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Abstract

This study reports the one-pot microwave synthesis of Cu-Ag powders with varying copper-to-silver molar ratios (10:1,
5:1, 2:1, and 1:1) via the reduction of copper and silver salts using ascorbic acid. The resulting products were systemati-
cally analyzed using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy
(EDS), and electrical resistivity measurements. XRD results reveal the coexistence of Cu-rich Cu(Ag) and Ag-rich Ag(Cu)
solid solutions, with the weight fraction of Cu(Ag) decreasing as Ag content increases. The crystallite size ranges from 82
to 231 nm. Increasing Ag content disrupts the Cu lattice, enhances electron scattering, and reduces charge carrier mobil-
ity, leading to a significant increase in electrical resistivity, with p=3.14 Q-cm for CuAgl0/1 and 6.71 Q-cm for CuAg
1/1. The solid solutions display an oxidizing property in aqueous medium, which diminishes as Ag content increases. The
oxidation of Methylene Blue (MB), used as a test molecule, occurs via an indirect process where the powder generates
hydroxyl radicals in the acidic medium. Complete degradation of MB with CuAg 10/1 occurs within 25 min using 30 mg
of the powder at 60 °C and pH 3. The processing time is further reduced to 6 min when the degradation is conducted
under microwave irradiation.

Keywords Microwave-enhanced process - Ascorbic acid - Reduction method - Cu-Ag solid solutions - Heterogeneous
fenton-like processes

1 Introduction

The synthesis of metals and metal oxides using microwave
heating has emerged as a powerful tool in the field of mate-
rials chemistry. Microwave heating is achieved through the
interaction of microwave radiation with polar molecules
that possess dipole moments, causing them to rotate and
create localized hot spots within the irradiated medium.
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Consequently, the rapid and uniform heating accelerates
the progress of the chemical reactions taking place in the
medium. This feature has made microwaves a highly attrac-
tive method for the synthesis of nano- and microparticles
due to their ease of execution and sustainability [1].

The field of materials synthesis has been the subject of
extensive research. Different metal precursors, reagents,
additives, and synthesis methods have been used to prepare
materials for specific applications. Copper and silver are
extensively studied due to their unique chemical properties,
making them suitable for various electronic, optical, medi-
cal, and catalytic applications. One of their uses includes the
oxidation of contaminating organic species in water [2—4].
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With their low toxicity compared to other metals, the appli-
cation of copper and silver in wastewater treatment helps
minimize the overall footprint of wastewater treatment and
address the growing need for sustainable processes.

In the literature, many studies have been reported deal-
ing with the synthesis of copper and silver under microwave
heating.

Veiga et al. [5] employed a conventional home micro-
wave oven to synthesize Cu,O and Cu nanoparticles through
the chemical reduction of a cupric salt using sodium citrate
in alkaline glycerol media. They produced copper and
copper oxide nanoparticles in various sizes, depending on
the heating duration. Galletti et al. [6] synthesized copper
nanoparticles using a 2-step microwave-assisted method.
They mixed Cu(ll) acetate and NaOH with absolute EtOH
and irradiated it in a microwave. Then, they resuspended
the precipitate in ascorbic acid and NaOH, achieving stable
copper powder with a diameter of 7.6 nm. Njoki et al. [7]
synthesized copper-silver nanoparticles (CuAg NPs) using
microwave irradiation. They conducted the experiments by
reacting aqueous solutions of copper nitrate, silver nitrate,
and sodium acrylate at different temperatures, resulting in
nanoparticles with varying sizes and shapes. Despite vari-
ous synthesis methods reported in the literature, simple
chemical formulations of the resulting products are com-
monly obtained.

In the environmental field, metals such as copper, alumi-
num, and iron are often involved in reactions that eliminate
pollutants in aqueous environments, causing them to oxi-
dize at the end of the processes. This fact was observed in
our previous study [4], where metallic copper was partially
transformed into CuO and Cu,O after being involved in the
degradation process of methylene blue.

To prevent oxidation and extend the activity of copper,
it is beneficial to introduce a metal with higher chemical
stability into the copper structure, thereby forming a solid
solution. Solid solutions of copper-silver (CuAg) are par-
ticularly valuable in applications that require high con-
ductivity, such as in high-field magnet windings, power
transmission, and electrode materials for batteries [8—10].
However, no research has been identified that uses the solid
solutions as oxidizing agents in environmental applications.

It should be noted that increasing the stability of a mate-
rial does not necessarily enhance its chemical activity, as
will be observed in this study. It is therefore essential to
determine the optimal content of the stabilizing agent that
meets both stability and activity criteria. That is the purpose
of this study.

In this paper, we report on the fabrication of Cu(Ag) solid
solutions using ascorbic acid under microwave heating.
Ascorbic acid, known as vitamin C, is a natural water-sol-
uble antioxidant and an essential component in biological
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processes used to prevent cellular damage, increase iron
absorption, and promote collagen synthesis. In chemis-
try, ascorbic acid is regarded as a green and cost-effective
reducing agent that can be utilized in various reaction sys-
tems and syntheses [11].

The resulting powders were used as generators of
hydroxyl radicals for the degradation of methylene blue
(MB) without needing an external oxidant. Methylene blue
was chosen because it can be highly toxic when released
into the environment. It can reduce light penetration and
contaminate food chains for various organisms, extending
to humans, causing respiratory distress, jaundice, blind-
ness, gastrointestinal disease, and tissue necrosis [12]. This
organic molecule is also highly stable and is often used to
assess the efficiency of the synthesized products in the deg-
radation processes.

In this study, the effect of increased Ag content on the
physicochemical and oxidizing properties of the obtained
products is described.

Additionally, we discussed the use of microwaves to
speed up the degradation process of MB with the synthe-
sized powder that contains the optimal Ag content.

