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Abstract Ag/Au/Fe3O4/graphene composites prepared by a hydrothermal method demonstrated

excellent activation of H2O2 and were used to degrade methylene blue (MB) in solution in the pres-

ence of organic acids and inorganic ions under light and ultrasound irradiation. The physicochem-

ical properties of the obtained composites were characterized using various methods. The results

showed that the composites exhibited excellent magnetic properties, crystallinity, and stability.

The results of catalysis experiments revealed that the removal efficiency of MB increased when

Ag and Au were both incorporated into the Fe3O4/graphene/H2O2 system compared with the

removal efficiency achieved with separate Ag-Fe3O4/graphene/H2O2 and Au-Fe3O4/graphene/

H2O2 systems, indicating a substantial synergistic interaction between the two metallic nanoparti-

cles and the Fe3O4/graphene/H2O2 systems. The presence of an organic acid accelerated

degradation of the MB/H2O2 system, whereas almost all of the investigated anions inhibited

the degradation of MB; their inhibition effects followed the order CO3
2� > NO3

� > Cl� > F�

> H2PO4
� >SO4

2� > I�. Cations of Na+, K+, Ca2+, and Mg2+ also suppressed MB degradation,

likely because of the influence of Cl� coexisting in the solutions.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In recent years, photocatalysis reactions using iron oxide as the photo-

catalyst have received considerable attention for water treatment

(Mishra and Chun, 2015). Among various iron oxides, Fe3O4 nanopar-

ticles (NPs) are an essential catalyst for this purpose because of their

good catalytic and adsorptive properties and high biocompatibility
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(Xuan et al., 2011). Moreover, Fe3O4 NPs are ferromagnetic, which

enables easy and rapid separation of the catalyst from solutions

(Ahmad et al., 2017; Yaqoob et al., 2020a; Zhu et al., 2020). However,

the small size of Fe3O4 NPs can lead to agglomeration and floating

during water treatment. In order to overcome these impediments,

numerous strategies have been utilized. These efforts include the addi-

tion of some 2D materials into the Fe3O4 NPs such as graphene

(Vinothkannan et al., 2015), CNTs(Yang et al., 2016), and MoS2
(Wang et al., 2021).

Graphene, a two-dimensional sheet of sp2-hybridized carbon, is

considered as a new class of graphitic material and has been explored

for the removal of water contaminants because of its high specific sur-

face area, optical transparency, and special electronic transport prop-

erties (Perreault et al., 2015). The integration of graphene with NPs to

form a composite NP/graphene catalyst result in a material with spe-

cial features and can hinders agglomeration (Padhi et al., 2017;

Singh et al., 2017; Yaqoob et al., 2020b). Moreover, the catalytic activ-

ity and durability can be improved because graphene favors better dis-

persion of NPs (Gu and Zhu, 2020). Therefore, the integration Fe3O4

NPs with graphene, resulting in an improved magnetic material for

pollutant management (Mahalingam and Ahn, 2018).

Recently, it is reported that noble-metal such as Ag or Au has

electron-storage property facilitating charge separation and can effec-

tively hinder the recombination of electron–hole pairs and improve the

efficiency of photocatalytic reaction under UV and visible light

(Amoli-Diva et al., 2019; Yaqoob et al., 2020c; Yaqoob1 et al., n.d.;

Zhang et al., 2016). The synergistic effect among Fe3O4 NPs, graphene

and Ag or Au will enhance the light absorption of noble-metal Fe3O4

NPs and graphene composites, resulting in highly active photocatalysts

(Wang et al., 2012).

Advanced oxidation processes (AOPs), which implies the genera-

tion and subsequent reaction of hydroxyl radicals (�OH), the most

powerful oxidizing species, have also been successfully applied in a

Fenton reaction (Fe2+/H2O2) system for the oxidation of organic

pollutants (Liu et al., 2016; Nguyen et al., 2017). �OH are highly reac-

tive and effectively destroy pollutants. However, the Fe2+/H2O2 sys-

tem is limited by a low generation rate constant of Fe2+ ions from

Fe3+ ions by reduction of H2O2 (Barrera-Salgado et al., 2016).

Therefore, irradiation with UV light (Fe2+/UV/H2O2 system) can

substantially accelerate the reduction of Fe3+ to Fe2+ ions in the

presence of H2O2 and lead to greater production of �OH, thereby

resulting in improved removal of organic dyes and pigments in solu-

tions (Macı́as-Sánchez et al., 2011; Melgoza et al., 2009). Some

researchers have studied ultraviolet (UV) and ultrasound (US) irradi-

ation in conjunction with H2O2 for wastewater treatment (Dükkancı,
2018; Shokri, 2018). US irradiation has been reported to disperse

nanocomposites as catalysts in aqueous solutions and to clean the

catalyst surface(Yehia et al., 2015). Moreover, US irradiation in

aqueous solutions can accelerate chemical reactions by inducing cav-

itation. The collapse of microbubbles can potentially create micro-

scopic turbulence and extreme localized temperatures and pressures,

leading to the pyrolysis of water molecules and the generation of
�OH (Wang et al., 2005). In addition, sonication can induce acoustic

streaming, which can convert sound into kinetic energy, representing

a powerful tool to intensify mass transfer (Kumar et al., 2006; von

Piechowski et al., 1992). We speculated that a synergistic effect

between sonochemistry and photocatalysis could enhance the degra-

dation rate of organic pollutants.

In addition to dye-containing industrial effluents in industrial

wastewater, numerous inorganic contaminants are also present

(Ahmad et al., 2015; Luciano et al., 2020). Dissolved organic matter,

such as low-molecular-weight natural organic acids (LMOAs) pro-

duced by decomposition of animal and plant residues, is abundant

in the aquatic environment (Brinkmann et al., 2003). These LMOAs

can influence the degradation of organic pollutants. In addition, for

color stabilization, industrial dyes contain inorganic ions such as

Cl�, SO4
2�, NO3

�, H2PO4
�
, CO3

2�, K+, Ca2+, and Mg2+ (Czibulya

et al., 2015). The presence of these inorganic contaminants can
increase the pollution load and affect the AOP mechanism. There-

fore, understanding the effect of the presence of LMOAs and inor-

ganic ions on the degradation of organic pollutants should be

improved.

