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Abstract: The aim of this study was to evaluate and compare the effectiveness of the combination of silver nanoparticles
(Ag NPs) and two metal oxides (Fe,O; and CoO) for the removal of methylene blue (MB) molecules from aqueous solutions.
To achieve this purpose, Silver (Ag) nanoparticles were successfully deposited onto metal oxides (Fe,O; and CoO)
nanocomposites, which were employed as adsorbents and photocatalysts. The prepared photocatalysts (Ag/Fe,O3; and Ag/CoO)
were used for the absorption of methylene blue, an organic pollutant. Various analytical techniques such as Field Emission
Scanning Electron Microscope (FESEM), Energy Dispersive X-ray (EDX), and Powder X-ray diffraction (XRD) were used to
characterize the prepared nanomaterials. The results of the energy dispersive X-ray analysis identified the presence of the
elements (Ag, Fe, and Co) and their distribution on the surface of the material. The X-ray diffraction pattern also confirmed the
formation of nanocomposites (Ag/Fe,O; and Ag/CoO). The degradation of MB in the presence of sunlight ratified that the
nanocomposites (Ag/Fe,O; and Ag/CoO) had weak photocatalytic absorption efficiency controlled by pseudo-second order
kinetic model. Comparing both nanocomposites, the nanocomposite (Ag/Fe,0;) showed the best photocatalytic performance
with a percentage of 56% within 3h. The results of the photocatalytic experiments indicated that the introduction of Ag into the
metal oxides limited the charge recombination process between the photogenerated electrons/holes and thus facilitated the
absorption of methylene blue.
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catalysis, sensors, isolation, and purification of biological
molecules [1-3]. Nanoporous materials have been gaining
scientific and technological attention due to their faculty to
interact with the surface of ions, atoms or molecules and
throughout the bulk counterparts as well. [4]. Colloidal micro
and nanospheres have been attracting great interest from
researchers because their intrinsic properties can be finely
tuned by altering parameters including diameter, chemical
composition, bulk structure, and crystallinity [5]. Coating
nanospheres with noble metal nanoparticles (NMNPs), oxide
nanoparticles, or semiconductor quantum dots can impart

1. Introduction

In recent years, nanomaterials have been at the heart of
nanoscience and nanotechnology. This multidisciplinary field
of study is expanding rapidly, attracting considerable
investment and effort in research and development around the
world. Nanoporous materials, as a subset of nanostructured
materials, possess unique surface, structure, and bulk
properties. These features highlight their important uses in
diverse conventional methods such as ion exchange, separation,
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specific catalytic, magnetic, and optoelectronic properties to
them. Moreover, they greatly expand their utility in numerous
areas such as electronics, magnetism, optics, and catalysis [6,
7]. For example, several chemists have shown that nanosilver
plays an important role in catalysis, which has been widely
explored in many organic transformations up to fine chemical
synthesis [8, 9]. Dispersion of AgNPs on different substrates to
form various composites is one of the applicable strategies,
such as Ag/(carbonaceous materials), Ag/(metal oxide),
Ag/(non-metal oxide), Ag/(metal hydroxide), and Ag/(dual
hydroxide material layer) [10]. In addition, the aforementioned
strategies would be effective techniques to remove pestilential
dyes from wastewater. These organic pollutants are present in
wastewater and are arised from textile, paper, plastic, leather,
food, and cosmetic industries [11]. Unfortunately, they are one
of the major sources of environmental degradation of water
[12]. Discharge of these wastewaters containing dyes and its
derivatives can lead to human health risks, reduction of light
penetration in the aquatic environment, and other
environmental threats [13-15]. Thus far, several methods
namely absorption [16], hydrogenation [17], photocatalysis
[18-22], biodegradation [23], and chemical oxidation [24, 25]
have already been applied in the remediation of these industrial
wastewaters prior to their release to the environment. Herein,
we reported a facile green synthesis method for the preparation
of heterostructure Ag coated metal oxides and successfully
used as adsorbents and photocatalysts for the removal of MB
from contaminated water [26, 27]. For this purpose, we first
prepared a carbon sphere under hydrothermal conditions from
glucose and porous metal oxides. The monodisperse colloidal
nanospheres were obtained in an aqueous glucose solution and
no toxic reagents were used. The objective of this work is to
propose new alternative metal oxides such as Fe,O; and CoO
coupled with Ag for methylene blue degradation. Thus, to
evaluate the efficiency of the catalysts (Ag/Fe,O; and
Ag/Co0), a comparative study between both nanocomposites
for the removal of methylene blue from an aqueous solution
has been performed.