2 Materials and methods
2.1 Reagents and solutions

The chemical reagents; copper sulfate CuSO,-5H,O (99
wt%, Sigma-Aldrich), silver nitrate AgNO; (98%, Sigma-
Aldrich), and ascorbic acid C¢HgO4 (100wt%, Riedel de
Haén) were employed for the powder synthesis. Methylene
blue C;,H,3CIN;S (100%, Fluka) was used as a molecule
test for the dye degradation. 2-propanol C;HgO (99.8 wt%,
Fluka) and sulfuric acid H,SO, (98 wt%, Biochem) were
used to identify the presence of hydroxyl radicals and acid-
ify the dye solution, respectively. Distilled water was used
for the preparation of the solutions and washing.

2.2 Cu-Ag powder preparation and characterization

Four samples were synthesized by mixing 50 mL of 0.5 M
copper sulfate with 50 mL of silver nitrate at the concentra-
tions of 0.05, 0.1, 0.25, and 0.5 M, corresponding to molar
ratios Cu/Ag of 10:1, 5:1, 2:1, and 1:1, respectively. The
samples were labeled CuAg 10/1, CuAg 5/1, CuAg 2/1, and
CuAg 1/1.

After that, 100 mL of 1 M ascorbic acid was added. Each
preparation was placed into a conventional home micro-
wave oven chamber (Electrolux, EMM1908W) and heated
at 900 W for 5 min. The resulting solution was centrifuged,
washed repeatedly with distilled water and ethanol, and
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dried at 90 °C. XRD patterns were collected at room tem-
perature using a PANalytical Empyrean X-ray diffractom-
eter in a (6-0) Bragg Brentano configuration. Cobalt X-ray
wavelengths were used for diffraction; Kol=1.78901 A,
Ko2=1.79290 A, and KB=1.62083A. Typical diffractom-
eters filter out the Kf radiation, leaving a weighted average
0f1.79036 A ((2Kal and Ka2)/3=1.79036 A). The step size
of 0.013°/min was used over the 26 range of 10-100°. The
patterns were refined using the MAUD software [13] based
on the Rietveld method [14]. The morphology was exam-
ined by a scanning electron microscope (SEM, VEGAS3
TESCAN) (TESCAN, Brno, Czech Republic) combined
with energy-dispersive X-ray spectroscopy (EDS) (Brucker
Nano GmbH, Berlin, Germany).

2.3 Electrical resistivity measurements

The high-temperature electrical resistivity measurements of
the four powders were conducted using a mass of 1 g for
each sample. The powders were compacted with a mechani-
cal press applying a load of 14 tons for 15 min. This process
resulted in parallelepiped-shaped bars measuring 8 mm in
thickness, 5 mm in width, and 5 mm in length. The samples
were heated inside the resistivity measurement device, as
described in detail in [15] to temperatures that allowed for
observing various transformation stages. Both the heating
and cooling rates are set at 5 °C/min to ensure complete
thermal equilibrium between the measurement system
and the furnace. Temperatures are measured using type K
thermocouples.

The resistivity measurements were carried out by pass-
ing a direct current of 23 mA through the sample, which
was connected in series with a stable reference resistor
Rang- The current was determined by measuring the volt-
age across the 0.1 Q reference resistor. To ensure a higher
quality of measurement, a current-reversing circuit was
included in the setup to compensate for unwanted effects
caused by thermoelectric forces. Voltages were measured
using a Keithley 2001 multimeter equipped with a scanner
card, providing a relative accuracy better than 0.05%. Fran-
coise Gasser [16] developed the LabView-based control and
measurement program used in this study. The resistivity of
the sample pg,,, is given by the following equation:

_ Usamp Rsamp
P samp ~— U C (1)

stand
where U, and U, are the voltages measured across the
sample and the standard, C is a geometrical constant defined
by the ratio C=L/s, where L is the length of the sample and
s its cross-sectional area.

2.4 Experiments of methylene blue degradation

In a typical experiment, a definite mass of Cu-Ag powder
was added to 100 mL of MB solution at a concentration of
2.107° M under heating. To maintain the uniformity of the
system, the solution was kept under magnetic agitation at
a moderate speed (100 rpm). The experiments were con-
ducted in an open backer (under air). At set intervals, the
solution samples were withdrawn using a syringe for absor-
bance measurements with the spectrophotometer, and then
returned to the solution.

The concentration of the dye was determined by using
a Highwave II UV/VIS spectrophotometer at 665 nm. The
degradation efficiency of MB was calculated from the dif-
ference between the initial absorbance (A,) and the absor-
bance at different time intervals (A)):

Degradation ef ficiency (%) = (%) x 100 2)
0

Various factors that may influence the degradation of MB
were investigated, including powder loading (10, 20, 30,
and 40 mg), temperature (30, 40, 50, and 60 °C), the pH of
the MB solution (3, 4, 5, and 9), water matrix (presence of
chlorides, sulfates, and nitrates), and the type of water (dis-
tilled, tap, and mineral). In a subsequent phase of the experi-
ments, microwaves were utilized to evaluate their effect on
activating Cu-Ag powder for the degradation of MB.