Studies of magnetic plasmonic catalysts toward the degradation

of multiple pollutants under light and ultrasound (US) irradiation

have rarely been published in the literature. In the present study,

we propose a novel approach for the fabrication of a composite cat-

alyst containing Ag and Au NPs which deposited on the surface of

Fe3O4 NPs on graphene (Ag/Au/Fe3O4/graphene) and investigated

the photocatalytic and sonophotocatalytic behavior toward the

degradation of methylene blue (MB) in the presence of (i) H2O2 oxi-

dant; (ii) a multicomponent system of H2O2 and various LMOAs

such as tartaric acid (TA), maleic acid (MA), formic acid (FA), oxalic

acid (OA), gallic acid (GA), citric acid (CA), and ascorbic acid (AA);

(iii) a multicomponent system of H2O2 and various inorganic ions

such as Cl�, SO4
2�, NO3

�, H2PO4
�
, CO3

2�, K+, Ca2+, and Mg2+;

and (iv) a multicomponent system of H2O2 and a mixed solution

of LMOAs and inorganic ions.
2. Experimental

2.1. Reagents and materials

Iron(II) sulfate heptahydrate (Fe(SO)4�7H2O), silver nitrate
(AgNO3), sodium hydroxide (NaOH), hydrochloroauric acid

(HAuCl4), acetic acid (CH3COOH), MB, H2O2, benzoquinone
(BQ), tert-butyl alcohol (TBA), ammonium oxalate (AO),
sodium sulfate (SS), TA, MA, FA, OA, GA, CA, and AA,

nickel(II) nitrate hexahydrate (Ni(NO3)2�6H2O), sodium car-
bonate (Na2CO3), sodium dihydrogen phosphate (NaH2PO4),
sodium chloride (NaCl), sodium iodide (NaI), sodium fluoride
(NaF), potassium chloride (KCl), calcium chloride dihydrate

(CaCl2�2H2O), and magnesium chloride hexahydrate (MgCl2-
�6H2O). All chemical substances were purchased from Merck
and were used without further purification. Graphene was pur-

chased from Angstron Materials.
2.2. Catalyst preparation

Fe3O4 nanoparticles (NPs), Fe3O4/graphene, Ag/Fe3O4/-
graphene, and Au/Fe3O4/graphene composites were prepared
according to the methods described in our previous studies

(Saleh and Taufik, 2019a, 2019b; Taufik and Saleh, 2017a).
In the present study, we used Fe3O4/graphene composites with
a graphene content of 10 wt% and Ag or Au content of 25 wt
%. Hereafter, the Fe3O4 NPs, Fe3O4/graphene Ag/Fe3O4/-

graphene, and Au/Fe3O4/graphene composites are denoted
as F, F-10G, Ag/F-10G, and Au/F-10G, respectively. The
Ag/Au/Fe3O4/graphene (Ag/Au/F-10G) composites were syn-

thesized using a hydrothermal method. First, HAuCl4 and Ag
powder were dissolved in 50 mL water and the solution was
heated to boiling at 100 �C. Sodium citrate was then added

to the solution, and the solution was maintained at 100 �C
until its color changed to purple. Graphene and Fe3O4 were
added, and the resultant mixture was stirred for 30 min. After

a homogeneous dark suspension was achieved, the solution
was transferred to a Teflon stainless autoclave and heated at
120 �C for 12 h. The solution was then cooled to room temper-
ature and the samples were collected by centrifugation. The

final product was obtained after a drying treatment at
120 �C for 5 h.
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2.3. Light- and ultrasound-assisted oxidation

To evaluate catalytic activities, the degradation of MB in the
presence of Ag/Au-Fe3O4/graphene composites was carried
out under simultaneous light and US irradiation. For compar-

ison, the catalytic activities of the Fe3O4 NPs, Fe3O4/graphene,
Ag/Fe3O4/graphene, and Au/Fe3O4/graphene composites were
also measured. The catalytic performance was tested under
simultaneous UV/visible light and US irradiation in the pres-

ence of one of the Ag/Au/F-10G composites as illustrated in
Scheme 1. In a typical experiment, an MB solution was pre-
pared in a 100 mL glass beaker at a concentration of 20 mg/

L. Then, 0.04 g of one of the Ag/Au/F-10G composites was
immersed in the MB solution and stirred in the dark for
30 min to obtain a colloidal suspension. The entire assembly

was placed in a cylindrical vessel sealed with Al foil to prevent
other light from passing into it. The solution in the glass vessel
was then exposed to US and UV/visible sources (US + UV/

Vis) and the analysis process was carried out after light and/
or US was applied. Under ambient conditions and stirring,
the contents of the glass vessel were alternatingly exposed to
US + UV/Vis irradiation at regular intervals for 2 h. Next,

the reaction was initiated by the addition of a certain amount
of H2O2 solution while simultaneously irradiating the solution
with US + UV/Vis. This time was considered time zero for

degradation. Samples of the solution were collected every
15 min for 2 h, and after centrifugation process the extent of
degradation of the solution was monitored by UV–Vis spec-

trophotometry (Hitachi UH5300) in the wavelength range
450–750 nm. The experiments with the addition of organic
acids were conducted by adding various acids to the MB solu-
tion under otherwise identical conditions. Moreover, the influ-

ence of seven different inorganic anions (I�, F�, CO3
2�, SO4

2�,
NO3

�, H2PO4
�, and Cl�) was tested using NaI, NaF, Na2CO3,

SS, Ni(NO3)2�6H2O, NaH2PO4, and NaCl, respectively.

