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Abstract
Ceramic materials based on mullite, cristobalite, and zircon phases prepared with different zinc and copper additions using the 
co-precipitation method and followed by calcination at 500 °C for 2 h are investigated. The effectiveness of these substrates 
against bacteria was tested against Gram-positive and Gram-negative pathogenic strains: Staphylococcus aureus, Bacillus 
subtilus, Escherichia coli, Pseudomonas putida, and Enterobacter aerogenes. The obtained nanoparticles with different 
crystal sizes were subjected to various types of characterization, including structural by X-ray diffraction (XRD), morphology 
by scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) transmission electron microscopy (TEM), 
optical analysis by Raman spectroscopy. SEM images showed a change in the shape of the ceramic nanocomposites after 
adding zinc and copper to become similar to flake structures. This addition was detected by EDS analysis, where the first 
sample was found to contain 1.49 at.% Cu and 7.41 at.% Zn. The TEM image confirmed that the kaolin grains were in the 
form of nanotubes and were coated with spherical nanograins after adding ZrO2, Zn, and Cu. The newly developed ceramic 
compound, consisting of mullite–zircon–zinc oxide–copper oxide with a primary source, kaolin DD3, was found to be more 
effective than its predecessors. It gave unprecedented anti-activity for many types of bacteria (Gram-positive and Gram-
negative). Given the shape flake-like of the new ceramic compound, it provides a wider effective area through micro-tubes 
to the granules. It has a high percentage of holes that allow bacteria to be attracted and placed inside. A maximum inhibition 
zone of 38.1 ± 0.1 mm was obtained with S. aureus for DD3 + ZrO2/ZnO (28 wt.%)/CuO (2.8 wt.%), a zone of 29.2 ± 0.2 mm 
with P. putida; for DD3 + ZrO2/ZnO (14.28 wt.%)/CuO (5.37 wt.%) and an inhibition zone of 28.85 ± 0.15 mm was obtained 
with B. subtilis for DD3 + ZrO2/ZnO (14.28 wt.%)/CuO (5.37 wt.%). The ceramic DD3 + 38% ZrO2 possesses 33% of the 
holes, which represents the largest percentage in this compound and, therefore, is primarily responsible for the effect that 
occurs during biological application. All samples showed a high antibacterial activity, which increased with the addition 
of Zn:Cu and decreased with the increase in grain size. Ions and reactive oxygen species (ROS) release released into the 
cellular environment present a huge obstacle to dynamic membrane transport and lead to DNA damage and, ultimately, cell 
necrosis or apoptosis, which was effective for the inhibition of bacterial growth.
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1  Introduction

Recently, eliminating microorganisms (pathogenic species, 
spoilage flora) that come into close touch with or approach 
the receiver surface has been a favored tactic to prevent 
microbial contamination [1, 2]. It is well-known that fungi 
and bacteria can lead to serious health issues for the gen-
eral public in a number of industries, including the food 
business, biomedical, and surgical [3]. The increased inter-
est in the field of research devoted to enhancing surface 
hygiene is justified by the necessity of combating surface 
colonization in these strategically important sectors [4].

The science of creating, manufacturing, and using 
structures and equipment with one or more components 
that are 100 nm (or a billionth of a millimeter) or smaller 
is known as nanotechnology [5]. In addition, they are uti-
lized in textiles, coatings, food and energy technology, 
sunscreens, cosmetics, and a few pharmaceutical and 
medicinal items [6].

Bacteria are ubiquitous microorganisms present in our 
environment in soil, water, and air. Some bacteria are 
undoubtedly useful, while others are hazardous and can 
be deadly. They are considered to be the most common 
causes of the disease and lead to fatalities such as cancer 
and food poisoning [7]. Humans use many antimicrobial 
agents to fight harmful bacteria.

The discovery of antibiotics in the 1940s saved the lives 
of millions of people with infectious diseases. However, 
some bacteria have acquired resistance to these drugs [8, 
9]. For this reason, scientists look for any natural or syn-
thetic substance able to destroy microorganisms or prevent 
their proliferation [10, 11], in particular, with the devel-
opment of surfaces able to prevent bacterial adhesion and 
inhibit microorganisms.

In this goal, the study of nanoparticles is a field of 
research in full expansion that deals with technological 
developments in the elaboration and characterization of 
new materials with possible applications to prevent bac-
terial contaminations. Considerable efforts developed in 
recent years have made it possible to establish the anti-
microbial properties of some nanoparticles [12]. Zinc and 
copper oxides (ZnO and CuO) particles are among the 
most common inorganic substances in the fight against 
bacteria. They exhibit strong resistance to microorganisms 
due to their small size [13–15], which allows the creation 
of reactive oxygen species (ROS: ˙O2−, ˙OH, and H2O2) 
on the surfaces of oxides.

These compounds have been selected because the 
human body contains these basic mineral elements as 
oligo-elements. They possess a very high specific surface, 
low band gap energies (3.4 eV for ZnO and 1.2 eV for 
CuO) [16–18], a potent antibacterial activity with small 

amounts, a high photocatalytic activity under ultraviolet 
light and a significant effect for biological applications 
[19–21]. The metal oxide surfactant and its nature have an 
influential role in organic conversions. All these properties 
have been characterized by previous research, and the role 
of metal ions in the increase of antimicrobial activity has 
been highlighted [20, 22].

The current study indicates the production of new prod-
ucts with antimicrobial activity based on an area in the 
city of Guelma in northeastern Algeria, where kaolin was 
extracted and used as a primary raw material. This kaolin-
type material (denominated DD3) consists mainly of sili-
cium and aluminum oxides and also contains very important 
proportions of organic matter such as K, Ca, Fe, and Mn 
[23]. Up until now, very few researchers have focused on the 
use of ceramic-type material to produce active components 
that have antimicrobial activity. With the goal of increasing 
the stimulation against bacteria, zirconium oxide (ZrO2) was 
added to one of the obtained ceramic samples.