3 Results and discussion
3.1 Powders characterization

Figure 1 displays the XRD patterns of the four synthesized
powders. The diffractograms show intense and narrow dif-
fraction peaks related to the Cu (111), Cu (200), and Cu
(220) Cu in addition to the (111), (200), (220), and (311)
of Ag. One notes that, as the Ag content increases, the
intensity of the Ag Bragg peaks increases, while that of Cu
decreases. The phases, lattice parameters, weight fractions,
crystallite sizes, and occupancies were obtained from the
Rietveld refinement (Table 1) of the XRD patterns through
the MAUD program [13]. The Rietveld refinement was per-
formed using face-centred cubic (fcc) Cu (lattice param-
eter a,=3.6145 A) and Ag (lattice parameter a,=4.0862 A)
phases, with space group Fm-3 m (No. 225). The reaction
between Cu and Ag leads to the formation of Cu-rich Cu(Ag)
and Ag-rich Ag(Cu) solid solutions. The coexistence of the
Cu(Ag) and Ag(Cu) solid solutions can be due to the solubil-
ity limit of Cu and Ag in each other. Indeed, according to the
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Fig. 1 XRD patterns of the Cu-Ag powders. The inset shows the
enlargement in the 44-52° range

binary Cu-Ag phase diagram, the mutual solubility limit of
Cuin Ag is 8.8 wt%, and that of Ag in Cu is about 8 wt% at
the eutectic temperature of 779 °C [17]. This solubility limit
drops to about 2 wt% Cu in Ag and 1.5 wt% Ag in Cu at
a lower temperature of 500 °C. Consequently, a mixture of
Cu-rich a and Ag-rich B structures can be obtained when the
Ag content lies between 8 and 91.2 wt%. Furthermore, Ag
and Cu atoms show atomic radii mismatch (Cu: 128 pm and
Ag: 144 pm) of about 11.11%, similar fcc crystal structure,
close Pauling electronegativity values (Cu: 1.90; Ag: 1.93)
which supports solid solution rather than intermetallics, and
similar valences (Cu: +1 and +2 commonly considered+ 1 in
metallic bonding; Ag: +1). Therefore, Cu atoms can replace
Ag atoms in the crystal lattice (and vice versa), leading to
the formation of Cu(Ag) and Ag(Cu) substitutional solid
solutions without significantly altering the crystal structure
according to the Hume-Rothery rules.

The solubility limit of Cu in Ag, which is much higher
than that of Ag in Cu, can be attributed to its smaller atomic
radius compared to that of Ag. The formation of Cu(Ag) and
Ag(Cu) solid solutions, rather than pure elements, is indi-
cated by the changes in the lattice parameters and the occu-
pancy values, as shown in Table 1. The increase in the lattice
parameters of both the Cu(Ag) and Ag(Cu) solid solutions,
as indicated by the relative deviation Aa/a,, reveals that the
expansion of the Cu(Ag) crystal lattice is more important
than that of the Ag(Cu) solid solution. This might be related
to the higher atomic radius of Ag. Furthermore, the ther-
mal expansion can be due to the synthesis method, which
induces a rapid increase in temperature due to microwave
heating (900 W).

The crystallite size of the Cu(Ag) solid solution, which
ranges between 105 and 144 nm, increases with decreasing
Cu loading. In contrast, the crystallites composing Ag(Cu)
solid solutions range between 231 and 51 nm (Table 1) and
decrease with increasing Ag content.

The weight fractions show that Ag(Cu) content increased
and that of Cu(Ag) decreased from the sample CuAg 10/1 to
CuAg 1/1, which is consistent with the initial amounts of Cu
and Ag precursors used for the preparation of the powders.
Sample CuAg 10/1 primarily consists of a Cu-rich solid solu-
tion (85%) with a minor presence of an Ag-rich solid solu-
tion (15%). With the increase in Ag content (cases of CuAg
5/1 and CuAg 2/1), the proportion of Ag-rich solid solutions
increased. It should be noted that the amounts of Cu used for
the synthesis of the samples CuAg 5/1 and CuAg 2/1 are 5
and 2 times that of silver, respectively, which should result in
the formation of higher amounts of Cu-rich solid solutions.
Instead, the Cu-rich and Ag-rich solid solutions formed in
almost equal parts in CuAg 5/1 and CuAg 2/1. This sug-
gests that the reduction of Ag was more significant than that
of Cu, despite the higher amount of Cu present during the
synthesis. The same observation can be made for the sample

Table 1 Structural and microstructural parameters (lattice parameters, a, grain size, < L>, and phase proportions) obtained from the Rietveld

refinement of the as-synthesized powders

Sample Phase a(A)£107* Aa/a, (%) <L> (nm) Occ Weight fraction (%)
CuAg Cu(Ag) 3.6162 0.047 105+2 0.865 85+0.7

10/1 Ag(Cu) 4.0870 0.019 231+4 0.244 15+0.2

CuAg Cu(Ag) 3.6165 0.055 14442 00.994 54+0.4

5/1 Ag(Cu) 4.0874 0.029 82.4+1 0.926 46+0.4

CuAg Cu(Ag) 3.6168 0.063 131+4 0.994 45.8+0.6

2/1 Ag(Cu) 4.0873 0.026 97+1 0.926 542+0.4

CuAg Cu(Ag) 3.6166 0.058 134+4 0.994 23.9+0.6

/1 Ag(Cu) 4.0872 0.024 96+1 0.926 33.3+0.3

Ag 4.0876 0.034 51+1 1 42.80+0.5
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CuAg 1/1, for which the utilization of equimolar amounts of
Cu and Ag during the synthesis resulted in the formation of
a significant content of metallic Ag (42.8%), alongside Ag-
rich (33.3%) and Cu-rich (23.9%) solid solutions. It seems
that silver was more susceptible to being transformed into a
metallic form, and the content of the Ag-rich solid solution
was more important than that of the Cu-rich solid solution.
Silver reduction becomes increasingly important as its con-
centration increases, likely because it is more easily reduc-
ible under microwave conditions than copper.

Secondary electron SEM images reveal that CuAg 10/1
consists of nearly spherical particles of approximately 1 pm
in size, along with smaller particles that form fine, needle-
like bunches of about 500 nm to 1 pm long (Fig. 2). As the
Ag content increases, the morphology of the samples con-
sists of spherical and hexagonal particles of varying sizes,
ranging from 0.5 to 4 um.