2.4. Characterization

The crystalline structures of all of the catalysts were studied

using a Rigaku MiniFlex 600 X-ray diffractometer equipped
with a Cu Ka radiation source (k= 1.5406 Å); the 2h scanning
range was 10–90�. The morphologies of the samples were char-

acterized by transmission electron microscopy (TEM) on an
instrument (FEI Tecnai G2 Super Twin) equipped with an
energy-dispersive X-ray (EDX) spectroscopy apparatus. For
the determination of the Brunauer–Emmett–Teller (BET) sur-

face area and pore size distribution, N2 adsorption–desorption
Scheme 1 Sonophotocataly
isotherms were obtained using a Quantachrome Nova 2000
system. X-ray photoelectron spectroscopy (XPS) profiles were
recorded on a Physical Electronics PHI-5400 spectrometer

equipped with an Al-Ka (1486.6 eV) X-ray source. Raman
spectra were recorded on a Raman microscope (Thermo Scien-
tific DXR xi Raman imaging microscope) equipped with a 5

mW, 532 nm laser as a monochromatic radiation source. Mag-
netic measurements were carried out using a vibrating sample
magnetometer (VSM, Oxford type 1.2 T). Thermogravimetric

analysis (TGA) of the adsorbents was conducted using a
Rigaku TG8121 thermogravimetric analyzer.

3. Results and discussion

3.1. Influence of H2O2 addition on catalytic performance

An oxidant such as H2O2 can inhibit charge-carrier recombi-
nation and enhance the photocatalytic oxidation of an organic
substrate on a catalyst’s surface (Kumar and Rao, 2015).

Therefore, in the present study, the capability of H2O2 as an
oxidant was explored and the influence of several reaction
parameters was evaluated. Prior further investigations, the

blank test experiment was conducted. The effect of H2O2, vis-
ible light, UV-Light, H2O2 + UV, H2O2 + Vis without cata-
lyst were investigated and the result were plotted in Fig. S1.

The degradation ability of the blank test experiments is not
that significant, therefore, the introducing of the catalyst is
necessary to be conducted. Before studying the effect of light

and ultrasound irradiation, we determined the optimum pho-
tocatalytic conditions. A series of experiments were performed
to deduce the optimum conditions for removing organic dyes
from solutions, including the optimum pH, catalyst dosage,

and H2O2 concentration. The optimum conditions for remov-
ing MB were investigated by measuring the removal of MB in
an aqueous solution room temperature in the presence of com-

posites in the dark within 2 h. The influence of pH on the
removal of MB is shown in Fig. 1a. For comparison, the
results for F, F-10G, Ag/F-10G, and Au/F-10G are included

in the plot. Overall, the removal of MB increased as the pH
was increased from 3 to 5 and decreased as the pH was further
increased to 11. Notably, 57.11% removal of MB was achieved
when Ag/Au/F-10G was present in the solution, whereas the

MB removal by the Ag/F-10G and Au/F-10G composites
was 51.39% and 48.71%, respectively.

The concentration of H2O2 is known to influence the for-

mation of active radicals for the removal of MB. Herein, the
effect of the concentration of H2O2 on the degradation of
tic reaction illustration.



Fig. 1 Influence of (a) pH, (b) H2O2 concentration, and (c) catalyst dosage on the Fenton reactions of the F, F-10G, Ag/F-10G, Au/F-

10G, and Ag/Au/F-10G catalyst systems under H2O2, UV, Vis, H2O2 + UV, and H2O2 + Vis reaction conditions.
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Fig. 2 Influence of the radiation source on the Fenton reactions of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G catalyst

systems under H2O2, UV, Vis, H2O2 + UV, and H2O2 + Vis reaction conditions, and (b) reusability of the F, F-10G, Ag/F-10G, Au/F-

10G, and Ag/Au/F-10G catalyst systems under H2O2, UV, Vis, H2O2 + UV, and H2O2 + Vis reaction conditions.

Removal of multiple pollutants from water using noble Ag/Au/magnetite/graphene/H2O2 system 5
MB was evaluated. The experiment was performed in the pres-
ence of 0.4 g/L of nanocomposite in 20 mg/L MB, and the

solution was kept at a constant pH of 5. Fig. 1b illustrates
the effect of increasing the H2O2 concentration on the removal
of MB in the presence of the F, F-10G, Ag/F-10G, and Au/F-

10G composite catalysts. The experimental results indicate
that the degradation efficiency of MB was enhanced as the
amount of H2O2 was increased from 1 to 4 mL; however,
the effect exhibited the opposite trend as the amount of

H2O2 was further increased to 8 mL. As previously mentioned,
H2O2 is a dominant source of reactive �OH radicals (Kumar
and Rao, 2015). Therefore, the concentration of H2O2 is con-

sidered a critical parameter in the photocatalytic process.
However, the presence of excess of H2O2 can result in scaveng-
ing of �OH radicals and in diminished dye degradation because

the formation of radicals needed for the oxidation process is
quenched (Kumar and Rao, 2015).

The effect of catalyst dosage on the removal of MB was
also evaluated in solutions containing 0.1–1.0 g/L nanocom-

posites at the optimum pH of 5 and optimum H2O2 amount
of 4 mL, with a reaction time of 2 h. As depicted in Fig. 1c,
an increase in catalyst dosage from 0.1 to 0.4 g/L caused a sub-

stantial enhancement in MB removal for all the composites.
However, a further increase in the dosage resulted in dimin-
ished removal of MB. The optimum dosage was achieved at

0.4 g/L for all of the composites. This result can be explained
by an increase in the number of reactive sites available on the
catalyst surfaces. It can also be explained by an increase in the

surface area provided by the higher catalyst dosage, which in
turn increases the reaction contact between the organic dye
and reactive species produced on the surface of the catalyst,
resulting in enhancement of the degradation efficiency.