Therefore, the two types of ceramics (with and with-
out ZrO2) were treated at a temperature of 1300 ºC to 
obtain mullite–cristobalite for DD3 and mullite–zircon for 
DD3 + 38% of zirconia (ZrO2) nanoparticles have recently 
shown promising results in the elimination of cancer cells 
and control of infections [24]. The use of zirconia showed a 
greater efficiency compared to a material without treatment. 
Moreover, the obtained inorganic materials have attractive, 
interesting properties because of their good thermal resist-
ance, IR transparency, superior durability, less toxicity, 
safety, stability, and excellent selectivity [25, 26].

A new ceramic compound was used for the first time as 
an antibacterial, which proved its effectiveness on all types 
of bacteria used. This work aimed to analyze the effect of 
ceramic materials with new compounds (mullite–cristobalite 
and mullite–zircon) that show antibacterial properties due to 
their modification with zinc and copper oxides.

This was prepared using the co-precipitation method. 
During this, the particle size of the compound was reduced 
to 13–24 nm while nano-spherical shapes were obtained. 
The disc diffusion technique was used on Mueller–Hin-
ton medium in Petri dishes. The synthesis of DD3-clay/
CuO/ZnO and DD3Z + 38 wt% ZrO2-clay/CuO/ZnO 
particles, their antibacterial activity, and their antibacte-
rial action mechanism were studied. The inhibition zone 
for the DD3 sample reached 13.1 ± 0.1 mm for P. putida, 
23.025 ± 0.07 mm for S. aureus, and 22.33 ± 0.32 mm for 
B. subtilis.

For samples DD3/ZnO (28 wt.%)/CuO (2.8 wt.%) and 
DD3Z/ZnO (28 wt.%)/CuO (2.8 wt.%), there was a signifi-
cant improvement with the addition of (ZnO/CuO), which 
gave an average area of inhibition of 20.975 ± 0.02 and 
38.1 ± 0.1 mm against S. aureus, respectively. The addi-
tion of (14.28 wt.% ZnO/5.37 wt.% CuO) average area of 
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inhibition S. aureus it arrived 32.525 ± 0.47 nm for DD3-
clay and 37.25 ± 0.25 nm for DD3Z + 38 wt% ZrO2-clay. 
Moreover, the prepared ceramic nanoparticles have been 
shown to have a positive effect on Staphylococcus aureus, 
a bacterium whose drug resistance has now increased 
significantly.

2 � Experimental methods

Zn and Cu oxide particles were added differently to 
two distinct types of ceramic materials (DD3-clay and 
DD3 + ZrO2-clay) to create antibacterial materials using 
the co-precipitation process. DD3 is a locally produced clay 
substance made of kaolin that is sourced from the Guelma 
(Djebel Debagh) region of Algeria and supplied by ETER, 
a ceramic manufacturer situated in Guelma. With CaO (0.38 
wt%), Fe2O3 (0.64 wt%), MgO (0.06 wt%), and MnO (0.41 

wt%), the primary constituents of DD3 clay are silica (SiO2) 
and alumina (Al2O3). Three-eight percent zirconium oxide 
(ZrO2; 99.5% purity) is added to the ceramic-based material 
mixture.

After silica is consumed in the vitreous phase, zirconium 
oxide (ZrO2) is present and causes the development of zircon 
(ZrSiO4) with a high rate of open porosity. The highest rate 
of porosity (33%) On the ceramic surface is achieved by add-
ing 38 wt% ZrO2 to DD3 clay, according to a recent study 
[25]. The DD3 and DD3 + 38% ZrO2 powders were treated 
at a temperature of 1300 °C after grinding and sieving. The 
obtained ceramic powder was a composite of mullite–cristo-
balite (called DD3) and milling–zircon (called DD3Z) after 
this thermal transformation, according to the steps described 
in Fig. 1.

Following a heat treatment at 1300 ºC, the ceramic mate-
rials were mixed with 40 ml of distilled water (H2O) to cre-
ate the samples. The zinc acetate (Zn(CH3COO)2.2H2O) 

Fig. 1   Materials synthesis 
protocol and experimental 
parameters

DD3 powder
DD3Z powder

ZrO2

Sintering at 1300º, v = 5°C/min t = 2h

The raw materials used are Kaolin Djebel Debagh

Mechanical crushing and screening

Wet crushing at speed v = 500 rot/min for t = 10min

Mullite-Cristobalite Mullite-Zircon

Co-precipitation Method

Stirrer at 70 °C for 3 h

Centrifuged at 

3000 r/m

NaOH

Zinc acetate Copper acetate

Treatment at 500 °C for 2 h
Characterization 

of samples
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(14.28%/28%), copper acetate (Cu(CH3COO)2) 
(2.8%/5.37%), and sodium hydroxide (NaOH) were added. 
These percentages were deliberately selected in light of the 
effectiveness of the findings regarding the photosynthetic 
process in relation to the thin-layered ceramic samples (zinc 
and copper).

The same ingredients were transformed into the ratios 
above to work with them as powders. After that the magnetic 
stirrer was used to mix the mixture at 70 °C for 3 h. Fol-
lowing the removal of the solvent, the product underwent a 
water wash, a 3000 r/m centrifugation, and 10 min of oven 
drying at 200 °C. After that, the process was calcined for 2 
h at 500 °C to create ZnO and CuO nanocrystals. Figure 1 
illustrates the various phases of nanocomposites’ synthesis.

2.1 � Antibacterial activity

Pathogenic bacteria: Staphylococcus aureus (ATCC 25923), 
Bacillus subtilus (ATCC 6633), Escherichia coli (ATCC: 
25,922), Pseudomonas putida (ATCC 12633) and Entero-
bacter aerogenes (ATCC 13048) used in this investigation 
were obtained from a hospital’s biological service (Oum 
El Bouaghi, Algeria. Bacterial stock cultures were kept on 
nutrient agar slants and kept cold (4 °C). To test the strains’ 
antibacterial properties, they were cultured on nutrient agar 
plates for 18 h at 37 °C (Fig. 2).