The EDS results obtained by mapping gave the com-
positions shown in Fig. 2. The weight ratios of Cu/Ag are
5.05, 2.07, 0.93, and 0.63 for CuAg 10/1, 5/1, CuAg 2/1,
and CuAg 1/1, respectively. The punctual EDS analysis
shows that each powder exhibits a heterogeneous composi-
tion with zones containing either Ag-enriched particles or
Cu-enriched particles, likely due to the formation of solid
solutions, which agrees with the XRD findings.

The synthesis method used in this study is the reduction
method. Ascorbic acid, when reacting with copper sulfate or
silver nitrate, reduces them to their metallic form as follows:

Cu’t + C4HgOg — Cu+ CgHgOg + 2H™T (3)

2Ag+ + C@HgOG — 2Ag + CGHGOG + 2HT (4)

Water and ascorbic acid molecules are polar, and this polar-
ity causes them to rotate rapidly when subjected to micro-
wave radiation (MW), resulting in dielectric heating. Cu®"
and Ag" ions do not absorb microwaves, but they can influ-
ence the ionic conductivity and overall dielectric properties
of the solution.

The 900 W microwave power used for synthesis likely
generates a temperature in the solutions of about 90 °C,
which is not as high as that required for the high solubility
of the two ions in each other. However, other parameters,
such as the volume of water, the duration of microwave
exposure, the molar ratio of metals, and the reducibility
of metallic ions, inevitably impacted the structures of the
obtained powders.

3.2 Electrical properties

Both Cu and Ag are known as electrical conductors, but
their combination into a solid solution affects this property.

Figure 3a shows the resistivity as a function of tempera-
ture for the four samples during the heating process. As the
temperature rises from room temperature to approximately
92 °C, the electrical resistivity of all samples increases,
indicating a positive temperature coefficient over 18 min.
Following this, there is a rapid decrease in resistivity up to
300 °C. This behavior may be attributed to the rearrange-
ment of the grain surface, enhanced interparticle contact that
improves electrical conductivity, and powder compaction.

Above 300 °C, all samples reach very low resistivity val-
ues, reflecting the typical behavior of metals. The plateau
indicates that, once the microstructure is stabilized, electrical
conduction is dominated by the intrinsic metallic behavior
of the CuAg solid solutions, with phonon scattering becom-
ing the main mechanism. Moreover, the powder compaction
process, which results in a density lower than that of bulk
materials, also contributes to higher resistivity, particularly
when interparticle diffusion is limited. The curves may thus
display a positive slope at high temperatures if thermal den-
sification occurs, such as partial grain welding under heat.

Figure 3b shows the first measurement cycle of electri-
cal resistivity during the cooling process from 650 °C down
to room temperature for the four samples. The resistivity
exhibits a nearly linear decrease with decreasing tempera-
ture, which is characteristic of enhanced electron scattering
due to thermal vibrations. At room temperature (Fig. 4), the
electrical resistivity of Cu(Ag) solid solutions increases with
the molar ratio of silver. The CuAg 10/1 displays the lowest
resistivity among the tested samples (p~3.15 uQ.cm). This
value differs from that of pure copper (1.68 pQ.cm) and sil-
ver (1.59 pQ.cm) [15, 18-20], indicating the presence of
structural disorder [21].

This suggests that the addition of Ag has an impact on
the electronic structure of the Cu. This is particularly true
at higher Ag contents, which significantly disturb the cop-
per lattice as silver atoms enter into solid solution, thereby
enhancing electron scattering and reducing charge car-
rier mobility. This leads to a notable increase in electrical
resistivity. Additionally, the decreasing slope of the resis-
tivity—temperature curves observed in solid solutions with
lower Ag content indicates improved thermal stability of the
metallic lattice under these conditions. Therefore, despite
both Cu and Ag being excellent electrical conductors,
the introduction of Ag into Cu acts as a scattering center,
increasing resistivity through both impurity scattering and
structural disorder effects. Thus, it can be concluded that the
resistivity increases with temperature for all solid solutions,
which is typical of metallic behavior. At low Ag content, the
conductivity is enhanced, while at high content, it induces
disorder that increases resistivity. The samples CuAg 5/1 or
CuAg 10/1 may represent an optimal balance between elec-
trical conductivity and thermal stability.

@ Springer



@ Springer

102 Page 6 of 15 H. Mehani et al.
cps/eV
T
83.48 wt. % Cu
16.52 wt. % Ag
]
8 10 12 14 16 18 20
Energy [keV]
cps/eV
1.6 s
14
67.46 wt. % Cu
| 32.54 wt. % Ag
1.0
-
N 0.8
14 ﬁ L ]
Y 0.6
a ”_ 0.4
L 02
0.0
2 4 6 8 10 12 14 16 18 2
Energy [keV]
% 0.001 cps/eV
= L
700
600 48.13 wt. % Cu
= 51.87 wt. % Ag
400
300 /% [ ]
200
100
0
8 10 12 14 16 18 2
Energy [keV]
L}
2.0
18
38.80 wt. % Cu
16 61.20 wt. % Ag
14
12
1.0
23 | | ]
0.8
0.6
0.4
0.2
0.0 . L
2 4 6 8 10 12 14 16 18 20
Energy [keV]



Effect of silver addition on the structure of microwave-synthesized Cu-Ag solid solutions for organic pollutant...

Page7of 15 102

{ Fig. 2 SEM images and the corresponding EDS spectra of the CuAg
powders

3.3 Application of Cu-Ag powders in methylene
blue degradation

A series of initial tests was conducted to evaluate the pow-
der’s effectiveness in methylene blue (MB) degradation. The
results indicated that the degradation reaction was insignifi-
cant at neutral and alkaline pH, even after an extended reac-
tion time. However, the reaction was feasible under acidic
conditions; therefore, all experiments were performed at
pH 3 using H,SO,. The four synthesized powders were
evaluated under the following conditions: 60 °C, 100 rpm,
and MB concentration of 2x 10~> mol/L, using 30 mg of
each powder. The degradation process was monitored over
60 min.