Increasing the catalyst dosage, on the contrary, did not
improve the MB removal but slightly lowered the degradation
efficiency. This result is attributable to agglomeration of the
catalyst limiting the formation of the active radicals and
inhibiting the formation of Fe2+ ions, which are important

in the process. On the basis of the aforementioned results,
the optimized pH, H2O2 amount, and catalyst dosage of 5,
4 mL, and 0.4 g/L, respectively, were used in subsequent

experiments.
To evaluate the influence of the radiation source on the cat-

alytic activity, the degradation of MB in the presence of the
composites was carried out under the optimized conditions

in the dark, under light irradiation, under US irradiation,
and under combined light and US irradiation. The results
are shown in Fig. 2. In the dark process with H2O2 added,

the removal of MB was 18.71%, 40.55%, 49.61%, 48.72%,
and 57.11% under the optimal conditions in the presence of
the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G cata-

lysts, respectively. However, all of the composites exhibited
remarkable performance under both UV-light irradiation
alone and under simultaneous UV and US irradiation:
20 mg/L of MB was removed under UV irradiation, and com-

plete removal of MB was achieved under simultaneous UV
and US irradiation. As shown in Fig. 2, with regard to the
removal of MB with the addition of H2O2, the degradation

efficiency follows the order H2O2 + UV + US > H2O2 +
UV > H2O2 + Vis + US > H2O2 + Vis > H2O2. Irradia-
tion with UV light clearly leads to better degradation efficiency

of MB, likely because of a synergetic effect between the photo-
catalytic activity of the catalyst and the reaction involving
H2O2 (López-Vinent et al., 2019). The conversion of H2O2 to

�OH radicals in the presence of composites under light irradi-
ation dramatically enhanced the oxidation process (Cuerda-
Correa et al., 2020). As reported by several authors (Costa
et al., 2006; Qian et al., 2018; Wan and Wang, 2017), an

Fe3+ ion at an interface can react with H2O2 to form �OH rad-
icals through a catalytic reaction that converts Fe3+ ions to
Fe2+ ions and �OOH radicals. These �OOH radicals can fur-



Fig. 3 (a) Influence of the scavenger on the Fenton reactions of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G catalyst systems

under H2O2 + MB + US + UV (b) reusability of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G catalyst systems under

H2O2 + MB + US + UV.
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ther react with Fe3+ ions to create additional Fe2+ ions, and
the Fe2+ ions can subsequently react with H2O2 to produce
�OH radicals. Under light irradiation, photogenerated elec-

trons and holes are formed. These electrons and holes interact
with H2O2 to produce �OH radicals. Moreover, when light and
US were used simultaneously, the cavitation in the catalytic

system was enhanced, resulting in an increase of the surface
area and, consequently, increased formation of �OH radicals.

In the light + US process, �OH radicals were produced
through three mechanisms simultaneously: US + H2O2,

US + H2O2 + composite catalyst, and light (UV/Vis) + H2-
O2 + composite catalyst mechanisms.(Joseph et al., 2009;
López-Vinent et al., 2019) In addition, the degradation effi-

ciency increased in the order F < F-10G < Au/F-10G < Ag/
F-10G < Ag/Au/F-10G. The Ag/Au/F-10G catalyst exhibited
the best catalytic performance in the process in the presence of
H2O2. The degradation rate constants (kapps) were determined

under the assumption that all degradation processes follow a
pseudo-first-order reaction kinetic model; the values of kapp
are shown in Fig. 2. The results indicate that, compared with

UV or US irradiation alone, UV + US irradiation affords
greater catalytic activities for the removal of MB in solution.

We evaluated the contribution of each species in the Ag/
Au/F-10G catalyst in the photosono-Fenton reaction

(H2O2 + MB + US + UV) by adding specific scavengers
to the solution: BQ for �O2

�, TBA for �OH, (AO) for holes,
and SS for electrons (Acharya et al., 2017; von Piechowski

et al., 1992). As shown in Fig. 3a, with the addition of BQ



Fig. 4 Influence of a coexisting organic acid on the Fenton reactions of Ag/Au/F-10G composites under H2O2 + MB + US irradiated

with visible (left) and UV (right) light.

Table 1 Rate constant of the photosono-Fenton reactions of

Ag/Au/F-10G in the presence of an organic acid.

Sample Rate Constant (min�1)

US + Vis US + UV

Ag/Au/F-10G only 0.0093 0.0186

FA 0.010 0.021

MA 0.011 0.023

OA 0.008 0.023

GA 0.011 0.027

CA 0.012 0.031

TA 0.013 0.032

AA 0.013 0.035

H2O2 0.015 0.045

H2O2 + AA 0.022 0.099

Ag/Au/F-10G only 0.015 0.045

I� 0.015 0.040

SO4
2� 0.014 0.031

H2PO4
� 0.013 0.030

F� 0.013 0.028

Cl� 0.012 0.024

NO3
� 0.011 0.020

CO3
2� 0.011 0.019
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(�O2
�) and AO (holes), the removal efficiency slightly decreased

for all of the catalysts, suggesting that �O2
� and holes are pos-

sibly active reaction intermediates. The addition of TBA to the
reaction solution quenched the dye removal efficiency even fur-
ther. A substantial reduction in removal efficiency was

observed when SS was added to the solutions. The removal
efficiency decreased from 54.18%, 70.46%, 85.13%, 83.21%,
and 98.18% in the absence of a scavenger to 18.71%,
40.55%, 48.72%, 49.61%, and 57.11% for F, F-10G, Au/F-

10G, Ag/F-10G, and Ag/Au/F-10G, respectively, when SS
was introduced into the solution. These results suggest that
electrons are important active species for the removal of MB

in the sonophotocatalytic reaction. On the basis of the afore-
mentioned results, in subsequent studies, the Ag/Au/F-10G
composite was used as the catalyst, US and light irradiation

were used simultaneously for irradiation, and the pH, amount
of H2O2, and catalyst dosage were 5, 4 mL, and 0.4 g/L,
respectively.

The reusability of all prepared samples and all degradation

systems were plotted in Fig. 3b. The results indicate slight
decrease of the degradation ability after several repetition
degradation process. This behavior was probably due to some

iron species leached in the solution or sample loss during the
recovery process. However, the decrease of the degradation
ability is not significant, therefore, it can be said that the sam-

ples are stable after 5th time reuse.

