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Abstract: Our work consists in studying the effect of the thermal treatment at 900°C of
three clays “two anionic clays of synthesis ' Double lamellar hydroxide' Zn3Al-COs and
Mg3Al-COs, and another natural cationic: Ghassoul (Gh)”, on their antibacterial and
bioelectronic power. Their chemical characteristics such as pH at zero charge point
(pHzp), redox potential (Eh), index of oxidizing/reducing power (rH2), and
electrochemical potential to dissipate energy (W), as well as the type of oxide formed
as a result of this treatment; were also determined. The materials were characterized by
powder X-ray diffraction (XRD), Fourier transform infrared spectrometry (FTIR), and
scanning electron microscopy (SEM). Antibacterial activity was tested for four bacteria:
two Gram positive (Staphylococcus aureus, Enterococcus faecalis) and two Gram
negative (Escherichia coli, Salmonella spp). The antibacterial power of the three clays
was evaluated by their minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC), using the microtiter plate technique. The results
showed that the pHzep, TH2, W and antibacterial power of the two lamellar double
hydroxides increased as a result of heat treatment. While the test on the heat treated
cationic clay showed an opposite result. It thus appears that the changes in the
physicochemical and electrochemical characteristics of the clays following their
calcination at 900°C; are at the origin of the change in their antibacterial power.

Keywords: Clays; calcination; bioelectronic coordinates; Antibacterial

1. Introduction

The search for new substances with antibacterial activity as alternatives to conventional antibiotics
is a very important and crucial scientific issue. For this reason, several studies have focused on clay
materials because of their abundance in nature or their ease of synthesis and also for their important
chemical and biological properties. (Reichle, 1986; Cavani et al., 1991; Kim et al., 1998; Vaccari,
1998; Benhammou et al., 2009; Ainane et al., 2021). The clay material Ghassoul (Gh) has aroused the
interest of many chemists since the last century, it is a natural Moroccan cationic clay rich in
magnesium, of majority phase smectite, (Belamine, 2012). The double lamellar hydroxides which are

anionic clays, not very abundant in nature but which can also be obtained by synthesis in a great variety
of composition, their oxidation-reduction or acid-base behavior and their electrical properties (Faure
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et al., 1991; Demourgues-Guerlou & Delmas, 1994); give them interesting properties opening the
prospect of their application in many fields: catalysis, environment, food industry, pharmaceutical
industry, polymer industry and solid electrochemistry (Newman & Jones, 1999; Toraishi et al., 2002;
Nawal, 2015). To characterize the electronic activity of the studied clay materials, the specific power
(W) of the materials was calculated. This one does not characterize the state of thermodynamic
equilibrium, but it becomes a variable measuring a state of electrochemical potentiality to dissipate
energy. A difference of W between two electrolytic media in contact becomes a kinetic factor of
energetic contribution necessary to the maintenance of the structure (Orszagh, 1992). The chemical
concept of rH2 was introduced in this work. Indeed, rH2 allows to evaluate the strength of an oxidant
(or a reducer) by identifying the electron transfers alone (Fougerousse, 1996). The redox potential Eh,
zero charge point, and resistivity of the materials were measured. In the light of what has just been
presented, our interest in this work concerned the materials 'Ghassoul and LDH', raw and thermally
treated at 900°C, in order to study their antibacterial activity according to their bioelectronic
coordinates and the change of their physicochemical compositions.

2. Methodology
2.1 Sourcing and preparation of materials

The materials used in this study are two lamellar double hydroxides based on zinc and aluminum
(Zn3Al1-CO:s3), and the other based on magnesium and aluminum (Mg3Al-CO3). The cationic clay used
is Ghassoul; from Jbel Ghassoul in the Fez-Meknes region of Morocco. The three materials were used
raw and calcined at 900°C. Double lamellar hydroxide were synthesized by co-precipitation, (Miyata,
1975, Thenevot et al., 1989; Chang et al., 2005). This method consists in preparing an aqueous solution
containing a mixture of NaOH (0.25 M) and Na;CO3 (0.05M) and another solution containing a mixture
of two metal, with a molar ratio (Zn/Al, Mg/Al) equal to three. Co-precipitation was induced by adding
the two solutions dropwise into a flask containing 20 ml of distilled water to maintain pH = 10. Then
the mixture was kept under magnetic stirring at a temperature of 70°C for 18 h until crystallization.
The precipitated product was filtered and washed several times with distilled water to remove excess
ions (CI, Na®...), then dried at 105°C for 18 h (Rives, 2001; Qabaqous et al., 2018; Zerhouni et al.,
2021). Ghassoul is a commercial sample (Ghassoul Chorfa Al Akhdar), it was crushed without any
treatment. After drying it at 100°C, it was crushed and sieved with standardized sieves according to
AFNOR with diameter between 250 and 315 pum (Qabaqous et al., 2014; Qabaqous et al., 2018 ;
Zerhouni et al., 2019, Zerhouni et al., 2021). The products were characterized using XRD, FTIR, and
SEM-EDX.