2. Experimental Section
2.1. Materials

2.1.1. Reagents

The following reagents were required for this experiment.
Silver nitrate (AgNOs), Iron (III) nitrate nonahydrate
(Fe(NO»);.9H,0), and Cobalt (II) nitrate hexahydrate
(Co(NO3)5.6H,0) were purchased from New Delhi (India).
Methylene blue was supplied by the reagent factory in New
Delhi, India. Polyvinylpyrrolidone (PVP) was obtained from
Sigma-Aldrich (India). All other solvents and reagents used
were purified by standard methods.

2.1.2. Apparatus

The morphologies of the samples obtained (Porous Metal
Oxides (PMO), catalysts) were examined with Field
Emission Scanning Electron Microscope (FESEM, FEI
Nova-Nano SEM-600, Netherlands) and elemental

composition was investigated through the same instrument
using the energy dispersive X-ray analysis (EDX). Powder
X-ray diffraction (XRD) patterns were measured by using
RICH-SIEFERT 3000-TT diffractometer employing Cu K,
radiation. The used spectra were recorded on a double beam
spectrophotometer (Shimadzu UV-1208 model, Japan).

2.2. Synthesis Procedure

2.2.1. Synthesis of Metal Silver Nanoparticles

Silver nanoparticles (AgNPs) were fabricated basing on
previous reported method [28]. The description of this method
consists of adding 0.5 g of PVP into 60 mL of a methyl alcohol
and stirred firmly. Afterwards, 1 g of AgNO; was also added
into the obtained mixture. After stirring, the solution was
transferred to a 100 mL autoclave and heated to 200 °C for 24
h. The resulting precipitate was carefully rinsed thoroughly
and dried at 80 °C for 4h. The final powder was Ag.

2.2.2. Synthesis of Carbon Spheres

Carbon spheres were prepared by hydrothermal method.
In this procedure, 3g of glucose were dissolved in 17 mL of
water to form a clear solution. The solution was placed in a
20 mL Teflon-lined sealed stainless-steel container and
heated at 180°C for 3 h. The solid brown product was
isolated and purified by repeated washing with water and
ethanol. And then, it dried at 80°C for 4 h. The as-prepared
carbon spheres along with PVP were used as templates to
synthesize the porous metal oxides [29].

2.2.3. Synthetic Procedure for Porous Metal Oxides

In a typical synthesis, 0.5 g of M(NOj3), (where M = Co
and Fe; x=2) was dissolved in 20 mL of 1: 1 (V/V) water
and ethanol mixture. To this solution, 1 g
polyvinylpyrrolidone polymer and 50 mg of the as-prepared
carbon spheres were added and mixed thoroughly to make
homogeneous viscous slurry. The obtained slurry was then
poured into a glass petri dish (50 mm diameter) and aged
for 10 h in an oven at 80°C. The transparent film of
M(NO3),. PVP composite thus obtained was calcined at
550°C for duration of 5 h with a heating rate of 1°C min™".
The sample was cooled to room temperature at a rate of 3°C
min ' [29].

2.2.4. Synthesis of Catalysts Supported on Porous Metal
Oxides (PMO)

AgNO; and the above obtained PMO (CoO and Fe,0;)
with a mass ratio of Ag to (Ag + PMO) = 10 wt% were
mixed thoroughly in de-ionized water. NaBH, aqueous
solution was added drop wise to the obtained mixture. A
sonication step of 5 min is performed just before a constant
mechanical stirring for 2 h. Then, the precipitate was
filtered, dried, and fired at 500°C for 5 h. The obtained
sample was Ag/PMO (Ag/CoO and Ag/Fe,05) [28].

2.3. Photocatalytic Setup

The photocatalytic degradation of methylene blue was
evaluated with the as-synthesis Ag/PMO nanoparticles. All
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the experiments were performed outdoor with sun as the
main source of light. The working solution used to
investigate the degradation process of MB was adjusted at 5
ppm. Then, 25 mg of the powdered phase of Ag/CoO and
Ag/Fe,0; were added to 10 mL of the aqueous solution of
MB, individually. The obtained mixture was held in a dark
closed box for 2 h before light irradiation in order to reach
the adsorption equilibrium. The air was bubbled throughout
the reaction to ensure the mixing of photocatalyst with dye
during the photocatalytic experiment. The degradation of MB
process was carried out at room temperature (25°C). The
degradation efficiency (R%) was estimated via the
expression as follows [30]:

_ Co—Ct

R(%) = T x 100 (1)

where C, and C, are the starting and the final concentration at
a time (t).

3. Results and Discussion

3.1. Field Emission Scanning Electron Microscopy
(FESEM) Analysis of Nanocomposite

The FESEM images with corresponding EDX spectrum
for the nanocomposites (Ag/Fe,O3; and Ag/CoO) are shown
in Figure 1. The EDX analysis revealed the presence of Ag,
Fe, and O in the Ag/Fe,O; nanocomposite (Figure 1C).
Likewise, Ag, Co, and O were found in the Ag/CoO
nanocomposite (Figure 1D). The silver peaks that appeared
in the EDX spectra of the nanocomposites (Ag/Fe,O; and
Ag/Co0) indicated Ag was deposited on the surface of metal
oxides (Fe,O; and CoO). The formation of the
heterostructures can be clearly seen in the FESEM images
showing a very large condensation of the nanoparticles
(Figure 1A' and Figure 1B') compared to the pure metal
oxide nanoparticles (Figure 1A and Figure 1B).