Samples of mullite–cristobalite and mullite–zircon (10 
mg) were dissolved in 10 ml of dimethyl sulfoxide (DMSO 
10%), giving stock solutions of a 1 mg/ml concentration. 
Sterile paper discs (Whatman No. 1) of 8 mm diameter were 
saturated with 20 μl of the sample (1 mg/ml).

To evaluate the inhibitory effect of the two ceramic-type 
samples on bacterial growth, the Kirby Bauer method, which 
is routinely used in clinical laboratories for anti-biograms, 
was carried out [27, 28]. For each test strain, a suspension 

was prepared from one bacterial colony (18 h) in 2.5 ml of 
physiological water. A spectrophotometer adjusted the final 
concentration of the suspensions at 620 nm to reach 108 
cells/cm3.

The dried discs were then placed on the Muller Hinton 
agar already inoculated with the pathogenic strain. Ceramic 
pellets were then incubated at 37 °C for 24 h, and the inhibi-
tion zone was measured. All tests were performed in tripli-
cates. The obtained data were statically analyzed using an 
unpaired t test with GraphPad Prism. The values were pre-
sented as the mean ± SD.

2.2 � Examining data statistically

Using XL Stat (23.2.1141; Addinosoft SAS), the data were 
analyzed using repeated measures with two-way analysis 
variance (ANOVA) and the Tukey test for the least signifi-
cant difference.

3 � Results and discussion

3.1 � X‑ray diffraction

Figure 3a, b shows the XRD characterization for raw materi-
als. It is observed that the first three most important peaks 
(24.85°, 19.85° and 12.30°) for ceramic samples are peaks 
of both kaolinite and halosite compounds, which confirms 
that the raw materials used are kaolinite (Fig. 3a). With the 
addition of 38% of ZrO2 (Fig. 3b), it was confirmed that all 
the diffraction peaks correspond to zirconium single-edged 
structure (ASTM 37–1484).

The results of the XRD (Bruker AXS-D8) analysis of 
the DD3 and DD3 + ZrO2 powders were heated to 1300 °C 
shows that the high-temperature treatment consists of three 

Microbial strains Culture media Preparation of the inoculum

Mueller Hinton

Revival of strains

Incubate at 37°C for 18h

Incubate the 

Petri dishes: 

T=37°C, t=24 h

Microbial strains

Prepared 

nanoparticles

Petri dishes

Fig. 2   Diffusion methods in agar medium (Antibiotic + nanoparticle)
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phases (Fig. 3c, d): the cristobalite phase (JCPDS 01-0424), 
the mullite phase (JCPDS 15–0776) and the zircon phase 
(JCPDS 06-0266). In addition to the essential phases and 
after the increase of zinc and copper compounds by a co-
precipitation method, new peaks appeared at 31.80º, 34.46º 
and 36.29º. The latter correspond to the planes (100) (002) 
and (101), respectively, of the ZnO hexagonal wurtzite phase 
(JCPDS 36-1451). A distinct smaller peak is present at 
38.78° corresponding to the planes (111) of the monoclinic 
phase of CuO (JCPDS 01–1117).

The size of the crystallite grains (D) for the materi-
als obtained by the co-precipitation method (Fig.  3c, 

d) decreases when the Zn and Cu concentrations are 
increased, as shown in Table 1.

The sizes calculated with the Scherer’s formula [29]:

where the Bragg diffraction angle is θ, the whole width at 
half maximum of the XRD peak is β, and the X-ray wave-
length is λ.

(1)D =
0.9

� cos �
,

Fig. 3   XRD patterns of samples 
before treatment of a DD3; b 
DD3 + ZrO2; and after treat-
ment of: c DD3 + Zn/Cu; d) 
DD3 + ZrO2/Zn/Cu. K kaolinite, 
h halosite, q quartz, ZrS Zircon 
(ZrSiO4), Zr Zirconia (ZrO2), C 
Cristobalite (SiO2), M mullite 
(3Al2O3.2SiO2), ZO zinc oxide 
(ZnO)

15 20 25 30 35 40 45

q
ch

k kk

k

In
te
nc

ity
(a
rb

.u
)

2 (°)

DD3a)

h

k

15 20 25 30 35 40 45

Zr (M)
Zr (M)

Zr (M)

Zr (M)

Zr (M)

b)

2 (°)

In
te
nc

ity
(a
rb

.u
)

DD3+ZrO2

Zr (M)
k q

15 20 25 30 35 40 45

c

(121)
(210)

(101)

ZO
ZO

ZO

M

M

MM

M
MM

M

c)
In
te
nc

ity
(a
rb

.u
)

2 (0)

DD3 (1300 °C)
DD3/Zn (14.28%)/Cu(5.37%)
DD3/Zn (28%)/Cu(2.8%)

M CuO

c

15 20 25 30 35 40 45

ZrS

MZr

Z
O

Z
O

ZrS ZrS

ZrSZr

ZrSZr

Zr

ZrS

M M
M

MMMM
Zr

c
M

d)

In
te
nc

ity
(a
rb

.u
)

2 (°)

DD3+ZrO2 (1300 °C)
DD3+ZrO2/Zn (14.28%)/Cu(5.37%)
DD3+ZrO2/Zn (28%)/Cu(2.8%)

CuO

Table 1   Particles grain size 
before and after Zn:Cu addition

Samples Plan (hkl) Position of 
peak (º)

β(º) FHWM Grain size (nm)