2.2 Product characterisation

Infrared analysis of the different materials was performed using a Schimadzu Model IRAffinity S

Fourier Transform Spectrometer (FTIR), equipped with a detector (TGS) and a ceramic source.
Absorption spectra were performed with pellets containing 1 mg sample and 100 mg KBr, and recorded
in the interval 4000-400 cm™!, with a resolution of 4 cm™.
Powder X-ray diffraction (XRD) analysis of the different materials was recorded using a Philips PW
1800 diffractometer (copper Ka line A = 1.5406 A, 40 kV, 20 mA) in Bragg-Brentano geometry. The
spectra of the different samples were recorded in a 20 range between 5° and 70° with an angular
increment of 0.04°. The different analyses were performed at the Laboratory of Chemistry --Biology
Applied to the Environment, Faculty of Sciences Meknes.
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Scanning electron microscopy (SEM) was used to observe the morphology of the studied clays. Energy
dispersive X-ray spectroscopy (EDX) is a characterization technique coupled with scanning electron
microscopy, which can give the atomic composition on surfaces of the order of nanometer diameter.
The various analyses were conducted at the Center for Innovation and Technology Transfer (CITT) of
Moulay Ismail University, the device used is type JSM - IT 500 H R.

The calcined materials were noted as Gh-900, Zn3Al-900, and Mgz Al-900. Calcination was performed
in a Nabertherm furnace for duration of four hours and a temperature of 900°C. Temperature and
duration previously used by Velu et al., (1997) and Abderrazek et al., (2016). The different materials
were characterized by XRD, IR and SEM.

2.3 Bioelectronics coordinates of the studied clays

Electrochemistry is concerned with the movement and transfer of charges from one medium to
another. The ultimate unit of charge is the electron (Crow, 1994).
There are three bioelectronics coordinates: pH; rH> and electrical resistivity designated by the symbol
p. If the measurement of pH allows to know the activity of hydronium ions (H;O"), the knowledge of
the electronic balance imposes the consideration of the activity of molecular hydrogen (H>), whose

cologarithm is called rHa, is defined as follows: rH, = log (ﬁ) ; where [H:] is the thermodynamic
2

activity of molecular hydrogen that would be formed as a result of electron exchange between water
and solutes (Orszagh, 1992). The calculation of the rH> value is done from the experimental
measurement of the redox potential Eh and the pH, according to the following formula (Olivier ef al.,
2015):

rHot 25°c) = 33.3 Ehgvoitsyt 2pH

The third bioelectronics coordinate, the electrical resistivity p in ohms.cm, is the inverse of the specific
conductivity (6) of the clay suspensions studied. It is expressed in micro-Siemens, and was measured
by a Cond 340i / SET type conductivity meter, with p= 1/6. Indeed, any redox system can be
schematized using a cell consisting of a normal hydrogen electrode and an electrode containing the
studied redox system in solution. The maximum power W of this cell is (Orszagh, 1992):

W = Ax (rH2-2pH)2 _ Ax(Eh)2
p p

v A is a constant whose numerical value is 875 at 25°C

v" Eh is the electromotive force (or free enthalpy to the nearest constant) of the battery.

v" W in microwatts, p is the resistivity in ohms.cm.

The term W thus expresses the maximum rate of energy dissipation by a chemical or biochemical
charge-transfer reaction in the broadest sense of the term, since the potential Eh depends on both the
pH and rH> of the medium, since the term p appears in the expression for W.

The determination of the redox potential and pH of clays was carried out according to the method
described by Longchambon (1939). Five g of clay were suspended in 100 ml of distilled water. The
suspension was stirred for one hour to obtain an equilibrium between clay and water, then the Eh
potential (expressed in mVolts) and pH were measured using conventional electrodes (pH meter Adwa
AD1000). The measurements were carried out under the same conditions for all tested materials, with
three repetitions.
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2.4 Zero charge point (pH.cp)

The pH of the zero charge point (pHzcp), corresponds to the pH value for which, the net charge of
the adsorbent surface is zero (Nandi ez al., 2009). It is interesting to know the zero charge point which
corresponds to the state of equality between positive and negative charges on the surface of the clay.
The presence of OH™ and H" ions in the solution can modify this charge potential at the surface of the
material (Elyahyaoui ef al, 2017; Azha et al., 2018). The pH,, was determined by putting 50 ml of a
NaCl solution (0.01 M) in six closed vials, then their pH is adjusted to values of 2, 4, 6, 8, 10 and 12,
by adding of NaOH or HCI (0.1 M) (Sahoo ef al., 2014). Fifty mg of the material was then added to
each vial. The suspensions were kept under agitation at room temperature for 24 hours. The final values
of pH (pHr) were subsequently recorded. The pH,cp value is the point where the curve ApH (pHr—pH ;)
versus pH; intersect the x-axis pH; (Nandi et al., 2009; Shah et al., 2015; Boumchita et al., 2016).

2.5 Antibacterial tests
2.5.1 Preparation of clays

The solutions studied at 50 mg/ml concentrations, were prepared in suspension in the distilled
water and mechanically agitated by vortex, then sterilized in an autoclave at 121°C for 20 minutes.