The results show that CuAg 5/1 exhibited the highest
degradation efficiency, closely followed by CuAg 10/1, as
both reached total degradation efficiency within 25 min
(Fig. 5). The sample CuAg 2/1 showed a moderate degrada-
tion rate, gradually reaching a maximum of 90.94% after
60 min, while CuAg 1/1 displayed lower activity, register-
ing 69.87% after the same reaction time.

The results of the solid solutions were compared to
those of pure metals Cu and Ag, synthesized with the same
method. It can be seen that Cu was more active than CuAg
1/1, achieving 88.92% after 60 min, while no degradation
of MB was observed with Ag, even after extending the reac-
tion time. Silver is one of the most stable metals that resists
corrosion and does not easily lose electrons. The presence of
42.8% of Ag in CuAg 1/1 may be the cause of its slight effi-
ciency in MB degradation. Therefore, incorporating silver
into the solid solution structure is more beneficial than its
presence in metallic form alongside the solid solution. Nev-
ertheless, the Ag content must remain low in the solid solu-
tion to maintain high powder efficiency, as seen in CuAg
10/1 and CuAg 5/1.

In the literature, the synthesis of CuAg components has
been reported using various methods. Most studies indicated
that the products obtained were primarily used as catalysts
rather than as oxidizing agents. For example, Tantawy et
al. [22] synthesized Cu-Ag nanoparticles with three com-
positions (Ag,sCuys, Ags,Cus,, and Ag;sCu,s) through a
reduction method using hydrazinium chloride in an alkaline
medium. They found that when applied in the degradation
of MB as catalysts for activating H,0,, these had yields of
70, 65, and 43%, respectively, while monometallic compo-
nents Ag and Cu showed degradation efficiencies of 31%
and 10%, respectively. Padre et al. [23] synthesized Cu,
Ag, and CuAg nanoparticles via a reduction method using
ascorbic acid and KBH,. They used the obtained powders as
catalysts for degrading Rhodamine B, registering yields of

53.64% for Ag, 92.44% for Cu, and 97% for CuAg. Another
study by Wu et al. [24] reported the synthesis of CuAg bime-
tallic nanoparticles with varying Cu: Ag molar ratios, using
a reduction method with hexadecylamine and glucose. They
found that bimetallic NPs exhibited higher activity than the
monometallic Cu and Ag NPs. These results align with our
findings but lack detailed information about the structure of
the products. In fact, the combination of Cu and Ag in these
studies was simply represented as CuAg without investigat-
ing the possibility of the formation of solid solutions.

Although the relationship between electrical conductiv-
ity and oxidation properties is not reported in the literature,
it is worth noting that the samples with the lowest electrical
resistance (highest electrical conductivity), CuAg 5/1 and
CuAg 10/1, are those that produced the best MB degrada-
tion results.

The results for CuAg 5/1 and CuAg 10/1 are quite simi-
lar, although their synthesis costs differ. CuAg 5/1 was syn-
thesized by using a mixture of salts composed of 83.33%
copper and 16.67% silver, while the synthesis of CuAg
10/1 required 90.9% copper and only 0.091% silver. Given
their comparable effectiveness and for economic consider-
ations, CuAg 10/1 was chosen to investigate the effect of
the parameters that may affect the degradation process of
Methylene blue (MB).

The first parameter studied is the effect of powder load-
ing. Figure 6a shows the results of MB degradation under
the conditions: 60 °C, 100 rpm, and MB concentration of
2x10~° mol/L while varying the amount of CuAg 10/1 (10,
20, 30, and 40 mg). The results show that increasing the
powder loading led to improved degradation of MB. The
total degradation was achieved with 40 and 30 mg after
25 min, while 90.52% and 73.19% were attained with 20
and 10 mg, respectively, after the same reaction time.

The degradation of methylene blue in the presence of the
powder followed the pseudo-first-order reaction rate, for
which the following equation may be used:

A

)= —kt (5)

//t//

where "k” is the rate constant (min~ ') and "t” is the reaction
time (min), A and A, are the absorbance at t, and t.

The rate constant increased from 0.081 min~ ! with 10 mg
to 0.141, 0.219, and 0.192 min~! with 20, 30, and 40 mg,
respectively. The loading of 30 mg was chosen for the
remaining experiments because it yielded the highest deg-
radation efficiency.

The effect of temperature was investigated in the range
of 30-60 °C using 30 mg of the powder and 100 rpm. The
results show that the degradation was rapidly improved
when the temperature increased from 30 to 60 °C. At 30 °C,
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Fig. 5 Degradation of MB in the presence of the synthesized powders

the reaction was slow, reaching 92.54% after 120 min,
while total degradation was achieved after 50 min at 40 °C
and after 30 and 25 min at 50 °C and 60 °C, respectively
(Fig. 6b).

Equation 6 was applied to the results of the effect of tem-
perature (in Fig. 6b) to determine the activation energy by
the Arrhenius equation:

k= Aerr (6)
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The Arrhenius equation was plotted as In k versus (1/T) for
each temperature, and the activation energy was calculated
from the slope, -Ea/R. The activation energy was found to
be 58.52 kJ/mol. This high value suggests that MB degrada-
tion is chemically controlled and that the powder required
thermal activation to be effective. Since the activity of the
synthesized powder was temperature-sensitive, a tempera-
ture of 60 °C was maintained for the remaining experiments.

The effect of the pH was studied in the pH range 3-9
using 30 mg of the powder at 60 °C and a magnetic stir-
ring of 100 rpm. The results show that MB degradation was
strongly dependent on the solution pH (Fig. 6¢). It increased
rapidly with increasing the acidity of the dye solution,
reaching 1.71, 9.93, 69.46, and 100% after 25 min at pH 9,
5, 4, and 3, respectively, corresponding to rate constants of
0.0012, 0.0044, 0.0874, and 0.219 min~'. The reaction rate
at pH 3 was 182.5, 49.77, and 2.5 times faster than those
registered at pH 9, 5, and 4, respectively.