DD3 (1300 ºC) (101) 21.67 0.21 38.1
(210) 26.32 0.29 27.6
(121) 40.90 0.24 35.2

DD3 + ZnO (28%) + CuO (2.8%) (101) 21.72 0.36 22.4
(210) 26.38 0.59 14.2
(121) 40.97 0.36 23.5

DD3 + ZrO2 (1300 ºC) (101) 26.99 0.17 47.5
(200) 28.22 0.22 37.6
(112) 35.65 0.23 36.4

DD3 + ZrO2 + ZnO (28%) + CuO (2.8%) (101) 27.01 0.35 23.3
(200) 28.23 0.38 21.6
(112) 35.65 0.65 13.2
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3.2 � SEM microscopy and EDX spectrometry

The SEM images of the nanoparticle–ceramic material 
composites obtained by the co-precipitation method are 
shown in Fig. 4. The images provide evidence of the mor-
phological differences between the two types of powders: 
the ZrO2-containing powder has larger, rounded grains with 
visible micropores throughout its entire surface (Fig. 4a, b); 
in contrast, the DD3 powders have grains that appear to have 
no surface porosity (Fig. 4a). The difference between the two 
types becomes even more noticeable when Zn/Cu is added.

It can be clearly seen that the quantity of ZnO (28%) 
and CuO (2.8%) attached to the surface of the DD3 is weak 
(Fig. 4c). However, an increasing amount of ZnO crystal-
lites covers the DD3 + ZrO2 surface and the morphology 
is more like flake structures (Fig. 4d). ZnO nanorods were 
broken up by CuO inclusion, which altered their dimensional 
characteristics. This change in ZnO shape showed how the 
concentration of Cu2+ ions has a major impact on the rate at 
which ZnO nanomaterials crystallize.

According to Khalida Mubeen et al. [30], ZnO’s form was 
altered by the addition of CuO. The SEM pictures demon-
strate how the various-sized nanorods and flakes are tightly 
clustered together with tiny spaces and cavities between the 

grains. Because the CuO nano-flakes packed into the gaps 
inside the ZnO nanostructure, the size of the nanostructures 
shrank [30].

The surface morphology of CuO nanoparticles of V. Usha 
et al. [31] demonstrates that leafy grains make up the CuO 
nanoparticle's surface morphology. During the annealing 
process, these grains tend to clump together by absorbing 
energy from the surrounding environment. The partial trans-
formation of the leaf-like grains into a structure resembling a 
flower at specific locations is clearly seen in the SEM image. 
Grain sizes are typically in the range of a few microns [31]. 
SEM images of ZnO particles produced by Jung-Hwan Lee 
et al. [32] revealed the following shapes: a 30 nm spherical 
particle; a short, thick needle; a comparatively thin, long 
needle; a small hexagonal planar form; and a large planar.

Figure 5 shows the peaks due to the elements Al, Si, Zr, 
and O, which allows us to assume that they are mullite–cris-
tobalite (Fig. 5a) and mullite–zircon (Fig. 5b). The carbon 
signals that appeared in the EDX spectra were attributed to 
the carbon coating on the device grid.

Figure 5c, d confirms by EDX analysis the presence of Zn 
and Cu in the chemical composition of the ceramic samples 
(Al, Si, Zr, and O) with more Zn (corresponding atomic 
percentage 7.41%) for the composite (DD3 + ZrO2/Zn/Cu). 

Fig. 4   SEM images of a DD3 at 1300 ºC, b DD3 + ZrO2 at 1300 ºC, c DD3 + Zn (28%)/Cu (2.8%) composite, and d DD3 + ZrO2/Zn (28%)/Cu 
(2.8%) composite
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Moreover, the presence of Na reveals the impact of the sam-
ple preparation technique. This compound was added during 
the preparation of the powder to facilitate the dissolution of 
the zinc and copper acetate. These spectra show distinctive 
peaks of additional impurities (Mn, Ca), indicating the pro-
duction of non-pure materials.

The composition of ZnO/CuO measured in these com-
posite was (12.82%/1.08%) and (24.59%/1.49%) for samples 
DD3/Zn (28 wt%)/Cu (2.8 wt%) and DD3 + ZrO2/Zn (28 
wt%)/Cu (2.8 wt%). These are less than the mixture that was 
employed in the synthesis. It could result from an uneven 

composite synthesis procedure, like a stirring treatment [33]. 
Table 2 shows the analysis values that vary according to the 
concentration and addition ratio.

It has been shown in previous work that adding 38 wt% 
ZrO2 to DD3 clay gives the highest porosity rate (33%) on 
the ceramic surface [22, 25]. The effect of the pores was 
important in the mechanism of deposition of the added 
elements, as more zinc was detected in the presence of 
the pores (Table 2). The percentage of zinc in DD3 + Zn 
(28 wt%)/Cu (2.8 wt%) is 12.82%, while in the powder 
containing zirconium oxide (DD3Z + Zn (28 wt%)/Cu 
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Fig. 5   EDX spectra of a selected area of studied samples

Table 2   Effect of Zn/Cu 
addition on the chemical 
composition of thin layers

Samples Elements (%)

O Al Si Zr Mn Ca Na Zn Cu

DD3 59.98 11.43 16.18 – 0.86 0.26 – – –
DD3 + ZrO2 75.98 10.83 7.96 4.52 0.71 – – – –
DD3 + Zn (28 

wt%)/Cu (2.8 
wt%)

60.36 11.07 14.52 – – – 0.36 12.82 1.08

DD3 + ZrO2/Zn 
(28 wt%)/Cu 
(2.8 wt%)

54.06 7.09 7.17 5.24 – – 0.36 24.59 1.49
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(2.8 wt%)), the percentage of zinc increases to 24.59%. 
This means that the amount of material deposited within 
the small pores led to this significant increase. Therefore, 
when the microporosity increases, the amount of additive 
is greater, allowing for better antibacterial activity.

