
materials of types DD3 and DD3Z with the addition of 
MgO. In the presence of zirconium oxide in the ceramics, 
hydroxyl roots (radicals) of ∙OH are formed. For this phe-
nomenon, a pair  (e−/h+) must be created in the semicon-
ductor by absorbing a photon with an energy equal to or 
greater than the energy gap. These pairs are separated by 
 Al2O3 molecules [30, 36], ∙OH radicals simultaneously act 
on the surface areas of the contaminant adsorbed on  SiO2 
and  Al2O3 [30].

However, this degradation is unsatisfactory as shown by 
Eqs. 9, 11, 13, 15 and 20 [37, 38]. After the addition of 
MgO, a significant improvement was obtained, providing 
excellent efficiency and acceleration of the photocatalysis 
process for OII analysis in a quick time (approximately 

(2)hv + (SC) → h+ + e−,

(3)A(ads) + e− → A−(ads),

(4)D(ads) + h+ → D+(ads),

(5)H2O + h+ → ∙OH + H+,

(6)O2 + e− → ∙O−
2
+ 4H+.

5 min). These results are good even without the presence of 
zirconium oxide and despite the large gap energy compared 
to previously used oxides. The diagram shown in Fig. 9 rep-
resents the mechanism of photocatalysis by a visible light. 
After sufficient energy absorption, it was possible to create 
the  e−/h+ pairs by the two oxides (MgO,  ZrO2). These elec-
trons are separated, moving from a larger band to a lower 
one.

As a result, the conduction band of MgO is higher than 
the conduction band for  ZrO2, and, therefore, there may be 
a rapid transfer of electrons formed in the conduction band 
(C B) at MgO to the CB for  ZrO2(this prevents recombina-
tion) [39–41]. The CB edge potentials of MgO (− 3.20 eV) 
and  ZrO2 (− 0.88 eV) are negative compared to the stand-
ard redox potential EΘ

(

O2∕ ∙ O
)

 (− 0.33 eV vs. NHE) [32, 
41]. Therefore, the electrons for MgO and  ZrO2 can reduce 
O2 to ∙ O (Eqs. 9, 10).

The mechanism then begins again, where holes  (h+) inter-
act with the water  (H2O) to produce the hydroxide OH, and 
contributes to the photocatalysis of the colored material. 
Electrons  (e−) react with  O2giving the contaminated solution 
a white color (Eqs. 11, 12, 13, 14) [32, 42–44] ∙O can inter-
act with  H2O to form HO and  H2O2, as shown in Eqs. (19, 20, 
21). Due to the position of the VB (valence band) edge for 
 ZrO2 and MgO (+ 4.6 eV for MgO and + 3.22 eV for  ZrO2) 
there is a possibility of oxidation of the dye to carbon dioxide 
 (CO2) and water  (H2O) with magnesium oxide and zirconium 
oxide through the holes mentioned above (Eqs. 20).

The reaction of the oxidants  ZrO2 and MgO increases the 
∙OH level in a very noticeable way compared to the presence 
of zirconium oxide alone in the ceramics. Hole  (h+) forma-
tion is also based on the chemical nature of these oxides, 
which may explain the increased rate of OII degradation in 
powders mainly forming DD3 ceramics with  ZrO2 and MgO 
compared to other cases. The chemical equations are:

(7)ZrO2 + h� → ZrO2(e
−) + ZrO2(h

+),

(8)MgO + h� → MgO (e−) + MgO
(

h+
)

,

(9)MgO (e−) + ZrO2 → ZrO2(e
−),

(10)ZrO2(e
−) + O2 → ∙O−

2
,

(11)MgO (e−) + O2 → ∙O−
2
,

(12)ZrO2

(

h+
)

+ OH−
→ OH∙,

(13)MgO
(

h+
)

+ OH−
→ OH∙,
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(14)ZrO2

(

h+
)

+ H2O → OH ∙ + H+,

(15)MgO
(

h+
)

+ H2O → OH ∙ + H+,

(16)∙O−
2
+ H2O → HO2 + OH−,

(17)2HO2 → H2O2 + O2,

(18)H2O2 + e− → OH ∙ + OH−,

(19)OH ∙ + Dey → gradient dye,

3.9  Study of adsorption by infrared spectroscopy

To conclude whether or not the OII particles were adsorbed on 
the surface of the catalyzed powders, the samples were ana-
lyzed after photocatalysis by infrared spectroscopy. The pow-
der of type DD3Z was selected with 10% added percentage of 
MgO, which was studied in the frequency range [400–4000] 
 cm−1. The obtained spectra are shown in Fig. 10b where they 
indicate the presence of the same absorption peaks mentioned 
above, but less clear at 466, 553, 740, 840, 1160  cm−1 [30], 
proportional to the vibrations of the bonds of type O, Al, Si, 
Zr of various kinds. As for MgO, absorbance peaks appear at 
420  cm−1 [22]. What is new is the presence of oscillations on 
the spectra after the end of the photocatalytic process.

Also it is noted the complete absence of peaks of the 
organic pollutant OII by comparing the absorption spectra 
of the powders after photocatalysis and the spectrum of the 
organic compound Orange II (Fig. 10a), which indicates its 
decomposition and thus the effectiveness of these powders in 
the purification of polluted water.

4  Conclusions

Two different types of kaolinite, DD3 and DD3Z, with 
common mineral-based phyllosilicate, are used to remove 
organic pigments from water.

– After adding magnesium oxide to the ceramic mate-
rial, X-ray analysis showed spectra shifts towards larger 
angles. This is due to the occurrence of deformation 
and compression in the crystal lattice of the ceramic 
after doping.

– It was found that with a higher percentage of MgO, 
an increase in the size of the particles is observed. We 
characterize the morphology of the prepared powders 
using SEM.

– It was found that the addition of 10% by weight of MgO 
to ceramics of the type (DD3 + ZrO2) contributed to 
the change in the shape of the particles, which led to 
the formation of a compact flake structure. The addition 
was confirmed by EDX analyzes, which confirmed the 
presence of Mg and O elements in both species.

– The photocatalytic activity of the prepared samples had 
a significant effect on the decomposition of Orange II 
dye under visible light.

(20)OH ∙ + ∙ O−
2
+ h+

VB
+ gradient dye → CO2 ↑ + H2O.
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– OII degradation was obtained 5 min after the start of 
the process. The efficiency was estimated to 77.33% for 
DD3Z type and 74.13% for DD3 type.

– These results allow the development of photocatalysts 
from natural and neutral local material. The degrada-
tion rate increases to 89.01% for DD3 and 92.95% for 
DD3Z when 10% by weight of MgO is added with the 
same exposure time of 45 min.
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