This study is a continuation of our previous work [4] in
which we synthesized copper using sodium ascorbate, an
eco-friendly reducing agent. We found that copper produced
in situ, hydroxyl radicals in the acidic medium, which are
responsible for the oxidation of the organic contaminants
in water.

This method is a heterogeneous Fenton-like process,
which belongs to the advanced oxidation processes (AOPs)
characterized by the in-situ generation of reactive oxygen
species (ROS) that oxidize target pollutants [25]. Hydroxyl
radicals ("OH) are one of the most studied ROS in AOPs
because of their strong oxidation potential (2.4 V). They
can be generated in homogeneous systems by activating
oxidants such as H,0, (hydrogen peroxide) and S,Og (per-
sulfate) using techniques like ultrasound, ultraviolet light,
or microwaves [26, 27].

Additionally, they can be produced in situ, in heteroge-
neous systems, by reducing oxygen in water using metals
such as iron, aluminum, and copper under certain conditions
[28]. The latter method is the approach used for their gen-
eration in this study.



Effect of silver addition on the structure of microwave-synthesized Cu-Ag solid solutions for organic pollutant...

Page9of 15 102

Fig. 6 Effect of powder loading 100 100 ~
(a), temperature (b), and pH (c) 90 90 -
on methylene blue degradation = 80 = 80 -
€ 70 € 70
2 60 2 60 4
g 50 ¥ 50 -
¥ 40 ¥ 40 - ——30°C
2 3 2 30 —o—40°C
2 ) 2 20 4 ——50°C
10 10 A 60°C
0 . 0 T T T T T )
60 0 20 40 60 80 100 120
(a) t (min) (b) t (min)

100

MB Degradation (%)

To assess the presence of hydroxyl radicals, 1 ml of 2-pro-
panol, which acts as a hydroxyl radical scavenger (with a rate
constant K oy 5 propanol = 3 % 10° M ! s71) [29], was added to
the methylene blue (MB) solution before starting the reac-
tion with CuAg 10/1. The experiment was conducted at
60 °C, using 30 mg of the powder and MB solution at pH 3.
No decrease in the absorbance values of MB was observed,
indicating that hydroxyl radicals have been cached by the
alcohol and consequently the degradation had not occurred.
This result supports the conclusion that the degradation of
MB is a hydroxyl radical-based oxidation system.

In this system, copper present in CuAg 10/1 with its
redox potential (+0.34 V, Cu**/Cu), produced hydroxyl
radicals ("OH) via the reduction of oxygen in water to form
H,0, (0.7 V, O,/H,0,):

Cu— Cut +e” (7
Cu — Cut +2e~ ®)
Og +2H" +2e~ — Hy0, )
Cut + HyOy — Cu*t + OH™ +°OH (10)

However, a clear mechanism for the production of radicals
from silver particles is still somewhat uncertain. Some stud-
ies showed that silver required the presence of hydrogen
peroxide (externally added) to generate hydroxyl radicals

[30, 31] in acidic medium, while other studies reported that
the in-situ production of ‘OH from Ag powder occurred
when Ag comes into contact with oxygen, generating H,O,
via the production of superoxide O, " [32, 33]:

Ag+ 0y — Agt +05° (11)
O5° +2H" — Hy0, (12)

Hydroxyl radicals can then be formed via the reaction of
silver particles and oxygen peroxide [34]:

Ag+ H,05 — Agt + OH™ +°*OH (13)

It is important to note that in the CuAg 10/1 sample, copper
and silver exist as solid solutions, which complicates pre-
dictions about their reactivity. However, since radicals are
formed, this suggests that the mechanisms behind their pro-
duction remain the same, with some effects resulting from
the incorporation of copper and silver into each other.

On the other hand, the point of zero charge (pHp,) of
CuAg 10/1 was determined using a method reported else-
where [35] and was found to be 6.1. In this study, all experi-
ments were conducted at a pH of 3, which is lower than the
pHyp,c of the synthesized powder. At pH 3, the solid surface
is positively charged due to protonation, which generates
an electrostatic repulsion that hinders the adsorption of the
cationic MB molecules onto the surface.
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Thus, the interruption of the reaction in the presence of
propanol and the positive charge of the solid surface con-
firm that methylene blue was degraded via the formation
of hydroxyl radicals generated by the powder in the acidic
medium.

To assess the effect of the process conditions on the struc-
ture of the powder, the CuAg 10/1 sample was collected after
the reaction, washed, dried, and analyzed by XRD (Fig. 7a).

The results show that the diffraction peaks broaden and
their intensity decreases after the reaction (AR) (Fig. 7b).
This is due to the involvement of the powder constituents
in the degradation process, resulting in a decrease in the

crystallite size for both copper and silver solid solutions,
as shown in Table 2. This decrease may be attributed to the
dissolution of microcrystallites and their transformation
into nanosized crystallites in the acidic medium [36, 37].
The weight fractions slightly changed, and the occupancy
of both solid solutions increased from 0.865 to 1 for the Cu-
rich solid solution, and from 0.244 to 0.926 for the Ag-rich
solid solution. This indicates a probable release of minor
components from the solid solutions they initially formed.

The operating conditions may have caused changes due
to surface restructuring, grain boundary interactions, lattice
alterations, and external stress.

