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Abstract: Hammada scoparia (Pomel) is a powerful plant with important biological properties. In this
study, we report on the green synthesis of silver-doped nickel and copper nanoparticles (NPs) in
the presence of H. scoparia leaf extract using a self-propagating sol-gel autocombustion process. The
synthesized NiO, CuO, Ag-NiO, and Ag-CuO NPs were characterized with Fourier transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD). Afterward, they were tested for their antimicrobial
activity as well as their potential to remove dyes from aqueous solutions using adsorption processes
for malachite green (MG) and photocatalytic degradation for methylene blue (MB). Our results
showed that the mass of the adsorbent had a significant effect on the adsorption rate, which increased
to reach a maximum value of 98%. The Ag-CuO NP showed the best final conversion of MB (97.95%)
compared to NiO, CuO, and Ag-NiO. In addition, we noted that the NPs doped with silver had the
best performance in the removal of dyes. These results indicated that the photocatalytic performance
was significantly improved after the addition of silver. Moreover, the antimicrobial activity showed
that the studied NPs had moderate activity against the tested bacteria and a weak activity or were
ineffective against Candida albicans. Therefore, the green synthesis of NPs from H. scoparia leaf extract
is considered a sustainable alternative to removing dyes from aqueous solutions. However, further
investigation should be performed on the other dyes to understand the overall effectiveness of
these NPs.

Keywords: Hammada scoparia; nanoparticles; methylene blue; malachite green; adsorption;
photodegradation; antimicrobial activity

1. Introduction

Green synthesis has become a major topic of interest in the field of nanotechnology [1].
Developments in nanotechnology have led to the production of innovative materials [2],
particularly ecofriendly nanostructure synthetic procedures used to synthesize metal and
metal oxide nanomaterials of any shape and size [3]. Nanomaterials are known for their
optical, physicochemical, and biological properties [4,5]. Recent studies have proved the
effectiveness of using nanomaterials in different aspects of life, including environmental
control, energy storage, solar cells, biomarking, bioprobes, tissue engineering, cancer
therapy, cancer diagnosis, and drug delivery [6].
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Biosynthetic methods using plant extracts to synthesize nanoparticles (NPs) are cur-
rently used on a large scale worldwide [7]. The utilization of plant extracts in NP synthesis
is due to the presence of bioactive compounds, which greatly contribute to the potential
of reducing NPs’ abilities, and give additional properties to the final hybrid materials [8].
This synthesis procedure increases the biocompatibility of the resulting NPs. Consequently,
these new bioconjugates could then be used in different fields [9]. In the biological field, the
coordination of NPs with biological entities (e.g., microorganisms) has created a succession
of nanoparticle-biology interfaces that depend on both colloidal forces and dynamic bio-
physical and biochemical interactions [10]. In the environmental field, the green synthesis
of NPs has been used to control environmental pollution, such as with the degradation of
organic dyes and chlorinated organic pollutants, heavy metal removal, in addition to the
treatment of wastewater [11].

The species Haloxylon scoparium Pomel (Syn. Hammada scoparia (Pomel) Iljin) belongs
to the most important genus (Haloxylon) of the family Amaranthaceae [12], and grows wild
in the desert and semidesert areas in the Mediterranean and the Near East regions [13].
In Morocco, it is locally known as Rremt or remeth [14]. This species has several uses
in the phytotherapy field [15]. H. scoparium has been reported in previous pharmaco-
logical studies to have anticancer properties [16], hepatoprotective effects, molluscicidal,
cytotoxic, antimalarial, and larvicidal activity [17], in addition to antimicrobial, and an-
tioxidant activity [18]. These biological and pharmacological properties are due to the
presence of many heterocyclic compounds in the chemical composition of H. scoparium
extracts, such as alkaloids carnegine, N-methylisosalsoline, N-omega-methyltryptamine,
tryptamine, N-omega-methyltryptamine, beta carboline, isoquinolines, isosalsoline, salsoli-
dine, dehydrosalsolidine, and isosalsolidine [19], and flavonoids, such as isorhamnetin-3-
O-beta-D-robinobioside, galactose, and quercetin—glucose-rhamnose [14]. To the best of
our knowledge, there are no studies on the syntheses of NPs from H. scoparium extracts.