2.5.2 Germs tested and their origins

The antibacterial activity of the different materials was tested for two Gram+ bacteria:
Staphylococcus aureus (S. aureus), Enterococcus faecalis (EF), and two Gram- bacteria: Escherichia
coli (E.coli) and Salmonella spp (Sal). These bacteria were provided by the team of Microbiology and
Health of the Laboratory of Chemistry Biology Applied to the Environment of the University Moulay-
Ismail at the Faculty of Sciences of Meknes, Morocco.

2.5.3 Preparation of inoculums

Cultures of the bacteria were grown on nutrient agar (Mueller-Hinton) for 18 to 24 hours and
incubated at 37°C. Then, these cultures were suspended in saline solution (0.9% NaCl) and inoculated
respecting a density equivalent to McFarland standard density 0.5 or an absorbance included between
0.08 and 0.13 at 625 nm, which corresponds to an inoculums of approximately 1 to 210%8 CFU/ml
(CASFM, 2021). The concentration of the inoculums used for the antibacterial test was 5 103> CFU/ml
(Eloff, 1998; Andrews, 2001).

2.5.4 Determination of minimum inhibitory concentration (MIC)

The minimum inhibitory concentration was determined by the microdilution method on 96-well
microplates. A volume of 50 pl of Mueller-Hinton broth was added to each well. Then, to the first well
was added a volume of 50 pl of a tested clay suspension of concentration 50mg /1ml (this is the same
concentration used for determination of redox potential and pH of the materials); from which a series
of dilutions at a rate of 2 across the line was made until the tenth well. Then 50 pl of the bacterial
suspension (with a concentration of 5.10° CFU/ml) was added to each well, followed by a 100uL
volume of Mueller-Hinton broth added to each well. Well n°11 and n°12 are the positive and negative
controls for bacterial growth, respectively. After incubation at 37+2°C for 24 hours, the reading is
taken by adding 40 pl of TTC (2, 3, 5-triphenyltetrazohum chloride), which is used as a microbial
viability indicator following a 30-minute incubation at 37+2°C; the red color in the wells indicates
bacterial growth. Each test was repeated three times (Eloff, 1998; Andrews, 2001; Wade et al., 2001 ;
Chebaibi et al., 2016 ; Jahanpanahi, 2016 ; Rasouli et al., 2017).
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2.5.5 Determination of minimum bactericidal concentration (MBC)

Referring to the results of the MIC assay, the wells showing complete absence of bacterial growth
were identified, and 10 pl of each well were transferred to Mueller-Hinton agar plates and incubated
at 37°C for 24 h. The complete absence of growth was considered as the minimum bactericidal
concentration (Zegaoui et al., 2014). Effect was determined according to the value of the CMB / MIC
ratio. When the CMB/CMI ratio is greater than or equal to 4, the material tested is considered to be a
bacteriostatic agent, if on the other hand it is less than 4, the material tested is considered to have a
bactericidal effect (Levison, 2004).

2.6 Statistical analysis
The data were presented as means, and the statistical analyses were performed using Microsoft
Office Excel, OriginPro 2021 and X'Pert HighScore software.

3. Results and discussion
3.1  Physicochemical Characterization of the clays tested
3.1.1 XRD
v The raw and calcined ghassoul
The XRD spectrum (Figure 1) of the raw ghassoul showed the presence of the phases: stevensite
(S), quartz (Q), dolomite (D), and calcite (C). The processing of the spectra by the X'Pert HighScore
software with the use of JCPDS (Joint Committee Powder Diffraction Standards), showed the degree
positions of the main lines of these phases:
e Stevensite (S) observed at the 20 =11.56° (Qabaqous et al., 2014); 19.32°; 33.15°; 34.74°; and 40.99°
(JCPDS: 00-013-0257).
¢ Dolomite (D) observed at the 26 = 30.93°; 37.37°; 51.06°; and 59.82° (JCPDS: 00-036-0426).
e Quartz (Q) observed at the 20 = 20.83°; 26.64°; 39.45°; and 50.16° (JCPDS: 00-005-0490).
e Calcite (C) observed at the 20 = 29.4°; 35.96° and 43.14°° (JCPDS: 00-005-0586).
The XRD (Figure 1) of ghassoul calcined at 900°C, showed the disappearance of some of these
phases and the appearance of new phases:
e Enstatite (E) phase; whose characteristic lines are at 20 =31.99°; 35.45°; 42.16°; 55.10°; 56.89° and
59.33° (JCPDS : 01-071-0786).
¢ Diopside phase (d); whose lines are at 20 =20.31°; 27.77°; 30.12°; 44.73°; 49.93°; and 52.23°
(JCPDS : 01-083-1818).

o —— Gh-900
Ghb

20°

Figure 1. Diffractograms of raw and calcined ghassoul at 900°C
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In addition to these new phases appeared, quartz persists, while Stevensite disappears, its absence can
be explained by its transformation into Enstatite (Benhammou ef al., 2009). This transformation can
be represented by the following reaction: SiaMg3;(OH)20190 — 3SiMgOs; + Si02 + H>O

the other hand, the appearance of diopside (CaMgSi2Os) can be explained by the following reaction:
1 dolomite+2 quartz= 1 diopside+2CO; (Liittge & Metz, 1993).

v Zn3Al-CO; and Mg3Al-CO3

The diffractograms of Zn3Al-CO3; and Mg3;Al-CO3 (Figure 2), show the set of lines (00]) in
particular (003), (006), (012), (015), (018), (110) and (113) located respectively at 20 equal to 11.7°;
23.4°; 34.59°; 39.42°; 46.69°; 60.13°; and 61.60°, which are characteristic of the lamellar structure.
These more or less fine and intense lines show the good crystallinity and purity of the sample.