3.3 � TEM microscopy

To get a better and more specific view of the internal struc-
tures of the material granules, they were examined using 
SEM in Fig. 6a, which reflects that the kaolinite has a cylin-
drical structure and the nanotubes are hollow inside, these 

a) b)

d)c)

e) f)

DD3 DD3 + ZrO2

DD3 + 1300 °C DD3 + ZrO2+ 1300°C

DD3/ZNO/CuO DD3+Zr2O/ZnO/CuO

Fig. 6   TEM images of a clay DD3, b) clay DD3 + ZrO2, b DD3 treated at 1300 ºC, d DD3 + ZrO2 treated at 1300 ºC, e DD3 + Zn (28%)/
Cu(2.8%), and f DD3 + ZrO2/Zn (28%)/Cu (2.8%)
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cavities extend along the axes of the tubes with open flanges. 
Zircon oxide (ZrO2) was added to the adhesion of their nano-
particles to the kaolinite walls (Fig. 6b).

Despite the heat treatment at 1300 ºC for the two types, 
the tubes largely kept their shape in the first type (Fig. 6c). 
However, their size decreased (Fig. 6d) due to their disin-
tegration due to the interaction of silica (SiO2) with ZrO2 
and the emergence of a new compound, which is zircon 
(ZrSiO4). It can be said that the hollow tubular structure 
of kaolinite contributed greatly to having a better bacterial 
effect also because its percentage is the largest in the materi-
als used, with stimulation of additives from zinc and copper 
oxides (Fig. 6e, f).

The structure and morphology of the crystal The 
CuO–ZnO sample’s TEM analysis was further assessed 
by Aklilu Guale Bekru et al. [34]. The created CuO–ZnO 
NCs have plate-like nanostructures, as demonstrated by the 
results, which validate the SEM investigation.

Surface designs consisting of nanostructures play an 
important role in inhibiting and reducing bacterial adhesion 
when bacteria are deposited on the surface terrain. This may 
lead to putting pressure on the bacterial cell membrane, thus 
tearing it apart and causing the bacteria to decompose and 
die by mechanical action [35]. Adhesion behaviors on a sur-
face are strongly determined by surface chemical properties 
such as surface charges, topologies such as surface rough-
ness, and geometry.

Materialism surfaces that use appropriate topography are 
promising for disrupting biofilm growth. Ionic surfactants 
with strong ionic solvents can bind water molecules firmly 
and stably through electrostatic interaction, which can form 
a stable and dynamic wetting layer. For example, T. S. 
Heckmann et al. [36] developed a TiO2 nanopillar, which 
endowed the TiO2 surface with excellent topographical 
effects resulting from the modification of both organic pro-
tein and bacterial contaminants. This topographical effect, 
which depended largely on the relative size of the detritus, 
had an enhancement on both global and local shear stress 
to interfere with bacterial proliferation. Another study sug-
gested that smaller particle sizes may be more effective in 

reducing bacterial adhesion for both Gram-positive bacteria 
(e.g., Staphylococcus aureus) and Gram-negative bacteria 
(e.g., Pseudomonas putida). Some oxide nanoparticles, 
SiO2, CuO, and TiO2, with low surface energy, have also 
been used to produce superhydrophobic surfaces, which can 
trap a stable air layer, thus reducing the contact area between 
the material and the liquid to prevent bacterial adhesion [37]. 
It can be said that structured micro-topographic surface pat-
terns with nano-roughness are also able to reduce biofilm 
formation of bacterial contaminants and thus increase anti-
bacterial activity.

3.4 � Raman spectroscopy

Raman spectroscopy is widely used to study the microchem-
ical properties and defects of particles. Through its spec-
trum, it is also easy to detect secondary phases of possible 
impurities that cannot be detected by X-ray analysis.

Raman spectra of different area of DD3, DD3Z, DD3/28 
wt% ZnO/2.8 wt% CuO and DD3Z/28 wt% ZnO/2.8 wt% 
CuO are shown in Fig. 7. It has been reported that mullite 
Raman signature could be observed with a characteristic 
broad doublet at 250–900 cm−1. All the spectra show Raman 
bands, particularly around 251, 258, 333, 340, 408, 485, 
610, 622, 710, 711, 746, 880, 895, and 899 cm−1. These 
bands are in accordance with data provided in the literature 
[38, 39]. The crystallization of mullite leads to the forma-
tion of Si–O–Al bonds, which are compatible with 606 and 
639 cm−1 [40, 41]. The peak due to O–Al–O bond vibration 
stretching at 143 cm−1 is sharp, indicating the development 
of kaolin in the structure [42, 43].

With the addition of zirconium oxide to kaolin DD3, we 
notice a complete change in the shape of the spectra and 
the emergence of peaks of higher intensity. The peak at 800 
cm−1 corresponds to the Si–O bond vibration in the spec-
trum of Zircon (ZrSiO4) [44, 45]. There are several Raman 
bands for ZrO2 in monoclinic crystal form at 158, 177, 190, 
192, 222, 309, 335, 382, 475, 476, 534, 537, 558, 560, 616, 
and 638 cm−1 [46, 47]. The peaks appearing at 214, 230, 
394, 425, 485, 554, 757, and 798 cm−1 and also the peaks at 

Fig. 7   Raman spectra of sample 
powders prepared by co-precipi-
tation methods
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the interval 40–60 cm−1 correspond to cristobalite [48]. The 
other peaks at 128, 207, 245,264, 354, 464, 467, 589, 640, 
664, 697, 808, and 818 cm−1 can be attributed to SiO2 [41]. 
All spectra for powders in Fig. 7a belong to the millite–cris-
tobalite compound (DD3) and the millite–zircon compound 
(DD3 + 38 wt%% ZrO2), and this agrees with the results of 
the analysis using X-ray.