During the last several decades, the resistance of microorganisms to antibiotics has
been considered a major threat to public health worldwide. In fact, the World Health
Organization has triggered the alarm signal for the research of new substances that
are able to treat antimicrobial-resistant microorganisms. In this regard, several research
works have been developed to evaluate the antimicrobial activity of new substances and
compounds [20,21]. Indeed, research works based on the green synthesis of NPs could be a
sustainable alternative to fight against multidrug-resistant bacteria [22-24].

Recently, water pollution has begun to take on more worrying dimensions. Consider-
ing this problem, new and cost-effective research based on cutting-edge and ecofriendly
techniques is being used to develop new and effective materials for the depollution of aque-
ous solutions, especially those obtained from textile industries, which are difficult to treat
using biological processes. In this regard, adsorption and photocatalysis are considered the
best and the most effective techniques for treating aqueous solutions contaminated with
organic pollutants [25,26].

Hence, in this work, we aim to study the adsorption capacity and catalytic potential of
the green synthesis of nickel and copper NPs doped with silver from H. scoparium extract
in order to remove methylene blue and malachite green from aqueous solutions. Moreover,
we present the first example of using these NPs to combat different microorganisms.

2. Materials and Methods
2.1. Green Synthesis of NiO/CuO and Ag-Doped NiO/CuO NPs

The leaves of H. scoparium Pomel (Amaranthaceae) were harvested in May 2019 from
the Errachidia region, located in the southeast of Morocco. The vegetal material was dried
for 15 days in the dark to avoid the photodegradation of phytochemical compounds by
light and, then, was powdered by using an electronic mixer. The green synthesis of NPs
was conducted following the protocol described previously by Babu and Antony [5].
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2.2. Characterizations

The characterization of NPs was conducted using a Fourier transform infrared (FTIR)
spectrometer (Shimadzu, JASCO 4100) with a record range varying between 400 and
4000 cm~! using the KBr pellet technique; in addition, X-ray diffraction (XRD) was con-
ducted using an X’PERT MPD-PRO wide-angle X-ray powder diffractometer fitted with a
diffracted beam monochromator and Ni-filtered CuK (source (A = 1.5418 A).

2.3. Photocatalytic Degradation

The photocatalytic degradation of dyes using the synthesized NPs (NiO, CuO, Ag-
NiO, and Ag-CuO) wad performed in a homemade photoreactor following the protocol
described previously [5], with a few modifications. Briefly, the aqueous solution of MB
(100 mL; 10 mg/L) containing 100 mg of the photocatalyst was kept in the dark to reach
equilibrium and stirred for 30 min, followed by the addition of 0.1 mL of HyO,. The
mixture was subjected to white light irradiation in the photoreactor. The evaluation of the
photodegradation efficiency was ensured by sampling 3 mL of solution at regular time
intervals (5 min) and measuring spectrophotometrically for their absorbances. Finally, the
efficiency of photodegradation was calculated based on Equation (1) [27]:

Co—Ct

R(%) = o X100 1)

where Cy and C; are the initial and the final (after t time in minutes) concentrations of dye
inmg/L.

2.4. Adsorption Studies of Ag/CuQO

The adsorption of MG on the synthesized NPs was evaluated under different factors,
including temperature, adsorbent dose, contact time, pH, and initial dye concentration.
The experiments were performed by shaking the catalysts with 200 mL of MG (10 mg/L)
in an orbital shaker at 150 rpm until reaching equilibrium. Then, the absorbance of the
supernatant of the MG solution was measured at 617 nm, and the amount of the ad-
sorbed MG (mg dye/g adsorbent) and the adsorption percentage were calculated following
Equations (2) and (3):

x 100 ()

=—XxV 3)

where C is the initial MG concentration (mg/L); Ce is the concentration of the unabsorbed
MG (mg/L); m is the amount of catalyst (g); V is the volume of the MG solution (L); Q is
the amount of MG adsorbed per gram of catalyst (mg/g).