3.2. Influence of coexisting organic acid on catalytic
performance of Ag/Au/F-10G

Organic acids are ubiquitous water-soluble compounds that
have been detected in abundance in aquatic environments.
Organic acids exhibit strong chelating ability and can strongly

influence the solubility and mobility of organic compounds
(Jia et al., 2015). Therefore, in the present study, the effect
of the presence of acids on the degradation of MB in the pres-

ence of Ag/Au/F-10G without the addition of H2O2 was first
evaluated. The results (Fig. 4) show that organic acids could
enhance the removal of MB in the solutions. In the absence

of an organic acid, the removal efficiency of MB was only
55.64%. After 2 h of reaction, the removal efficiency followed
the order of FA<MA<OA<GA<CA<TA<AA and



Fig. 5 Influence of coexisting inorganic anions on the Fenton reactions of Ag/Au/F-10G composites under H2O2 + MB + US

irradiated with visible (left) and UV (right) light.
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the corresponding removal efficiency values were 57.42%,
60.7%, 63.24%, 65.51%, 68.3%, 70.33%, and 71.34% under

US + visible-light irradiation, respectively. Notably, the
removal of MB under US + UV-light irradiation was higher
than that under US + visible-light irradiation. The experimen-
tal data in Fig. 4 were fitted using the pseudo-first-order kinetic

model; the results are tabulated in Table 1. The apparent rate
constant of the sonophotocatalysis process in the presence of
an organic acid was higher than that of the sonophotocatalysis

process in the absence of an organic acid. These results indicate
that the organic acid promotes the sonophotocatalytic degra-
dation of MB in a collaborative process. However, compared

with the removal efficiency of MB in the presence of only
H2O2, the maximum removal values of MB in the presence
of only AA were still lower. Other authors have reported that
an organic acid stabilizes H2O2 in the photocatalytic reaction

and that the combination of organic acid and H2O2 exhibits
high activity, enhancing the photocatalytic performance. We
likewise observed that the combination of AA and H2O2

resulted in greater removal of MB. The removal efficiency
increased from 71.34% in the presence of AA alone to
88.91% when both AA and H2O2 were present in the solutions

(Fig. 4). Correspondingly, the rate constant increased from
0.0127 to 0.0216 min�1.

According to the literature (Sun et al., 2009, 2017), an a-
OH, hydroxyl group, or carboxylic group in the chemical
structure of an organic acid can influence the photocatalytic
degradation efficiency. The photocatalytic degradation of
organic dyes has been reported to be strongly affected by the

number of carboxylic groups (Jia et al., 2015) and/or a-OH
groups (Sun et al., 2017) in the reaction solution. In the present
study, the degradation efficiency of the photocatalyst in the

presence of an organic acid was found to follow the order
AA (vinylogous carboxylic groups) > TA (two a-OH groups
and two carboxylic groups) > CA (one a-OH group and three
carboxylic groups) > GA (three hydroxyl groups and one car-
boxylic groups) > OA (two carboxylic groups) > MA (two

carboxylic groups) > FA (one carboxylic group). These results
indicate that the degradation efficiency was not strongly influ-
enced by the number of a-OH groups and exhibited no linear
correlation with the number of carboxylic groups. However,

the removal efficiency of MB and the rate constants increased
with increasing number of carboxyl groups in the presence of
a-OH because of the formation of CO��

2 . Upon the introduc-

tion of organic acids into the photo-Fenton system, the car-
boxyl groups of the organic acids would enhance the

formation of CO��
2 , which can initiate MB degradation (Eq.

(2)):

�OHþ COOH ! CO��
2 þH2O ð1Þ

CO��
2 þ MB ! Product ð2Þ
Moreover, the concentrations of dissolved Fe2+ and total

Fe released from the composites have been reported to change
when an organic acid is present in the solution (Fu et al., 2015;

Yang et al., 2012). Therefore, in the present study, the role of
the Fe species as well as that of noble metals during the cat-
alytic process was evaluated. The concentrations of dissolved
Fe2+ ion, total Fe, and Ag+ ion were measured in the presence

of an organic acid in the Ag/Au/F-10G/H2O2 system. The
results are plotted in Figs. S2–S4. The results for Ag/Au/F-
10G/H2O2 in the absence of an organic acid and Ag/Au/F-

10G in the absence of H2O2 are also plotted. The concentra-
tions of dissolved ions were less than the maximum permissible
value established by the European Union (<2 mg/L). The dis-

solved Fe2+, total Fe, and Ag+ concentrations increased over
time, reaching their maximum values at a reaction time of
45 min and then decreasing with further reaction time. In addi-

tion, the concentrations of dissolved ions in the presence of
organic acids in the Ag/Au/F-10G system were less than those



Fig. 6 Influence of coexisting cations on the Fenton reactions of Ag/Au/F-10G composites under H2O2 + MB + US irradiated with

visible (left) and UV (right) light.
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in the Ag/Au/F-10G/H2O2 system without the addition of
organic acids, suggesting that the dissolved Fe2+, total Fe,
and Ag+ ion concentrations were higher when only H2O2

was added compared with their concentrations with the addi-

tion of an organic acid only. The concentrations of dissolved
ions were even higher when an organic acid (i.e., AA) was
added to the Ag/Au/F-10G/H2O2 system. These results show

that a correlation exists between the degradation efficiency
and the ions dissolved in the solutions. Meanwhile, the evolu-
tion of temporal pH values during the reaction was character-

ized; the results are shown in Fig. S5. The pH values were
found to be relatively unchanged during the catalytic
processes.

3.3. Influence of coexisting inorganic ions on catalytic
performance of Ag/Au/F-10G

Contaminated industrial wastewaters usually contain not only

synthetic dye waste but also substantial inorganic ions. The
inorganic ions can either enhance or quench the removal effi-
ciency or even influence the degradation of target pollutants.