Fig. 7 XRD refinement pattern of
the CuAg 10/1 powder after the 0.0k
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Table 2 Structural and microstructural parameters obtained from the XRD Rietveld refinement of the CuAg 10/1 powder after reaction
Sample Phase a(A)x107* Aa/a;, (%) <L> nm Occ. Weight fraction (%)
CuAg 10/1 Cu 3.6171 0.072 85+1 1 89+0.7
After reaction
Age, 4.0864 0.004 48+0.6 0.926 11£0.1
100 ~
90 - reaching 57%, after which it declined slightly and achieved

MB Degradation (%)
v
o

40 - —X—1strun
30 A —/—2nd run
20 | —O—3th run
—O—4th run
10 +
0 & T T T T T T T T )
0 10 20 30 40 50 60 70 80 90

t (min)
Fig. 8 MB degradation after 4 runs in the presence of CuAg 10/1

Often, a slight oxidation of Cu to Cu,0O and CuO occurs
after metallic copper participates in the degradation process,
as seen in our previous work [4]. However, in this study,
XRD did not detect the formation of oxides. It is well known
that silver offers increased resistance to oxidation and sur-
face degradation, particularly in humid environments or at
high temperatures. This high stability may have protected
copper from oxidation in the harsh acidic environment,
which is considered as a positive effect.

3.4 Reusability of Cu-Ag powder

To determine the stability and reusability of CuAg 10/1 pow-
der, its performance in the degradation of MB was tested over
four consecutive cycles under the same conditions (pH 3,
60 °C, 100 rpm). During the first run, the solid exhibited high
efficiency by completely degrading MB within 25 min (Fig. 8).

In the second run, although the solid remained highly

total MB degradation within 40 min.

The overall activity of the powder remains high for up
to 3 cycles, during which a slight decrease of about 4%
was observed. A decline in activity became noticeable in
the fourth run, marked by a visible slowdown in the reac-
tion rate, which gradually decreased, reaching 73.15% after
90 min. This decline may indicate minor deactivation mech-
anisms, possibly due to changes in the solid surface struc-
ture as previously observed.

3.5 Effect of water matrix on the degradation of MB

Testing the synthesized sample in a mineral-rich aqueous
environment that contains different dissolved compounds,
is interesting, especially in a radical-driven system. Certain
ions may either accelerate or slow down the radical’s activ-
ity, thereby affecting the process’s overall efficiency [38].

For this task, two series of experiments were conducted.
In the first series, 2.10"> M of NaCl, Na,SO,, and NaNO,
were dissolved in the MB solution before the start of the
experiment with CuAg 10/1. The MB solution was prepared
in distilled water. The results, depicted in Fig. 9a, show that
chlorides and sulfates enhanced the degradation of methy-
lene blue, with chlorides having a more significant impact
than sulfates on the degradation process, while nitrates
inhibited the reaction.

In the literature, the presence of chlorides has been found
to enhance the degradation process by potentially reacting
with "OH generated in this case by the matrix components to
form CI" and Cl,™ [39]:

active, a slight decrease in the reaction rate was observed, ~C1~ +°*OH + H — C1° + H,0 (14)
achieving complete MB degradation within 30 min. The
third run exhibited significant activity for up to 15 min, C1*+C17 = C13~ (15)
Fig. 9 Effect of inorganic ions (a) 100 + % X 100 1 5 3
and the type of water (b) on the 90 - 90 -
degradation of MB in the pres- _ 80 - 80 A
ence of CuAg 10/1 3-:— 70 - £ 70 1
£ 60 A S 60 |
© ®
B 504 T 50 A
& g
g NaCl & 40 1 '
g 30 —O—Na2504 g 30 4 —{— Mineral water
20 —~—NaNO03 20 A —A—Tap water
10 —X— Without salt 10 —O— Distilled water
0 : : : : . 0 . ; . . . )
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Chlorine radical (CI') possesses a high oxidation potential
of 2.4 V, making it highly effective in degrading pollutants.
In contrast, the chlorine radical ion (Cl,") is less reactive
and has a longer half-life when compared to C1" and "OH
[39].

The presence of the three radicals has probably improved
the oxidation process in the presence of chloride anions.

Similarly, the addition of sulfates enhanced the degrada-
tion process of MB. This can be due to the formation of
sulfate radicals SO, via the reaction of sulfate anions with
hydroxyl radicals [38]:

SO2~ +*0H — SO~ + OH~ (16)

Sulfate radicals have a similar oxidation potential
(2.5~3.1 V) to hydroxyl radicals [38]. Nevertheless, the
presence of chloride ions gives better results in the oxida-
tion of MB than sulfate ions.

The chemistry of nitrates is more complex, and their
effect in the advanced oxidation processes, especially in het-
erogencous systems, is poorly understood. There are some
papers reporting improvement in the degradation processes
in their presence [39] while others reported the contrary
[40].

The results obtained in this study show that the pres-
ence of nitrates decreased the efficiency of MB degradation.
Nitrate ions likely acted as "OH quenchers, reducing their
amount available for the degradation of MB, and producing
nitrate radicals, which are less active than hydroxyl radicals
[40]:

NO3; +°*OH — NOS +OH~ (17)

In the second series of experiments, three types of water
(mineral water, tap water, and distilled water) were used
as a solvent for MB under the conditions (30 mg, 60 °C,
100 ml MB at pH 3). The results depicted in Fig. 9b show
that after 5 min, the effectiveness of CuAg 10/1 in MB oxi-
dation reached 49.02% with distilled water, 64.48% with tap
water, and 81.05% with mineral water. The ionic strength
of mineral water, which contained a greater concentration
of mineral anions and cations compared to tap and distilled
waters, has positively influenced the activity of the powder
in MB degradation. This is considered a positive aspect of
the activity of CuAg 10/1 powder.

The influence of inorganic anions on the efficacy of the
advanced oxidation processes (AOPs) is a complex phe-
nomenon. It is strongly linked to various factors, includ-
ing the types of inorganic ions present in the bulk solution,
the presence of oxidants, the characteristics of the targeted
organic pollutants, and the physicochemical properties of
the solid surface used in heterogeneous systems [39].