2.5. Antimicrobial Assay

The antimicrobial activity of the studied NPs was evaluated against 4 bacterial
strains (Escherichia coli ATCC 25922, Staphylococcus aureus, Salmonella Typhimurium, and
Enterococcus faecalis) belonging to Gram-positive and Gram-negative bacteria, and one
yeast strain (Candida albicans). S. Typhimurium and S. aureus were isolated from meat
products [28,29], while E. faecalis and C. albicans were obtained from the Regional Hospital
of Meknes (Mohammed V Hospital, Morocco). Before use, bacterial strains were revivified
with subcultures in tryptone soya agar (TSA, Biokar, Beauvais, France) at 37 °C for 24 h,
while yeast was revivified with subcultures in Sabouraud dextrose agar with chlorampheni-
col (Biokar, Beauvais, France) at 25 °C for 48 h. Then, a microbial suspension equivalent
to 0.5 McFarland (108 cfu/mL) was prepared in sterile physiological water (0.9% NaCl)
and inoculated by swabbing on plates containing Mueller-Hinton agar (Biokar, Beauvais,
France) [30]. On the surface of each plate, 10 uL of each NP solution at a concentration of
10 ng/mL was dropped on 6 mm diameter filter paper discs (Whatman Grade 4 Qualitative
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Filter Papers, Merck, Germany. Sterile distilled water (10 uL) was used as a negative
control, while gentamicin (30 ug) was used as a positive control for bacteria and 10 pL of
Canaflucan (fluconazole) Win® capsule 150 mg with a concentration of 0.6 g/mL was
used as a positive control for the yeast strain. The used plates were incubated at 37 °C
for 18-24 h for bacteria and 25 °C for 4448 °C for yeast. After incubation, the inhibition
diameter was measured in millimeters (disk included) [30]. The antimicrobial activity was
classified into three levels based on the produced inhibitory diameter: weak (inhibition
zone < 12.0 mm), intermediate/moderate (12.1 mm < inhibition zone < 20.0 mm), and
strong (inhibition zone > 20.1 mm).

2.6. Statistical Analysis

Origin software and Microsoft Excel were used for the generation of figures and the
statistical analysis. In this study, the experiments were carried out in triplicate, and the
difference between groups was determined by using the Student t-test (p < 0.05).

3. Results and Discussion
3.1. Characterization of NPs
3.1.1. FTIR

FTIR spectra show band characteristics of the metal oxygenate and bands assigned to
the hydroxyl group, which originated from water, and bands from the C-O carbon dioxide
bond, which originated from the air (Figure 1). Indeed, the 3430 and 1380 cm~! bands
characterized the vibration of the H-O and H-O-H bonds [31]; the 2920 and 1320 cm ™!
bands are characteristic bands of CO; [31]. The characteristic bands of silver appeared in
1658, 1430, and 1136 cm ! [32], and the vibration of the Cu-O bond appeared at 629, 827,
663, and 513 cm ! [32]. Finally, the bands at 496, 423, 440, and 470 cm~1 were attributed to
the vibration of the Ni-O bond [33]. The appearance of these bonds confirmed that there
were interactions between the metals and the plant extract powder when forming the NPs.
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Figure 1. FTIR spectra of CuO, Ag-CuO, Ag-NiO, and NiO.