(]
(]
()

Mg,AI-CO,
ZnAI-CO,

n

006

20 25 30

(

12 g

15 p1g
110 113
35 40 45 50 55 60
2e°

5 10 15

Figure 2. Diffractograms of Zn3Al-CO3 and MgzAl-COs

v' Zn3Al-CO3 and Mg3;Al-COj calcined

The diffractograms of Zn3Al-900 and Mg3Al-900 (Figure 3) show the disappearance of the lines
(001) characteristic of the Hydrotalcite structure. However, new phases appear at 20 = 31.77°; 34.42°;
36.25°;47.53°; 56.60°; 62.86°; 66.38°; 67.96° and 69.10° corresponding to zinc oxide (ZnO) (JCPDS:
00-036-1451) and at 20 =31.24°; 36.84°; 44.81°; 49.07°; 55.66°; 59.34°, 65.23° corresponding to spinel
ZnAlO4 (JCPDS: 00-005-0669) for hydrotalcite Zn3Al-COs3 calcined at 900°C. For Mg3Al-COs
hydrotalcite calcined at 900°C, we observe the appearance of new lines attributed to MgO oxide (JCDS:
00-045-0946) at 20 = 36.94°; 42.92°; 62.30°, and MgA1>O4 spinel phase (JCDS: 00-003-0901) at 26 =
36.96°. However, we note a difference in the position of the characteristic lines of the oxide and spinel
phases for the two LDHs, probably due to the nature of the cation constituting the matrix of the material.
Moreover, for Zn3Al-COs3 the oxide phases are much more developed than in the case of Mg3Al-COs.

3.1.2 Infrared spectroscopy analyses
v The raw and calcined ghassoul

The IR spectrum (Figure 4) of raw Ghassoul (Ghb) showed a band at 3450 cm™! corresponding to
the OH stretching vibration of water molecules. The one at 1637 cm’! is attributed to the deformation
vibration of water molecules H-OH, while the band at 1450 ¢cm™ corresponds to the elongation
vibration CO of carbonates due to the presence of calcite in Ghassoul. In the region 400-1200 cm!, the
thin and intense band at 1020 cm™! is attributed to the elongation vibration of Si-O-Si silica, and the
vibrations of (vs (COs2)) and ALOs groups are observed at 880 cm™ (Allaoui et al., 2020). For the
bands that appear around 666 and 470 cm’!, they are attributed to the vibrations of Si-O-Mg and Si-O-
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Si, respectively (Kloprogge et al., 2000; Buey, 2000; Anbri et al., 2008 ; Basumatary et al., 2015 ;
Hajjou et al., 2020). The absorption band at 794 cm! is related to the vibration of Fe-OH bonds
(Acevedo et al., 2017) and that at 730 cm™! corresponds to the CO elongation vibration of carbonates
due to the presence of dolomite (Ji et al., 2009).

The calcination of ghassoul at 900 °C shows the appearance of the characteristic band of Enstatite
(1090 cm™) (Hajjou et al., 2020), and that at 530 cm! corresponds to the stretching of the MgO group
(Kloprogge et al., 2000). We also note particularly the disappearance of the band located at 1450 cm!
and the strong decrease in the intensity of the band at 1020 cm™!' showing respectively the disappearance
of calcite and the pronounced decrease of silica at this temperature. This is in agreement with the
observations made by XDR.

¢+

]

Zn AI-900

| Mg=AI-S00
-~
-
10 15 =20 =25 30 35 40 45 50 55 60 65 70
26~

Figure 3. Diffractograms of Zn3Al-COsand Mg3Al-COs calcined at 900°c

Gh-900 890
Ghb 991
530

3450
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Figure 4. Infrared spectra of raw and calcined Ghassoul at 900°C

v' Zn3Al-CO3 and Mg3;Al-COs (raw and calcined)