W 1M kv
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Figure 1. FESEM micrographs of pure metal oxides Fe;O; (4), CoO (B), and aggregated nanocomposites Ag/Fe;O; (A’) and Ag/CoO (B’). EDX spectrum for

Ag/Fe;05(C), Ag/CoO (D).



125 Donourou Diabate et al.: Synthesis of Metallic Silver Supported by Metal Oxides (Fe,O; and CoO) for the
Removal of Methylene Blue in the Presence of Sunlight

3.2. X-ray Diffraction Patterns Analysis of Metal Silver and
Metal Oxide Nanocomposite

The XRD patterns of bare metal silver, pure metal oxides
(CoO and Fe)O;), and Ag/metal oxide nanocomposites
(Ag/CoO and Ag/Fe,05) were examined in the 20 range of 10-
80" and are shown in Figure 2. Five Ag diffraction peaks with 260
observed at 24.79°, 38.12°, 44.34°, 64.47°, and 77.33° were
assigned to (210), (111), (220), (311), and (400), respectively
(ICDD 893722) (Figure 2A). All of the Fe,05 diffraction peaks
were attributed to the Fe,0; alpha phase (JCPDs map 33-0664).
Thus, Fe,O; showed diffraction patterns at 24.08°, 33.17°,
35.52°, 41.02°, 49.57°, 54.14°, 62.59°, 64.25° corresponding to
hkl values of (012), (104), (110), (113), (024), (116), (018),

(214), (300), respectively (Figure 2B). Nevertheless, the XRD
patterns of the Ag/Fe,O; nanocomposite showed additional
peaks at 24.11° and 64.10° corresponding to (210) and (220)
planes of silver, respectively (Figure 2B’). This observation
denotes the successful coating of Ag onto Fe,O;. Figure 2C
presents main peaks of CoO at 36.82°, 44.80° and 65.25°, which
were indexed to (111), (200), and (220) crystalline planes of the
face-centered cubic structure of CoO nanoparticles [31-33]. In
the XRD pattern of the Ag/CoO nanocomposite, in addition to
the diffraction peaks of CoO, diffraction peaks of the (220) and
(400) planes of silver located at 20 values equivalent to 44.85°
and 77.61° were observed, demonstrating the successful coating
of silver by CoO (Figure 2C").
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Figure 2. X-ray diffraction patterns of the pristine, Ag (A), Fe,O; (B),
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CoO (C), and oxide nanocomposites Ag/Fe;Os (B’), Ag/CoO (C’).
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4. Degradation of MB Pollutants

The photocatalytic response of the synthesized Ag/metal
oxide nanocomposites were examined by methylene blue
(MB) degradation. The removal process of MB was carried
out with the help of sunlight. The results of the MB
degradation are shown in Figure 3A. In the degradation
analysis, the y-axis was plotted by Cy/ C,, where C, is the
intensity of the absorption peak at any time and C, is the
intensity of the initial absorption peak. The x-axis was
plotted with the irradiation time of the reaction solution. The
elimination of MB dye was monitored up to 3 h with constant
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sampling intervals in the first 20 min and then gradually
reached equilibrium for the Ag/Fe,O; and Ag/CoO
nanocomposites (Figure 3A). As can be observed, the
absorption peak gradually decreased overtime using both
Ag/metal oxide nanocomposites [34]. The maximum
degradation rate of methylene blue was reached 56% for the
Ag/Fe,O; nanocomposite in 160 min while Ag/CoO
nanocomposite degraded 40% of methylene blue in 180 min
(Figure 3B). Among two Ag/metal oxide nanocomposites,
Ag/Fe,O; had effective performance with respect to
degradation time at MB.

—o— Ag/Fe,04
-1- Ag/CoO

20 40 60

80

100 120 140 160 180

Time (min)
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8 8 & 3

-
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Degradation of Methyl Blue (%)
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Catalysts
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Figure 3. (A) Time dependent degradation process of methylene blue with both nanocomposites. C, is absorption peak intensity at any time and C, designates
initial absorption peak intensity. (B) Comparison of photocatalytic activity between both nanocomposites (Ag/Fe;O; and Ag/CoO).
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Figure 4. Kinetic models for the adsorption of MB onto Ag/Fe;Os and Ag/CoO calculated using (a) and (a’) pseudo first-order kinetic models and (b) and (b’)

pseudo second-order kinetic models.