@ Springer

MB degradation (%)

t (min)

Fig. 10 Effect of microwave power on the degradation of MB in the
presence of CuAg 10/1

3.6 Application of microwaves to the Cu-Ag/MB
system

Processing time is a crucial parameter that can be shortened
by optimizing operation conditions or adding other acti-
vating methods to accelerate the process. Microwaves are
part of AOPs and have been successfully applied in vari-
ous fields, including wastewater treatment, soil remediation,
and sludge disposal [41, 42].

MB was completely degraded within 25 min with 30 mg
of CuAg 10/1. To further shorten the reaction time, the same
experiment was repeated by inserting the beaker into the same
microwave oven chamber used for the synthesis of the pow-
der. The experiment was conducted using 30 mg of the synthe-
sized powder mixed with 100 ml of MB at pH 3, and different
microwave powers were tested: 180, 300, 450, and 600 W.

The results depicted in Fig. 10 show that the degradation
reaction started very quickly with 450 and 600 W registering
85.26 and 91.24% respectively after just 2 min, but it started
more slowly with 300 and 180 W, and accelerated thereafter
reaching rapidly total MB degradation after 6 min. The tem-
peratures generated inside the solution by 300 and 180 W
are much lower than those generated by 450 and 600 W.
Despite that, a strong improvement was clearly observed
with the former. This indicates that the rapid increase in
reaction rate cannot be explained solely as a consequence of
rapid heating. In the literature, numerous studies have pos-
tulated a so-called “microwave effect” which may outweigh
the “thermal effect” of microwaves [43, 44].

To highlight the effect of the microwave irradiation, the
temperatures of the solution attained after each minute were
measured with the lowest power tested (180 W). The values
were 33, 41.5, 48, 56, 60, and 73 °C after 1, 2, 3, 4, 5, and
6 min, respectively. At these reaction times, the MB degra-
dation reached 3.43, 11.92, 40.38, 76.90, 89.26, and 97.96%
respectively (Fig. 10).
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In contrast to the MW system, where the temperature
increased with time, the experiments in the water bath were
kept at a constant temperature throughout the entire reac-
tion, as shown in Fig. 6b. Taking the comparison of both
systems at the same temperature of 60 °C, one can observe
that with the microwaves, 60 °C was reached by the Sth
minute, resulting in an 89.26% yield, while with the water
bath, only 26.17% were registered at 60 °C after the same
reaction time, although the experiment was carried out at
60 °C from the beginning. Despite the lower temperature to
which the solution was subjected under microwaves in the
range [0—5 min], the process was 3.41 times faster than that
with the water bath. The cause was certainly the “micro-
wave effect” as reported in the literature.

Although the reaction mechanism is not well understood
in this case, due to the complexity of the solid solution, the
utilization of microwaves has certainly facilitated the pro-
duction of "OH from the powder and, consequently, the
removal of the pollutant [25].

The same experiments were repeated in a homogeneous
system under the same microwave powers to verify whether
microwaves alone, without the powder, could degrade MB.
No decrease in absorbance values was observed.

In homogeneous systems, microwaves are applied in
advanced oxidation processes to activate soluble oxidants
such as H,0, and S,04 to generate hydroxyl radicals ("OH)
or sulfate radicals (SO,) [25]. In Fenton or Fenton-like pro-
cesses, microwaves have been used to accelerate the produc-
tion of hydroxyl radicals from the decomposition of H,O, in
the presence of ferrous ions (Fe*") or other metallic ions [45].
In heterogeneous systems, microwaves have been applied
with various absorbing materials, including transition metal
oxides, carbonaceous products, and natural mineral materials
[46—48]. All these methods utilize microwaves to accelerate
already active systems, but the possibility of further shorten-
ing the reaction time is explored. For example, Hu et al. [49]
found that microwaves alone could not degrade p-nitrophenol
(PNP), whereas their application with the persulfate (MW/
PS) system removed 96.8% of PNP within 14 min.

In this study, no degradation of methylene blue was
obtained using microwaves alone, suggesting that micro-
waves have no effect in degrading stable organic pollutants
without the combination of other processes [50, 51]. The
combination of CuAg 10/1 with microwaves reduced the
time required for the total degradation of MB from 25 min
to 6 min, thereby dividing the process duration by 4, result-
ing in considerable energy and time savings.

Interesting results have been achieved in this study, where
solid solutions of copper and silver were used as radical
generators, eliminating the need for external oxidants. The

utilization of an eco-friendly and low-cost product (ascorbic
acid) for the preparation, and the speed of the microwave-
based synthesis method are particularly notable, as they
enable the formation of solid solutions with varied compo-
sitions that can serve multiple applications in various fields.

4 Conclusion

In this study, matrices composed of several CuAg solid
solutions were synthesized via a reduction process using
ascorbic acid under microwave heating. The synthesis was
conducted in a very short time (5 min), making this method
an attractive alternative to long-term synthesis procedures.

Silver appears to be a disruptive element when intro-
duced into copper. It causes structural disorder, raises elec-
trical resistivity, reduces its oxidation properties at higher
concentrations, but enhances thermal and chemical stability.

The powder containing the lowest silver content (CuAg
10/1) was used to generate in situ the hydroxyl radicals,
which are known to break down organic pollutants. Con-
tacting 30 mg of the powder with methylene blue at pH 3
caused the total degradation of the pollutant within 25 min,
and the activity is maintained despite the ionic strength of
the aqueous medium. The application of microwaves for the
degradation process further reduced the time to 6 min.

The use of metals alone in the degradation processes of
pollutants causes them to oxidize due to the aggressive envi-
ronments used. This disadvantage can be avoided by using
combinations of metals in the form of solid solutions. This
approach can be implemented in the environmental field in
order to combine chemical stability and efficient activity.
Our results introduce CuAg solid solution with low Ag con-
tent as a promising material for organic pollutants oxidation
via the heterogeneous Fenton-like process.
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