The spectra of Zn3;Al-CO3; and Mg3;Al-COs; hydrotalcites (Figure S) show a broad and intense band
at 3450 cm! corresponding to the OH stretching vibration of intercalated and physisorbed water
molecules(Cheng et al., 2010; A. Li et al., 2020), accompanied by a band at 1630 cm™! associated with
the deformation of water molecules (F. Li ef al., 2004). he band around 1362 c¢cm™ is attributed to
symmetric vibration of —~COs? anions (Omonmhenle, 2014) ; (Mahjoubi et al., 2017). There is also the
presence of bands located at 428 ¢cm™ and 613 cm! correspond to Al-OH and OH-Al vibrations
respectively (Rong-Chang ef al., 2015). The band localized at 790 cm™ in the Zn3Al-CO3 spectrum
corresponds to the characteristic bonding vibration of Zn-OH (Feng et al., 2006), while the 850 cm!
band in the Mg3;Al-COs3 spectrum is attributed to the M-O elongation vibration (Rives, 2001). After
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heat treatment at 900°C, the characteristic carbonate band becomes broad and weak and undergoes a
shift to 1450 cm™!, which can be explained respectively by the high affinity of MgAl hydrotalcite to
carbonates and by the presence of these carbonates in a different environment as for Zn3;Al-900. Also,
we note the appearance of new bands at 900 cm!, 698cm’!, 550 cm™and 510 cm! corresponding to the
Metal-Oxygen-Metal vibrations of the oxide and spinel forms (Fang et al., 2002; Wijs et al., 2002).
Indeed, the bands of vibrations at low frequencies (below 1000 cm™) are attributed to Metal-Oxygen-
Metal bonds (Roelofs et al., 2002: Hamouda et al., 2016).

Zn,AI-CO,
3450
Mg,AI-CO,

m— Z N3 AI-900 613
Mg;AI-900 1362 /752/\A423

613
___/\ 1630 1552 850 e

1450

—_—

T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Figure 5. Infrared spectrum of MgzAl-CO; and Zn3Al-COs raw and calcined at 900°C

3.1.3 SEM /EDX Analysis
v The raw and calcined ghassoul

The SEM image of raw Ghassoul (Figure 6), indicates that the particles have a petaloid type
microstructure, typical of that of smectite clay (Rhouta ef al., 2008). While the sample calcined at 900
°C has a high porosity and forms particles of different size and shape that coat and bind the grains.
The mass percentage of chemical elements and oxides (Table 1), shows that the cationic clay is
composed of silicon (26.13%), magnesium (18.36%), calcium (18.3%), iron (10.32%), aluminium
(2.47%), potassium (1.21%) and sulphur (0.54%), which correspond respectively in percentage of
oxides t0 42.72% Si0z, 20.68% MgO, 20.34% CaO, 10.21% FeO, 3.59% Al>O3, 1.2% K20, and 1.02%
SOs. These results reveal that it is indeed silicate clay of the smectite type. The important presence of
calcium in the raw ghassoul can be explained by its physico-chemical and petrographic characteristics
associated with the Miocene carbonate crusts of the Jbel Ghassoul basin (El Faleh, 2001). Following
the calcination of ghassoul at 900°C; only silicon, magnesium and potassium were detected, with an
increase in percentage of oxides of these elements. This may be due to the transformation of the
Stevensite phase into Enstatite (E) and the appearance of the Diopside phase (d), in agreement with the
observations made by DRX (Figure 1).

v’ Zn3 Al-COs raw and calcined

SEM and EDX of the Zn sample; Al-COs3 (figure 7), shows small elongated particles that form
large agglomerates. Calcination at 900°C leads to the collapse of this morphology and the
transformation of the structure into an agglomerated form of small particles probably corresponding to
the oxide and spinel forms. The mass percentage of chemical elements and oxides (Table 2) showed
us that Znz Al-COjs consists of the following chemical elements: zinc (51.43%), oxygen (37.41%), and
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aluminum (7.52%). In addition, the percentage composition of oxides obtained by SEM is: 76.52%
Zn0, and 20.71% Al>Os. Following the calcination of Zn3 Al-COs3 at 900°C, there is an increase of
16.94% for zinc and 2.01% for aluminum. After heat treatment, there is a percentage increase of 6.77%

for the ZnO oxide.

Intensity [Counts)

Intensity [Counts)

0 S " Q0 4% 100 150 200 250 30 350 400 4% s
Enery ) Erergy [ke¥]

Figure 6. SEM, EDX micrographs of Ghb and Gh-900

Table 1. Elemental composition and percentage of oxide (%) of raw and calcined Ghassoul

Mass % of chemical elements

elements C 0 Mg Al If S K It Fe
Ghb 0.35 22.2 18.36 2.47 26.13 054 131 18.3 10.32
Gh-900 nd 4231  30.77 nd 2418 nd 1.37 nd nd
Mass % of oxides
oxides MgO Al; O3 SiO: SO; K:0 Cao FeO
Ghb 20.68 3.59 42.72 1.01 1.2 20.34 10.21
Gh-900 48.56 nd 48.66 nd 1.55 nd nd

nd: not detectable
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Figure 7. SEM, EDX micrographs of Zn3 Al-CO3 and Zn3 Al-900

Table 2. The percentage of chemical elements and oxides of Zn3 Al-CO; raw and calcined

% massique des éléments chimiques et des oxydes

element C O Zn Al Zn0O ALO;
Zn3Al-CO; 3.64 37.41 51.43 7.52 76 20.71
ZnAl-900 nd 22.10 68.37 9.53 82.77 17.23

nd: not detectable
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v' Mgz Al-CO; raw and calcined