The reason for the absorption capacity of Ag/Fe,O;
nanocomposite would be due to the surface area and pore
volume the metals oxide (Table 2). Due to the pore volume

and surface area the metals oxide, Ag/Fe,O; was better than
Ag/CoO.

Table 1. Pseudo first-order model and pseudo second-order model parameters constant for the adsorption of MB on (Ag/Fe,0; and Ag/CoO) nanocomposites.

Methylene Blue
Adsorbents Pseudo-first-order kinetic model Pseudo-second-order kinetic model

k; (min™) R’ k; (g mg” min™) R’
Ag/Fe,05 0.0049 0.971 22.73 0.975
Ag/CoO 0.0025 0.933 17.70 0.968

The study of the absorption kinetics is one of the main
characteristics showing the efficiency of the adsorbent. In
addition, it allows describing the rate of solute absorption by
controlling the diffusion process, the residence time of the
adsorbate at the solid/solution interface and the order of the
reaction [35]. To evaluate the nature of absorption
mechanism and efficiency of the prepared nanocomposites
(Ag/Fe,0; and Ag/Co0), the most common kinetic models
such as pseudo-first order and pseudo-second order were
used to analyse the experimental results. The absorption
kinetic studies of MB on Ag/Fe,O; and Ag/CoO
nanocomposites with time were then investigated by applied
pseudo first-order and pseudo second-order kinetic models.

The pseudo first-order kinetic and pseudo second-order
kinetic models can be expressed by the equations (2) and (3),
respectively:

In (i—‘:) =kt )
1 1
C_[_C_o = kzt (3)

where C; and C, are the MB concentration at time t = t and
t = 0, respectively, k; and k; are the pseudo first-order rate
constant and the pseudo second-order rate constant,
respectively. The pseudo first-order rate constant k; and k,
were determined by calculating the gradient of graph In
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(Cy/C,) against time (t) and t/C; against time (t), respectively.
From Table 1, the pseudo second-order model is much better
to represent the absorption of MB by Ag/metal oxide
nanocomposites, with correlation coefficients (R?) very close
to 1. This observation indicates that the MB absorption
process by nanocomposites (Ag/Fe,O; and Ag/CoO) was
controlled by chemisorption [35].

Table 2. Physical Properties of Metal Oxide (Fe;O; and CoO).

Oxides Surface area (m”/g) Pore volume (cc/g)
CoO 23.01 0.05
Fe,04 37.25 0.25

5. Mechanism for Photocatalytic
Degradation of Methylene Blue

The procedure for photocatalytic degradation of methylene
blue was carried out as follows. When the sunlight fell on the
aqueous solution of methylene blue and photocatalysts, a series
of chemical reactions was initiated leading to degradation
products. Those products were comparatively less hazardous to
the ecosystem [36]. The plausible mechanism of the
photocatalytic degradation was postulated, where the formation
of the interface between Ag and PMO (CoO and Fe,03). As
such, when the photocatalysts (Ag/CoO and Ag/Fe,O;) were
irradiated by the sunlight, the electrons transit from the valence
band (VB) to the conduction band (CB) of CoO or Fe,0;.
Moreover, those electrons photogenerated in the CB of CoO or
Fe,O; were taken up by Ag. This phenomenon reduced the
oxygen in the atmosphere and produced the superoxide radical
(O%) [34]. Meanwhile, the created holes in the conduction band
of CoO and Fe,O; were reacted with the surface water and
oxidized it to the hydroxyl radical (OH). Furthermore, these
reactive radical intermediates were reacted with the aqueous dye
solution of methylene blue and mineralized into colorless
species (CO, and H,O) [34, 36]. Thus, the photocatalysts
(Ag/CoO and Ag/Fe,O;) provided an interface and a large
surface area producing oxygen vacuoles and oxygen vacancy
plasmonic ions. In addition, the plasmonic effect of silver itself
allowed the nanocomposites (Ag/CoO and Ag/Fe,O;) as
efficient photocatalysts.

6. Conclusion

In summary, using sunlight to study the degradation of
methylene blue (MB), new photocatalyst adsorbents (i e.,
Ag/Fe,0; and Ag/CoO) were successfully synthesized and
characterized by FESEM, XRD, and EDX. The XRD pattern
confirmed the presence of Ag on the metal oxides (Fe,O; and
Co0). The kinetic process was successfully fitted to pseudo-
second order kinetic models. The fabricated nanocomposites
namely Ag/Fe,0O; and Ag/CoO showed low photocatalytic
absorption of MB with respective percentages of 56% and
40%. This degradation of methylene blue would be due to the
strong interfacial interactions between Ag and metal oxides
(Fe,O3 and CoO) that allowed the creation of oxygen

vacuoles and oxygen vacuole plasmonic ions. In addition, the
superoxide radical (O%) is the main intermediate responsible
for the degradation of methylene blue (MB).
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