For powders with the addition of zinc and copper oxide in 
the traditional mixing method (Fig. 7b), there was a change 
in the absorption curve in the range [250–1000 cm−1] with 
an increase in the intensity of the vibration lines to pave 
the way for the appearance of a very clear ZnO spectrum at 
101, 322, 380, 410, 438, 506, 541, 548, 574, 583, 584, and 
591 cm−1. It is characteristic of the Zn–O bond vibration 
[49]. Meanwhile, those at 280, 297, 298, 330, 343, 426, 455, 
628, and 632 cm−1 are associated with the vibration mode 
of CuO [50].

3.5 � Bacteria test

Three species of bacteria that we had on hand were utilized 
to test the previously made powders. These bacteria are the 
most commonly used and employed by researchers because 
they grow quickly in a suitable medium at 37 °C. The inhi-
bition zone of each ceramic pellet was assessed after 24 h. 
Table 3 presents the findings.

Our findings further demonstrate the efficiency of the 
produced materials in creating inhibitory zones. All of the 
examined microorganisms have the maximum sensitivity to 
the most concentrated nanomaterials, and more extensive 
measurements show the zone of inhibition according to the 
values. This demonstrates that improved antibacterial activ-
ity is a function of greater concentration and smaller particle 
size [51].

For every strain under investigation, it rose following the 
addition of both copper and zinc. Conversely, the behav-
ior of Gram-positive and Gram-negative strains changed in 
response to the nanoparticles. While the zone of inhibition 

for Gram-negative Escherichia coli grows and becomes 
more significant than it would be in the absence of addi-
tion, inhibition for Gram-positive Staphylococcus aureus 
exhibits notable symptoms. When it came to fighting bac-
terial strains, DD3 + ZrO2 and DD3 nanoparticles were 
less successful than DD3 + ZnO (28%) + CuO (2.8%) and 
DD3 + ZrO2 + ZnO (28%) + CuO (2.8%) nanoparticles.

Figure 8 shows the size of the zone of inhibition formed 
around each disc loaded with test samples, indicating the 
antibacterial activity towards S. aureus and B. subtilis for 
different ceramic compounds.

The rate of inhibition of the biofilm biomass formed 
by S. aureus, P. aeruginosa, and E. coli in contact with 
different concentrations of DD3/Zn/Cu and DD3Z/Zn/
Cu nano-composites. After adding (28 wt% Zn/2.8 wt% 
Cu) to the two types of ceramics DD3 and DD3 + ZrO2, 
we reach (14.225 ± 0.22 and 24.275 ± 0.27) for P. putida, 
(20.975 ± 0.02 and 38.1 ± 0.1) for S. aureus and (13.05 ± 0.05 
and 24.9 ± 0.1) for B. subtilis, respectively. We note that the 
percentage of inhibition of biofilm formation of the strains 
tested is dose-dependent and proportional to increasing con-
centrations of ZnO/CuO. The zone of inhibition and anti-
bacterial activity surrounding the DD3 is depicted in Fig. 9, 
both without and with the addition of ZrO2, Zn, and Cu 
loaded with test samples.

The amount of work being done toward the synthesis and 
modification of the particles for biomedical applications has 
led to a significant advancement in the utilization of inor-
ganic nanoparticles. Microorganisms are poisonous to a vari-
ety of heavy metals and metal oxides, either in their free 
form or as compounds at extremely low concentrations [52].

Through a variety of processes, including attaching to and 
inactivating intracellular proteins, producing reactive oxygen 
species, and directly damaging cell walls, these inorganic 
compounds kill bacteria. Among the most widely utilized 
inorganic materials, antimicrobial substances are zinc oxide 
(ZnO), copper oxide (CuO), magnesium oxide (MgO), tita-
nium dioxide (TiO2), and silver (Ag) [53].

Table 3   Correlation of the size 
and the inhibition zones of 
materials

Materials Bacteria

Inhibition zone of materials (mm)

P. putida S. aureus B. subtilis

1 DD3 13.1 ± 0.1 23.025 ± 0.07 22.33 ± 0.32
2 DD3 + ZrO2 11.475 ± 0.47 16.775 ± 0.22 –
3 DD3 (1300 ºC) 14.275 ± 0.27 27.8 ± 0.2 23.67 ± 0.32
4 DD3 + ZrO2 (1300 ºC) 16.5 ± 0.5 20.9 ± 0.1 14.15 ± 0.87
5 DD3 + ZnO (28%) + CuO (2.8%) 14.225 ± 0.22 20.975 ± 0.02 13.05 ± 0.05
6 DD3 + ZrO2 + ZnO (28%) + CuO (2.8%) 24.275 ± 0.27 38.1 ± 0.1 24.9 ± 0.1
7 DD3 + ZrO2 + ZnO (14.28%) + CuO (5.37%) 29.2 ± 0.2 37.25 ± 0.25 28.85 ± 0.15
8 DD3 + ZnO (14.28%) + CuO (5.37%) 19.25 ± 0.25 32.525 ± 0.47 24.12 ± 0.12
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Ahmad and Kalra [54] observed that ZnO NPs prepared 
biologically from ethanolic extract of Euphorbia hirta leaves 
at different concentrations of 20, 40, 60, and 100 μg/ml 
caused growth inhibition of Escherichia coli with inhibi-
tion zones of 12, 16, 20, and 24 mm, respectively. ZnO and 
CuO nanoparticles were prepared by Rania Dadi et al. [55] 
to see their antibacterial activity on Staphylococcus aureus, 
Escherichia coli, and Pseudomonas aeruginosa.