The SEM image obtained (Figure 8) for Mgz Al-CO3; shows hydrotalcite particles in the form of
parallel sheets with a strong agglomeration, and a platelet morphology, which is in agreement with the
typical structure of double lamellar hydroxides. Calcination at 900°C leads to the appearance of an
agglomerated structure, of the sand pink type, with the presence of particles of heterogeneous shape
and size certainly corresponding to the mixed oxide and spinel. In addition, Table 3 shows that Mgz Al-
COs consists of the following chemical elements: oxygen (51.70%), magnesium (26.38%), aluminum
(11.12%), Chlorine (6.52%), and carbon (4.28%). In addition, the percentage composition of oxides
obtained by SEM is: 55.52% MgO, and 28.53% Al>Os. Following the calcination of Mgz Al-COs at
900°C (Figure 8); there is an increase of 30.74%, while aluminum is not detected. This heat treatment
resulted in an increase of 44.24% of MgO oxide, and a decrease in percentage of magnesium oxide;
almost 100%.

T -
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Figure 8. SEM, EDX and chemical element micrographs of Mgs Al-CO; and Mgs Al-900

Table 3. Percentage (%) of Chemical elements and oxides of Mgz Al-CO; raw and calcined

Mass % of chemical elements and oxides

element C 0 Mg Al Cl MgO Al O;
Mg; Al-COs 4.28 51.70 26.38 11.12 6.52 55.75 28.53
MgAI-900 nd 42.88 57.12 nd nd 99.99 0.01

nd: not detectable

3.2 Zero charge point (pH )

The measurement of the zero charge point of the materials informs us on the nature of their
surface charge, as well as on their behavior towards the contact media. Indeed, when the pH of the
solution is lower than the zero charge point, the functional groups on the surface of the material will
be protonated by the excess of H' ions in the solution and the surface of the clay will be positively
charged. On the other hand, if the pH of the solution is higher than the pHxcp, the functional groups on
the surface of the adsorbent will be deprotonated by the OH" ions present in the solution and the surface
of the clay will be negatively charged(Kubilay et al., 2007; Nandi et al., 2009; Hameed, 2009; Karim
etal., 2010).

Measurement of the zero charge point of the two anionic clays, raw and calcined, showed that the pHzcp
of both hydrotalcites increases after calcination at 900°C. It increases from 7.5 for Zn3Al-COs to 11.4
for Zn3Al1-900, and for Mg3Al-COs it increases from 7.9 to 10.84 for Mg3Al-900 (Figure 9).
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The results of the determination of the zero charge point of the cationic clay (Figurel0) showed that
raw Ghassoul has a basic pHzp equal to 8.41. Ziyat (2021) found a similar value of 8.48 by
potentiometric titration; about the same pH found. While Moussout et al., (2020) found by
potentiometric and conductimetric titration with different electrolytes (NaCl, CsCl, NaF, NaBr and
LiCl) that the zero charge point of raw ghassoul is located at pH=10.7. This value is higher than the
one obtained in this work by the pH drift method, this difference can be attributed to the method used
and/or to the initial chemical composition of the material studied.

The measurement of pHyc, of calcined ghassoul (Figure 10) showed a decrease for the latter; its value
is equal to 6.95; a more or less neutral pHp. This decrease of pHycp after calcination at 900°C; can be
explained by: (i) the change of the ghassoul composition; following the appearance of new

mineralogical phases (see XRD), (ii) the disappearance of basic oxides (CaO, FeO) (Table 1),
5i02+503
MgO+ CaO+ FeO+ K20

(ii1) As well as by the ratio (r) of the percentage of acid and basic oxides; r =

which is close to unity (0.97), whereas for Ghb this ratio was 0.83 (Table 1).

=— Zn,Al-CO,
—m— Mg,AI-CO,4
—=— ZNnAI-900
—=— MgAI-900

pHE-pH;

Figure 9. pH,, of raw and calcined Zn3;Al-COs3 and Mg;Al-COs

3 =—m— Ghb
=== Gh-900

pHf - pH;

Figure 10. pH,, of raw and calcined ghassoul

3.3 Bioelectronic coordinates of the studied clays

Following the heat treatment at 900°C, the redox potential (Eh) of the two lamellar double
hydroxides decreases significantly. Indeed, Eh of Zn3Al-COs3 of value -0. 06V becomes equal to -0.316
V after calcination. Similarly for MgzAl-COs, its calcination also decreases its redox potential from -
0.085 V to -0.209 V. On the contrary, the calcination of ghassoul leads to an increase of its redox
potential from -0.103 V to -0.019 V. In addition, the pH of calcined hydrotalcites becomes more basic.
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On the other hand, the calcination of ghassoul decreases its pH from 8.75 to a neutral value of 6.95
(Table 4). Indeed, the redox potential is a parameter intrinsic to any biological environment, it can
intervene at different levels on the microbial cell: gene expression, metabolism, physiology and thus
potentially modify its ability to grow (Aubert et al., 2002). The calculation of the value of rH2 from
the experimental measurement of the Eh potential and the pH, allowed us to evaluate the oxidizing
strength of the tested materials, by identifying the only electron transfers. Indeed, the higher the value
of rH2, the more it indicates that the system studied has a low concentration of electrons, and is
therefore more capable of capturing electrons, and subsequently that the system is more oxidizing
(Orszagh, 1990; Fougerousse, 1996). Thus, the calculation of rH2 for hydrotalcites showed that it
increases with calcination. The highest value recorded is for Zn3Al-900 (rH2=15.15), while rH2 of
ghassoul decreased after heat treatment, it goes from 14.04 for Ghb to 13.17 for Gh-900.