In a catalytic reaction involving H2O2 and Fe species, the inor-
ganic ions could lead to the formation of more or less Fe2+

and Fe3+ species and consequently affect the removal effi-

ciency of the system. To understand the influence of inorganic
ions on the removal of MB, we added various inorganic anions
(I�, F�, SO4

2�, Cl�, H2PO4
�, NO3

�, and CO3
2�) and cations

(K+, Na+, Mg2+, Mn2+, Ca2+) to an MB solution in the

presence of H2O2 and catalyst composites (Ag/Au/F-10G)
under US + UV-light and US + visible-light irradiation.
The concentration of the inorganic ions was chosen as

13 mM for both the anions and cations, and the initial pH
value was adjusted to 5. Because the effect of Na+ ions can
be neglected, the degradation of MB in the presence of coexist-
ing SO4

2�, Cl�, H2PO4
�, NO3

�
, CO3

2�, F�, and I� ions under
US + UV-light and US + visible-light irradiation was evalu-
ated; the results are plotted in Fig. 5. The anions negatively

affected the degradation of MB. Specifically, the anions sup-
pressed the degradation performance of MB in the sequence
CO3

2� > NO3
� > Cl� > F� > H2PO4

� > SO4
2� > I�. The

presence of CO3
2� strongly inhibited the degradation efficiency

of MB. MB removal without the addition of CO3
2� was

77.24% and 98.17% under US + visible-light and

US + UV-light irradiation, and it decreased by �15% when
CO3

2� was added. Similar to the removal of MB, the rate con-
stant also decreased with the addition of CO3

2�. Carbonate
ions are known to function as an effective scavenger for �OH

via the following reactions:

CO3
2�þ�OH ! CO3

�� þOH� ð3Þ

HCO3
�þ�OH ! CO3

�� þH2O ð4Þ
Notably, the oxidizing ability of CO3�� is weaker than that

of �OH, resulting in the consumption of a large amount of �OH
(Wang et al., 2018). Moreover, the pH value substantially

increased with increasing concentration of CO3
2�, indicating

a buffering effect of CO3
2� ion. An increase of the pH of the

solution and the scavenging effect of the �OH quenching the
regeneration of Fe2+ ions are also evident in the reaction

(Yu et al., 2016):

Fe3þ þH2O2 ! Fe2þþ�OOHþOH� ð5Þ

Fe3þ þH2Oþ light ! Fe2þþ�OHþHþ ð6Þ

H2O2 þ light ! 2�OH ð7Þ



Fig. 7 Effect of CV, MG, CR, MO and EY on the Fenton reactions of Ag/Au/F-10G composites.

Fig. 8 (a) XRD patterns and (b) Raman spectra of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G composite catalysts.
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Fig. S6 shows the change in the leaching concentration of
Fe2+ ions vs time during the degradation of MB. The leaching

concentration of Fe2+ ions decreased because of the presence
of CO3

2� ions in the solutions.
Several researchers have found that the presence of a small

amount of NO3
� can enhance the photocatalytic efficiency

because of the photolysis of NO3
�. However, at higher concen-

trations such as those used in the present study, an inhibition
of the degradation rate was observed when NO3

� was added to

the solution. Although the inhibition is not as high as in the
case of CO3

2�, the NO3
� can act as a hole and �OH scavenger.

Moreover, competitive adsorption can occur when the solution

contains excessive NO3
� ions, leading to blocking of the cata-

lyst surface and to a decrease of the reaction rate.
Numerous authors have reported that Cl� ions have hole-

scavenging properties. A Cl� ion is oxidized by a hole to a Cl��
radical that is reduced back to a Cl� ion by an electron. Thus,
a Cl� ion can either reduce a hole or scavenge an electron.
Alternatively, Cl�� and Cl2�� can further react with organic

dye molecules via addition/elimination reactions (Tang et al.,
2018; Wang et al., 2018). The influence of Cl� ions can be
described by the equations.
Cl�þ�OH ! ClOH�� ð8Þ

Cl� þ Cl� $ Cl2
�� ð9Þ

Cl� þ Cl� $ Cl2 ð10Þ
As reported in our previous study (Saleh and Taufik,

2019b), a Cl� ion can undergo complex reactions with Fe2+

and Fe3+ ions, which hinders the reactions that produce
�OH radicals by preventing Fe2+ and Fe3+ complexes from
catalyzing the decomposition of H2O2.

The influence of F�, H2PO4
�, SO4

2�, and I� ions on the
degradation of MB in the Ag/Au/F-10G/H2O2 system under
simultaneous US + light irradiation was also evaluated for

various concentrations of ions. The presence of F�, H2PO4
�,

SO4
2�, and I� did not substantially affect the degradation of

MB. The degradation of MB was inhibited by 75.38–

67.81%, 76.39–69.32%, 76.39–70.57%, and 76.67–73.57%
when F�, H2PO4

�, SO4
2�, and I� were present under

US + visible-light irradiation, respectively, as the concentra-
tion of the corresponding anions was increased from 2 to

26 mM (Fig. S7).



Fig. 9 (a) C, (b) Ag, (c) Au, (d) Fe, and (e) O XPS spectra of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G composite

catalysts.

Table 2 XPS peak area ratios of Au+/Au0 and Ag+/Ag0 in the Ag/F-10G, Au/F-10G, and Ag/Au/F-10G composite catalysts.

Sample Ag+ Ag0 Ag0/Ag+ Au+ Au0 Au+/Au0

Ag/F-10G 0 1356

Au/F-10G 3926 16,488 0.23

Ag/Au/F-10G 0 1324 2341 11,841 0.19
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Table 3 Grain size, specific surface area, pore size, pore volume, and magnetization of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/

Au/F-10G composite catalysts.

Sample Grain size (nm) Surface Area (m2/g) Average Pore Size (cm2/g) Pore Volume (nm) Magnetization (emu/g)

Fe3O4 Au Ag

F 45 – – 2.3 0.0377 11.27 81

F-10G 39 – – 95 0.0865 14.75 89

Au/F-10G 38 22 – 56.45 0.0648 11.44 48

Ag/F-10G 38 – 22 81.45 0.0748 13.34 41

AgAu/F-10G 38 22 22 76.12 0.0656 12.34 21
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The effect of cations (K+, Na+, Mg2+, Mn2+, Ca2+) on
the degradation of MB under US + UV-light and

US + visible-light irradiation is plotted in Fig. 6. Surprisingly,
all five chloride salts exhibited an inhibition effect on the MB
degradation process. Because these ions are in high and stable

oxidation states and could not capture electrons or holes in the
solution, we assumed that these ions would not substantially
influence the degradation of MB. The inhibition effect could

be related to the presence of Cl� ions in the solution. The
greater inhibit effects of Ca2+, Mg2+, and Mn2+ on the pho-
todegradation of MB might be attributable to the Cl� concen-
tration in the CaCl2, MgCl2, and MnCl2 solutions being twice

that in the KCl solution. (Tang et al., 2018).