The sol–gel method was used to prepare samples. The 
results obtained showed that the inhibition of bacteria by 
CuO nanoparticles is more effective than ZnO. Based on 
the findings of R. Britto Hurtado et al. [56], copper nano-
particles (CuNPs and CuONPs) were prepared using the 
green synthesis method, which is an effective alternative to 

traditional physical and chemical methods. It also showed 
its effectiveness when applied as an antibacterial agent for 
the organisms that cause microbes and diseases. The results 
obtained by Jing Kong et al. [57] examined the antibacterial 
activity of Cu2O/ZnO composite on two strains of Gram-
positive (S. aureus) and Gram-negative (E. coli) bacteria. 
A decrease in cocci growth was observed when more than 
5% Cu2O stimulants were added under visible light within 
30 min of treatment. In comparison, the antibacterial activity 
of Cu2O/ZnO is 2.7 times higher than pure ZnO and kills 
bacteria in E. coli [57] (see Table 4).

3.6 � Antibacterial test

In the present study, 8 types of materials synthesized from 
Mullite, zircon, cristobalite, zinc, and copper were tested 
against three strains of pathogenic bacteria P. putida, B. 
subtilis, and S. aureus. These bacteria have been reported 
to be agents causing human diseases. In addition, multiple 
drug-resistant S. aureus (MRSA) bacteria have significantly 
increased nowadays [61].

Antibacterial activity results showed that, except for 
sample 6, which did not affect Bacillus, the other samples 
exhibited activities against all tested bacteria, whether 
Gram-positive or negative. The physical characteristics of 
the bacterial cell wall, including its thickness, density, poros-
ity, and integrity, as well as its chemical makeup, determine 
how different two bacterial groups are from one another. 
While Gram-negative bacteria have thin walls encircled by 
lipid-rich membranes, Gram-positive bacteria have thick, 
dense, comparatively non-porous walls and retain the pri-
mary colors.

Fig. 8   Results of the halo test of a S. aureus and b Pseudomonas after incubation at 37 °C for 24 h
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The values of inhibition zones are shown in Table 5. 
By comparing these values, it could be observed that 
those obtained by samples 6 and 7 were larger than 
(24–29) mm for P. putida, (37–38) mm for S. aureus, 
and (24–28) mm for B. subtilis) those obtained with 
the other samples (1, 2, 3, 4, 5, and 8). Samples 6 and 7 
are composed of DD3 + ZrO2, ZnO, CuO with different 
percentages: (DD3 + ZrO2 + ZnO (28%) + CuO (2.8%), 
DD3 + ZrO2 + ZnO (14.28%) + CuO (5.37%)). S. aureus 
was the most sensitive strain (38.1 ± 0.1) mm. Several 
studies have reported the antibacterial activity of nano-
particles of ZnO, CuO, and ZrO2 [18, 19, 24, 62]. It was 
found that ZnO and CuO nanoparticles exhibit antibacte-
rial activity, and this antibacterial activity increases with 
the decreasing size of these nanoparticles.

This decrease in the size of the nanoparticles is due 
to the methods of preparation and heat treatment used. 
Also, ZnO and CuO nanoparticles contribute to the greater 
mechanical damage of the cell membrane [63] and their 
enhanced bactericidal effects. Antimicrobial and antifun-
gal studies revealed that a zirconia nanoparticle shows that 
the active surface plays a vital role in defining the activity 
against microbes. Numerous biomedical applications of 
therapeutic importance show how they counteract colon 
cancer and highly resistant microorganisms as well.

Interestingly, it is pointed out that DD3, without the 
addition of ZrO2, ZnO, and CuO, also presented an anti-
bacterial activity (sample 1) against all strains tested. The 
relative increase in region value after adding the oxides to 
the DD3 is shown in Table 3 for one type of Staphylococ-
cus aureus bacteria (Fig. 10).

3.7 � Penetration of nanoparticles principle

The mechanism of penetration of nanoparticles remains to 
be elucidated. Indeed, the interaction of physical particles 
with the bacterial wall has been studied little, and therefore, 
their penetration into the bacterial wall has been observed 
little [64]. There are, however, a few possible explanations. 
The first is that the particles are able to pass through the 
wall’s non-specific porins, but since the largest porins have 
a diameter of 2 nm, this explanation seems implausible. The 
second most likely explanation is that the particles are able 
to exert mechanical pressure on the wall because there is a 
difference in the concentration of osmolyte on either side of 

Table 4   Results of antibacterial activity of some previous works

Antibacterial activity Synthesis method Treatment Inhibition zone (mm) References

P. putida S. aureus B. subtilis

ZnO nanoparticles Plant material – 24 29 – [51]
ZnO and CuO nanopar-

ticles
Sol–gel method 60 °C 38 for CuO, 30 for ZnO 31 for CuO, 28 for ZnO – [52]

CuO nanoparticles 
(NPs)

Mechanochemical 
method

60 °C 10.6 and 11.2 11.3 and 12.4 – [58]

ZrO2 nanoparticles Sol–gel method 4 °C and 25 °C 1.25 – – [59]
ZrO2–Ag2O nanopar-

ticles
Sol–gel method 500 ºC 15 ± 1.6 16 ± 0.3 17 ± 1.4 [60]

DD3 + ZrO2/Zn/Cu Co-precipitation 
method

500 ºC 24.27 ± 0.27 38.1 ± 0.1 24.9 ± 0.1 Current work

Table 5   Value of DD3 activity 
based on the other samples

DD3 Percentage increase (%)

Samples 2 3 4 5 6 7 8

S. aureus 27.15 20.76 9.20 8.90 65.5 61.81 41.27
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Fig. 10   Effect of the addition on the ceramic DD3 type and its effec-
tiveness against S. aureus bacteria
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the membrane, which allows them to force a passage through 
[65].

However, a measurement of the osmolality of the nano-
particle suspensions was carried out and showed that it is 
very low. Thus, the nanoparticles do not exert any hyperos-
motic pressure and, therefore, cannot force their way through 
the membrane in this way. The third hypothesis would be 
that a particle in contact with the membrane could produce 
ROS and thus cause membrane damage [66]. Holes in the 
membrane would be formed and allow penetration of the 
nanoparticles into the periplasm or cytoplasm [67].