Table 4. Bioelectronic coordinates of the studied materials
rH2 Eh(mVolts) pH p(uS/cm) p(ochm.cm) Eh> W (uWatts)

Zn;A1-CO; 13.5 -60 7.75 112 8928.6 3600 353
Mg;Al-COs3 13.66 -85 8.25 122 8196.7 7225 771
GhB 14.04 -103 8.75 548 1824.8 10609 5087
ZnAl-900 15.15 -316 12.84 7260 137.7 99856 634335
MgAI-900 14.24 -209 10.6 5890 169.8 43681 225121
Gh-900 13.17 -19 6.95 42 23809.5 361 13

The measurement of the power (W) of the studied clays shows that W of Zn3Al-900 presents the
greatest value (0.634Watts), and it is in a state of electrochemical potentiality favorable to dissipate the
maximum of energy. On the other hand, this quantity W is in correlation with the evolution of the
parameter tH2. The power W is thus all the more important that the system is more oxidizing
(rH2 big) (Orszagh, 1992). Consequently, these measurements of the bioelectronic coordinates allow
us to classify the studied clays according to their oxidizing strength (most oxidizing system) by
following decreasing order:

ZnAl-900 > MgAl-900 > GhB > Mg3Al-CO; > Zn3Al-CO3 > Gh-900

This difference in the oxidizing strength of the materials may be the cause of the difference in their
antibacterial power.

The importance of the effect of bioelectronic coordinates on the development of bacteria lies in the
change of their optimum which can dramatically affect the growth of bacteria. Therefore, each bacterial
species grows in a defined range of pH and Eh. Indeed, neutrophilic bacteria have a pH optimum
between 5.5 and 8 (Prescott et al., 2003), case of the tested bacteria. The work of Rabotnova (1963) on
the importance of physico-chemical factors (pH and rH2) for the vital activity of bacteria, showed that
micro-organisms that have adapted to particular living conditions, the case of pathogenic bacteria, only
develop in narrow pH ranges (Rabotnova, 1963).

3.4  Results of the antibacterial test

The antibacterial tests (Table 5) carried out on the various materials showed that calcination
presents a favorable antibacterial effect in the case of the two double lamellar hydroxides Zn3;Al-CO;
and Mg3Al-COs; as shown in literature (Dutta et al., 2020; Dhanasekaran et al., 2017); on the other
hand it makes the ghassoul lose its antibacterial power. Indeed, the antibacterial test of the cationic
clay calcined at 900°C did not show any antimicrobial effect, whereas in its raw state it showed an
antibacterial activity on the tested bacteria.
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The bactericidal capacity after heat treatment at 900°C increased by 40% in the case of lamellar double
hydroxides for both Gram-positive bacteria. However, in the case of Zn3Al-COs3 this antibacterial
capacity is much higher (91% for E. coli and 80% for Sal) compared to Mg3;Al-CO3 (56% for E. coli
and 44% for Sal). Indeed, the MIC for Escherichia coli decreased from 5.6 mg/ml for Zn3;Al-COs to
0.5 mg/ml for Zn3Al1-900, and that of Salmonella spp decreased from 5.6 mg/ml for Zn3Al-COsto 1.1
mg/ml for Zn3Al-900. For Gram+ bacteria, Enterococcus feacalis and Staphylococcus aureus the MIC
decreased from 6.2 mg/ml to 3.7 mg/ml for calcined Zn3Al-COs.

Similarly for MgzAl-COs, its antibacterial power increased after calcination (Table 5). Indeed, the MIC
for E. coli decreased from 5 mg/ml for Mg3;AI-COs to 2.2 mg/ml for MgzAl-900. While for Sal this
value decreased from 5 mg/ml for Mgz Al-COs to 2.8 mg/ml for Mgz Al-900. For both Gram+ bacteria,
the MIC decreased from 6.2 mg/ml to 3.7 mg/ml for Mg3Al-COs calcined.

In its raw state, ghassoul showed a higher antibacterial efficacy than the two raw hydrotalcites (Table
5). While calcination at 900°C of the cationic clay makes it lose its antibacterial power. The same result
found by Haydel ef al., (2008) on the antibacterial effect of the French green clay CsAg02 calcined at
900°C. This suggests that the phases that disappeared after calcination at 900°C (calcite and dolomite)
would be responsible for this decrease in antibacterial activity, without ruling out the hypothesis of the
Enstatite phase formed following this treatment at 900°C.