3.1.2. XRD

The diffraction patterns of the synthesized copper and nickel NPs obtained from
the metal nitrates and the plant extracts showed sharp and intense peaks, which clearly
indicated that the particles were crystalline. The representative X-ray diffraction pattern is
shown in Figure 2. All of the reflections could be indexed in face-centered cubic (FCC) with
a constant in the network (a): 4.175 A (space group Fm 3 hm (2 2 5)) [31,34], which was
consistent with standard data (JCPDS card no. 47-1049). The XRD spectrum of CuO, NiO,



Sustainability 2023, 15, 1541

50f12

Ag-CuO, and Ag-NiO NPs is shown in Figure 2. The NPs gave diffraction peaks of 20 and
Miller indices of 34.7, 36.9, 39.3, 48.0, 56.3, and 66.8, which were attributed to (1 1 0), (11-1),
(111),(20-2), (202), and (0 2 2), respectively. The peaks corresponded to a monoclinic
structure, which agreed very well with the standard lattice parameters of a = 4.6490 A,
b =3.4382 A, and ¢ = 5.1870 A, as determined by the JCPDS card no. 96-901-5925, shown in
Figure 2 [35].
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Figure 2. XRD spectra of CuO, Ag-CuO, Ag-NiO, and NiO.

3.2. Adsorption Study
3.2.1. Effect of pH and Mass of Adsorbent

The pH and mass of the adsorbent are essential parameters in the adsorption process.
Indeed, the pH influences the surface charge, the degree of ionization, and the dissociation
of functional groups at the active sites of the adsorbent. Particularly, the pH is known to
affect the structural stability of MG and, therefore, its color intensity [36]. The molecule
of MG was protonated in the acidic medium and deprotonated at a higher pH; as a result,
it had a high density of positive charges at a lower pH. Figure 3 shows that when the pH
increased, the yield underwent a significant increase, which suggests that the adsorption of
MG is favorable in a basic medium; this characteristic shows that the molecules of MG are
linked with the negative sites of solids (m), thanks to the effect of the pH on the dominant
charge on the surface. These results were in agreement with previous findings [37].

Figure 3 shows the effect of the adsorbent mass on the adsorption rate. According
to this figure, there was a significant increase that reached a maximum value of 98%; this
effect can be justified by the increases in the number of available adsorption sites increasing
dose of adsorbent (Ag-CuO), consequently, leading to an increase in the percentage of
adsorption of MG.

From Figure 4, the adsorbed amount of dyes (MG and MB) varied as a function of
solid NiO and Ag-NiO. This increase depended on the solid doping with silver, which
caused a variation in the texture and structure of the solid NiO. The doping of nickel oxide
with silver gave different results in the removal of the two organic pollutants, MG and MB,
in comparison with the copper oxide doped with silver. These results were in agreement
with the results quoted in the literature [38-40].
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Figure 3. Effect of adsorbent mass and pH on the adsorption of MG onto Ag-CuO.
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Figure 4. Effect of solid nature on dye adsorption of MG and MB onto NiO and Ag-NiO.

3.2.2. Adsorption Kinetics

From Figure 5, it can be seen that the first-order Lagergren equation was not applicable
in the case of the adsorption of MG on Ag-NiO for all three dye concentrations. On the
other hand, according to Figure 5, the obtained results perfectly followed the nonlinear
variation given by the representative equation of pseudo-second-order kinetics. From
the linear regression data of the different models, and based on the values obtained for
the correlation coefficients, which were close to unity, and the values of the calculated
adsorption capacities, which were close to the experimental ones, it can be concluded that
the adsorption kinetics of the dye were better described by the pseudo-second-order model
than the first-order one [41,42].
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Figure 5. Kinetic adsorption of MG onto Ag-NiO.

According to Figure 6, the adsorbed quantity increased as a function of the temperature;
this showed the endothermic character of the adsorption of the dye on the solid. The relation
between the temperature and the adsorbed quantity could be justified by the effect of heat
on the space between the solid particles. The more the temperature increased, the more
the heat increased automatically in terms of energy, which then increased the possibility of
an interaction occurring between the molecules of the adsorbate and the particles of the
increased adsorbent [43,44].
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Figure 6. Temperature effect on adsorption of MG onto Ag-NiO.