The importance of the charge of the particle so that it can 
approach the wall and release the ROS in its vicinity, the 
positively charged nanoparticles penetrate the bacterial wall 
(Fig. 11). Therefore, it is perhaps the charge of the particles, 
in addition to or in substitution for their size, which condi-
tions the penetration of nanoparticles. Furthermore, this sup-
ports the third hypothesis of the penetration mechanism [68].

3.8 � Antibacterial mechanism

The benefits of using these inorganic oxides of nanoparti-
cles as antimicrobial agents include their decreased toxicity 
and heat resistance, as well as their increased effectiveness 
against resistant strains of pathogenic origin. The presence 
of reactive oxygen species (ROS) generated by the nano-
particles of ZrO2, SiO2, ZrSiO4, Al2O3, ZnO, and CuO is 
responsible for their bactericidal activity. The nanoparticles’ 
antibacterial behavior may be attributed to hydrogen per-
oxide and membrane proteins, as the product of hydrogen 
peroxide penetrates bacterial cell membranes and kills them. 
Hydrogen peroxide is generated once by DD3/ZnO/CuO and 
DD3Z/ZnO/Cu. The nanoparticles stay in contact with dead 
bacteria to prevent the action of the bacteria and further 
generate and discharge hydrogen peroxide.

The action of Zr4+, Al3+, Si4+, Zn2+, and Cu2+ ions on 
bacteria depends on the genus and species of the microor-
ganism considered; the ions interact with numerous nega-
tively charged groups contained in biological molecules. 
The metal cations act simultaneously on many sites in the 
cell. The surface of the particle generates reactive oxygen 
species (ROS), represented by the ⋅O−

2
 , ·OH, and H2O2 [69], 

and when the concentration is sufficient, the microorganism 
cannot mutate before being killed.

The antibacterial performance observed for DD3-clay 
and DD3 + 38% ZrO2 modified clay sample is due to the 
shape and the structure of the specific surface which played 
an important role in the trapping of holes and electrons by 
donors (H2O) and electron acceptors (O2) respectively and 
can develop a more active surface of the materials (Fig. 12). 
The composites of mullite and Zircon products after a high 
process will be more adapted to generate (electron/hole) 

Fig. 11   Principle of antibacterial activity of nanoparticles

Fig. 12   Antibacterial processes of the composite (ceramic/ZnO/CuO)
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[70–72]. This is due to the newly created phase, namely zir-
con [73].

However, the band gap of this composition ( Eg

(SiO2) = (6.1–6.6) eV [74], Eg(Al2O3) = 7.4 eV [75], Eg

(ZrSiO4) = 6.5 eV [28], Eg(m-ZrO2) = 3.6 eV [76]) creates 
small amounts of e−/h+ by the photonic radiation absorb-
ance of visible light. When the addition of zinc and copper 
oxides is added, the combination is avoided, and the number 
of electrons facilitating the education of cap O sub 2 to, cili-
tating the education of O2 to ⋅O−

2
 radicals is increased. The 

⋅O−

2
 may then react with H+ to form ⋅HO2 and H2O2 [77–80].
On the other hand, interacting holes generated by semi-

conductors (ZnO, CuO, and ZrO2) with H2O and OH− cre-
ate the largest number of ⋅OH radicals, which are the main 
oxidants. This efficiency of the mechanism is only related 
to the generated of the radicals such as ⋅O−

2
 , ⋅HO2 , ⋅OH , and 

H2O2 and give free radicals when they interacted with outer 
cell walls [81]. The H2O2 can kill the bacteria by causing 
deformation, leak, and perturbation when it penetrates the 
cell membrane of the bacteria [82–84].

When the specific surface area of the active materials is 
greater, the generation of H2O2 is greater, resulting in better 
antibacterial efficiency.

4 � Conclusions

The study describes the development of new ceramics/
ZnO/CuO composites with two types of kaolin (DD3 and 
DD3Z) for their use in the antibacterial activities on two 
bacterial strains with different Grams due to their extensive 
involvement in the phenomena of contamination and infec-
tion encountered in the medical field. The co-precipitation 
method was used to produce the samples. The substrates 
and membranes developed in this study were studied for 
their structural, morphological, and antimicrobial activity 
properties. X-ray diffraction analysis indicated that the sam-
ples with the addition of metals (Zn:Cu) rose, and the size 
of the samples decreased between 13 and 24 nm. Surface 
topography analysis by SEM also confirmed that the ceramic 
substrates had excellent porous surfaces. A decrease in grain 
size and surface roughness was observed after the addition 
of zinc and copper to both types. ZnO and CuO particle 
existence was verified by scanning electron microscopy and 
energy dispersive X-ray, which also demonstrated that ZnO 
particles are deposited onto the surface of ceramic-based 
mullite–zircon with flake structures. Raman analyses showed 
distinct vibration for Si–O–Al, O–Al–O, Si–O, Zn–O, and 
Cu–O bands. The sensitivity of harmful microorganisms to 
these materials was confirmed by antibacterial tests con-
ducted against Gram-positive (Staphylococcus aureus and 
Bacillus subtilis) and Gram-negative (Pseudomonas putida) 
bacteria. The assay identified two potent antimicrobial 

agents, DD3 + ZrO2 + ZnO (28 wt%) + CuO (2.8 wt%) and 
DD3 + ZrO2 + ZnO (14.28 wt%) + CuO (5.37 wt%), both 
of which exhibit significant inhibition zones, particularly 
against Staphylococcus aureus. The zone of inhibition for 
S. aureus bacteria reached 38.1 ± 0.1 mm for the first type 
of powder, while it reached 37.25 ± 0.25 mm for the second 
type, respectively. In the present study, the ability of a low-
cost ceramic material (DD3) to inhibit bacterial growth is 
reported. The ceramics/ZnO/CuO may be promising agents 
for antibacterial applications.
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