Table 5. MIC of the tested materials for the four bacteria

MIC (mg/ml)

S.aureus E. F Sal E. coli
Zn3Al-CO; 6.2+0.00 6.2+0.00 5.6+1.4 5.6£1.4
Zn3Al -900 3.741.14 3.7£14 1.1+0.4 0.5+0.2
Mg;Al-CO; 6.2+0.00 6.2+0.00 5.0£1.7 5.0£1.7
Mg;Al-900 3.7+1.4 3.7+1.4 2.8+0.7 2.240.8
Ghb 5.6+1.4 5.6+1.4 4.3+1.7 3.7+1.4
Gh-900 ANB ANB ANB ANB

ANB : No antibacterial activity for the concentration used (50 mg/ml)

Table 6. BMC and BMC/MIC ratio of tested materials

Zn3Al- 900 Mg3;Al-900
MBC (mg/ml) MBC/MIC MBC (mg/ml) MBC/MIC
S. aureus 5.6 L.5 6.2 1.7
E. F 5.6 1.5 6.2 1.7
Sal 1.4 1.3 4.0 1.4
E. coli 0.6 1.2 2.8 1.3

According to the results (Table 6); Zn3Al-900 and Mg3Al-900 have bactericidal effect for the four
germs tested. The difference in antibacterial activity between Gram-positive and Gram-negative
bacteria; can be explained by the type of their outer membrane of the cell envelope, which is composed
of phospholipids and lipopolysaccharides that confer a strong negative charge on the cell surface of
Gram-negative bacteria. While in Gram positive bacteria, the negative charge is attributed to the
presence of teichoic acids; due to the presence of phosphate in their structure.

The increase in bactericidal power of both anionic clays upon calcination at 900°C can be explained
by the presence of the oxides Mg-O and Zn-O, the spinel phases MgAl:O4 and ZnAl,O4 respectively
for Mg3Al-900 and Zn3Al 900, as confirmed by XRD and FTIR. The fact that Zn3Al-900 presents a
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higher bactericidal power compared to that of Mgz Al-900, is related to the nature of the divalent cation
(zinc), and the presence of the ZnO phase with good crystallinity and in high proportion, in agreement
with the work of Moukrad (2016), who reported that the antimicrobial effect of the studied TiO, and
ZnO nanoparticles, differs according to their nature, crystalline phase, and morphology. Indeed, zinc
induces significant changes in the electrochemical behavior of the calcined ZnAl matrix, since the
oxidative-reductive strength of the heat-treated Zn-based materials is higher than that of the calcined
Mg-based materials (rH2za3a1-900 > tH2mg3A1-900)-

Thus, we can assume that the difference in antibacterial power between clays can be attributed to their
surface charge, their pHzcp and their oxidizing or reducing force rH2; which can act on the electrostatic
interaction. Thus, the more basic the pHzcp of the material, the more positive the surface charge, and
consequently the rH2 and its state of electrochemical potentiality to dissipate energy (the specific
power W) is greater. This may explain the high bactericidal power of Zn3Al-900 material. The chemical
composition can also play an important role in the antibacterial power of materials. Certainly the
presence of the oxides and the spinel phase favored the increase of the bactericidal power of the two
studied hydrotalcites MgzAl-CO3 and Zn3AlCOs, but also the nature of the divalent cation has an
influence, since the zinc-based material proves to be more active than the Mg-based one. The loss of
bactericidal power in Gh-900 can be explained by: 1) the ratio (r) of the percentages of acidic and basic
oxides, which is close to unity (0.97); ii) the pHycp (6.95), which is more or less neutral; and iii) the
decrease in its oxidizing power. The rH2 of Gh-900 after calcination decreases from 14.04 to 13.17
and the specific power decreases from 5087pWatt to 13uWatt; which can be considered as zero. While
the electrochemical potential to dissipate energy for both hydrotalcites after calcination has increased
significantly; especially for Zn3Al-900 (634335 pWatt). Indeed the determination of the maximum
power (W) to dissipate energy remains a very relevant parameter to differentiate the bactericidal of the
different materials studied.

Conclusion

The study of the antibacterial effect of the anionic clays on the four bacteria tested, showed a
considerable effectiveness after calcination of the material at 900°C, in particular the Double Lamellar
Hydroxides based on Zn and Mg. The characterization of the different materials used was carried out
by XRD, IR and SEM-EDX .Their thermal treatment at 900°C showed changes in their chemical
composition and structure. This change resulted in the appearance of oxide and spinel phases. The
study of their bioelectronic coordinates (Eh, pH, rH2) showed an increase of their oxidizing character
and their basicity following the thermal treatment, and their maximum energy dissipation rate
dissipated energy. On the other hand, the calcination at 900°C of the cationic clay "Ghassoul" makes
it lose its bactericidal power, which can be attributed mainly to the loss of its specific power of energy
dissipation.

We thus deduce that the importance of this study lies in its originality. Indeed, according to our
knowledge, it is the first attempt to study the antibacterial power of anionic clays of the double lamellar
hydroxide type 'LDH' and cationic clays of the Ghassoul type (natural Moroccan clay) according to the
thermal treatment, their bioelectronics coordinates and their chemical characteristics. This work is a
contribution to the fight against bacterial resistance to antibiotics, to the maintenance of hygiene of the
premises, the depollution of the environment and the valorization of the quality of waste water.
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