3.3. Photodegradation

The photocatalytic activity of the synthesized NPs was probed in the presence of visible
light using the blue solution as a molecular probe. The results obtained were expressed as
a percentage of MB removed, as shown in Figure 7. To ensure that the reaction proceeded
only in the presence of light and a photocatalyst, the MB solution was tested under visible
light for 3 h in the absence of a photocatalyst. The results showed no concentration changes
(negligible changes), suggesting that the obtained results were due to the simultaneous
presence of a photocatalyst and light.
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Figure 7. Photocatalytic degradation efficiency of MB in the presence of NiO, CuO, Ag-NiO, and
Ag-CuO. Dose of NPs (m = 0.2 g), Cy (MB) = 10~° mol/L.

Figure 7 shows the elimination curves of MB as a function of the irradiation time under
visible light in the presence of the studied materials (NiO and CuO) and the solids doped
with silver (Ag-NiO and Ag-CuO). It is clear from the photolysis curves (experiments in
the dark) that under visible light, the presence of a photocatalyst was necessary to initiate
the photocatalytic reaction [45]. As shown in Figure 7, under UV light, the Ag-CuO sample
showed the best final conversion of MB (97.95%) compared to NiO, CuO, and Ag-NiO. In
addition, we noted that the NPs doped with silver had the best performance in the removal
of dyes. These results indicated that the photocatalytic performance was significantly
improved after the addition of silver. These results showed a large effect of doping on the
structural and textural properties of the NPs, an effect shown in the comparison between
the removal efficiency between CuO and Ag-CuO. This effect can be justified with the
creation of new active sites on the catalyst surface. These results were confirmed by other
works in the literature [46,47].

3.4. Antimicrobial Activity

The antimicrobial activity of the studied NPs was performed against four bacterial
strains (E. coli, S. Typhimurium, S. aureus, and E. faecalis) and one yeast strain (C. albicans),
using the disc diffusion method, with the results presented in Figure 8. The results of
this study showed that the studied NPs had moderate to weak activity against the tested
bacteria and weak activity against C. albicans. The NPs CuO and Ag-CuO were more effec-
tive against Gram-positive bacteria than Gram-negative bacteria, while NiO and Ag-NiO
did not depend on the bacterial type. Thus far, several studies have demonstrated the
antimicrobial activity of the “green” synthesis of silver, copper, and nickel NPs [48-50],
while, to our knowledge, this was the first study that described the antimicrobial activity of
NPs synthesized from H. scoparium. More importantly, the antimicrobial mechanisms of
NPs are not completely understood, but it was supposed that there are different ways to
combat microorganisms [20]. In fact, the combined effect of different NPs with other antimi-
crobial substances, such as antibiotics, essential oils, etc., could improve the antimicrobial
effectiveness of NPs [20,51,52].
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Figure 8. Inhibition zones of the studied NPs against the tested bacteria. E. coli: Escherichia coli
ATCC 25922; S.T: Salmonella Typhimurium; S.a: Staphylococcus aureus; E.f: Enterococcus faecalis; C.a:
Candida albicans; ns: no significant difference; *: significant different (p < 0.05).

4. Conclusions

In this study, transition metal oxide NPs were successfully prepared using a simple
and environmentally friendly procedure. Furthermore, we reported that the use of nat-
ural and economical reducing agents, such as the plant H. scoparia, could produce metal
nanostructures in an aqueous solution, avoiding the presence of toxic reagents. The NPs
synthesized in this work showed a significant increase in the effect of adsorbent mass on
the adsorption rate, reaching a maximum value of 98%. Moreover, we found that the pho-
tocatalytic performance was significantly improved after the addition of silver. The results
of the antimicrobial activity of the studied NPs showed moderate activity against the tested
bacteria and weak activity against the studied yeast. Therefore, green synthesis processes
could be used as an ecofriendly method to synthesize NPs of high interest for the removal
of dyes from aqueous solutions and combatting multidrug-resistant bacteria. However, in
respect of this study, we plan to evaluate the performance of other combinations of NPs in
enhancing their ability to remove dyes and combat multidrug-resistant microorganisms.
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