3.4. Evaluation with other dyes

To further explore the Ag/Au/F-10G catalytic activity toward
the removal of other dyes in the simultaneous presence of both
an organic acid and inorganic ions, other cationic and anionic

dyes such as CV, MG, CR, MO, and EY were investigated in
the Ag/Au/F-10G/H2O2 system under simultaneous
US + UV-light irradiation. Operational parameters such as

the initial dye concentration, catalyst loading, H2O2 concen-
tration, and pH were kept constant under the optimal condi-
tions, and the same procedure used for the removal of MB
was carried out. The results are depicted in Fig. 7. The Ag/

Au/F-10G catalyst can potentially remove organic dyes in
the Ag/Au/F-10G/H2O2 system under UV + US irradiation.
The degradation efficiency and the apparent rate constant fol-

lowed the order CR (100% and 0.075 min�1) > EY (100%,
0.064 min�1) > MO (99.01%, 0.053 min�1) > MG
(95.83%, 0.036 min�1) > MB (94.15%, 0.0326 min�1) > CV

(90.54%, 0.027 min�1). The degradation efficiency of all of the
dyes was accelerated upon the addition of AA; the reaction
rate constants increased by 0.098, 0.075, 0.061, 0.052, 0.047,
and 0.036 min�1 for CR, EY, MO, MG, MG, and CV, respec-

tively. Moreover, the coexistence of inorganic ions inhibited
the degradation efficiency of all of the investigated dyes.

3.5. Characterization of catalyst

The X-ray diffraction (XRD) pattern of the synthesized Ag/
Au/F-10G catalyst is shown in Fig. 8a. The XRD patterns

of the F, F-10G, Ag/F-10G, and Au/F-10G catalysts are
shown in the same figure. The diffraction peaks of Ag/Au/F-
10G were indexed to a pure cubic spinel structure; intense

peaks at 2h values of 30.14�, 35.49�, 43.28�, 53.76�, 57.20�,
and 62.83� correspond to the (2 2 0), (3 1 1), (4 0 0), (4 4 2),
(5 1 1), and (4 4 0) planes of the cubic spinel phase of Fe3O4

in the Ag/Au/F-10G catalyst, respectively. As evident in

Fig. 8a, the diffraction peaks at �38.16� and �44.37� corre-
spond to the (1 1 0) and (2 0 0) planes of Au/Ag. Although
the diffraction patterns of Ag and Au were relatively weak,

Ag and Au were well incorporated into the Ag/Au/F-10G cat-
alyst. No characteristic peaks of impurities or graphene were
detected. The grain size of Fe3O4, Ag, and Au was calculated

by using Bragg equation and the results were tabulated in
Table 3. The grain size of each particle in the catalyst does
not change significantly indicating that there is no structural
change during composite formation.

To confirm the presence of graphene, Raman measure-
ments were conducted. Fig. 8(b) shows the characteristic peaks
of the G and D bands at 1605 and 1350 cm�1, which are typ-

ically assigned to the first-order scattering of the E2g mode and
to the breathing mode of k-point phonons with A1g symmetry,
respectively(El-Maghrabi et al., 2018; Wang et al., 2005). The

intensity ratio between the D and G bands (ID/IG) is usually
used to quantify the degree of disorder and the abundance of
defects in graphitic materials. The intensity ratio (ID/IG) of
1.02 for the Ag/Au/F-10G catalyst is greater than that of pure

graphene, indicating that the incorporation of Ag and Au
induced structural disorder in the graphene.

The XPS spectrum of the Ag/Au/F-10G catalyst shows typ-

ical C 1 s peaks of graphene (Fig. 9a). The peak at 284.65 eV is
associated with sp2 C and C–O, confirming the interaction
between graphene and the Ag/Au/F-10G catalyst. The XPS

survey spectrym shows peaks associated with Ag 3d, Au 4f,
Fe 2p, and O 1s, confirming the presence of Ag, Au, Fe, O,
and C elements in the Ag/Au/F-10G catalyst. Fig. 9b–e shows

the high-resolution XPS spectra of Ag 3d, Au 4f, Fe 2p, and O
1s, respectively. The high-resolution XPS spectra of the F, F-
10G, Ag/F-10G, and Au/F-10G catalysts are also shown.
The two peaks at approximately 368.47 and 374.52 eV in

Fig. 9b are attributed to the spin–orbit splitting of 3d5/2 and
3d3/2 of the Ag0 electronic states. The relative area of each con-
stituent peak decreased when Au was incorporated into the

Ag/F-10G catalyst. Fig. 9c shows the two individual peaks
located at 84.6 and 88.7 eV in the Au 4f spectrum, which are
assigned to the spin–orbit splitting characteristic of 4f7/2 and

4f5/2; the peaks can be further deconvoluted into peaks at bind-
ing energies of 84.6 and 88.7 eV corresponding to Au0 and into
other small peaks assigned to Au+ at �85.8 and �89.7 eV.

Notably, the Au+/Au0 ratio (Table 2) also decreased when
both noble metals (Ag and Au) were incorporated into the
F-10G catalyst.

The Fe 2p XPS spectrum shown in Fig. 9e is split into Fe

2p3/2 and Fe 2p1/2 doublets at 710.69 eV and 724.36 eV because



Fig. 10 TEM and HRTEM images and SAED patterns of the F, F-10G, Ag/F-10G, Au/F-10G, and Ag/Au/F-10G composite catalysts.
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Fig. 11 N2 adsorption–desorption isotherms of the F, F-10G, Ag/F-10G, Au/F-10G, Ag/Au/F-10G composites.
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of spin–orbit coupling. Furthermore, both of these peaks can
be deconvoluted into two peaks: one set at 710.26 and

724.10 eV, attributed to Fe3+, and one set at 711.72 and
725.28 eV, assigned to Fe2+. The mean relative areas of each
constituent peak assigned to Fe3+ and Fe2+ (i.e., the Fe3+/

Fe2+ ratio) are also shown in the figure. Normally, in stoichio-
metric Fe3O4, the Fe

3+/Fe2+ ratio is 2:1. In the present study,
the Fe3+/Fe2+ ratio is 2.09, 1.91, 1.88, 1.83, and 1.80 for the
F, F-10G, Ag/F-10G, and Au/F-10G catalysts, respectively,

suggesting that the Fe3+/Fe2+ ratio decreases with increasing
incorporation of Au into F-10G and Ag/F-10G. These results
show that some of the Fe3+ ions were reduced to Fe2+ ions

when graphene was composited with the Fe3O4 NPs and was
reduced further when noble metals were coupled with the cat-
alysts. Fig. 9e shows a broad peak of oxygen denoted by O 1s.

This broad peak was deconvoluted into three separate peaks:
(i) a lattice oxygen peak with a binding energy of �530.4 eV,
(ii) an oxygen vacancy peak at �532.9 eV, and (iii) a peak

at � 533.56 eV attributed to O–H at the surface of the compos-
ite particles. In the O 1s XPS spectra, the peak at a binding
energy of 530.4 eV was enhanced when graphene was added

to the F-10G catalyst. This peak was enhanced further when
Ag and Au were incorporated into the F-10G catalyst and
was amplified when both noble metals were coupled, indicating
that a large number of oxygen vacancies were present in the

catalyst. The ratio of Fe/Ag/Au were tabulated in Table S1.
The ratio of Fe/Ag/Au were about 1:0.08:0.06.

The morphology of the synthesized Ag/Au/F-10G catalysts

was studied by TEM, high-resolution TEM (HRTEM), and
selected-area electron diffraction (SAED) measurements; the
results are plotted in Fig. 10. Images of the F, F-10G, Ag/F-

10G, and Au/F-10G catalysts are also plotted. Images of the



Fig. 12 VSM magnetization curves of the F, F-10G, Ag/F-10G,

Au/F-10G, and Ag/Au/F-10G composite catalysts.
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Ag/Au/F-10G catalyst reveal lattice fringes with a d-spacing of
0.254 nm, which is attributed to the (1 1 1) plane of Fe3O4, a d-
spacing of 0.238 nm corresponding to the (1 1 1) plane of Au,

and a d-spacing of 0.202 nm. These results are consistent with
the results of the XRD measurements. The SAED patterns
indicate that all the samples exhibited high crystallinity.

The specific surface area of the Ag/Au/F-10G catalysts
were analyzed using the BET method from the results of N2

adsorption–desorption measurements. Fig. 11 shows the N2

absorption–desorption isotherms of the Ag/Au/F-10G cata-
lysts. The N2 adsorption–desorption measurements of the F,
F-10G, Ag/F-10G, and Au/F-10G catalysts are also shown.

According to the International Union of Pure and Applied
Chemistry (IUPAC) classification scheme, all of curves are
identified as type IV with a H3 hysteresis loop, where a steep
increase was observed in the high-pressure range. This result

is attributable to the formation of pores between particles as
a result of aggregation. The surface area and the pore size dis-
tribution of the corresponding sample are also tabulated in

Table 3. The specific surface area of the Fe3O4 NP catalyst
Fig. 13 Proposed mechan
increased when graphene was composited with the Fe3O4

NPs. However, with the addition of Ag, Ag + Au, and Au
metals to the F-10G catalyst, the specific surface area of the

catalyst decreased from 95 to 81.45, 76.12, and 56.45 m2/g,
respectively.

In photocatalysis, magnetic materials are used because of

their advantage of magnetic recyclability and reusability.
Therefore, magnetization is an important parameter. The mag-
netization of the Ag/Au/F-10G catalyst is shown in Fig. 12.

The magnetization curves for the F, F-10G, Ag/F-10G, and
Au/F-10G catalysts are also plotted. The Ag/Au/F-10G cata-
lyst still exhibited typical ferromagnetic hysteresis behavior
although the saturation magnetization is lower than those of

the Ag/F-10G and Au/F-10G catalysts. The corresponding
saturation magnetization values are displayed in Table 3. As
evident from Table 3, with the incorporation of noble metals,

the saturation magnetization values decreased. The influence
of graphene and the magnetization quenching effect due to
the incorporation of noble metals have been discussed else-

where (Taufik and Saleh, 2017b). Notably, the Ag/Au/F-10G
catalyst is still strongly attracted by an external magnetic field
and can still be completely separated from the solution within

a short time.

3.6. Mechanism

On the basis of the experimental results, we propose the fol-

lowing reaction mechanism for the photosono-Fenton reaction
involving Ag/Au/Fe3O4/graphene composites as illustrated in
Fig. 13. The photosono-Fenton reaction of Au/Ag/Fe3O4/-

graphene an occur on the catalyst surface and also in the solu-
tion. The Fe2+ and Fe3+ ions are present both on the catalyst
surface and in the solution because iron ions are leached from

Fe3O4, react with H2O2, and produce �OH (Yu et al., 2016):

Fe2þ þH2O2 ! Fe3þþ�OHþOH� ð11Þ
Fe3+ can also react with H2O2 to produce Fe2+:

Fe3þ þH2O2 ! Fe2þþ�OOHþOH� ð12Þ
ism of dye degradation.
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The reduction of Fe3+ to Fe2+ can also occur under UV-
and visible-light irradiation:

Fe3þ þH2Oþ light ! Fe2þþ�OHþHþ ð13Þ
Moreover, the inclusion of US irradiation, which enhances

the concentration of �OH radicals through a cavitation process,
can further improve the degradation of organic pollutants:

H2O2 þ ultrasound ! 2Â �OH ð14Þ
The addition of graphene materials can improve the regen-

eration of Fe2+ because of the ability of graphene to transfer
electrons via oxidation of C‚C. Moreover, its high specific
surface area promotes good dispersion of Fe3O4 NPs into gra-

phene sheets (Wang et al., 2017; Yang et al., 2012), enhancing
the mass transfer of pollutants toward the active sites (Fe2+/
Fe3+) during the photosono-Fenton reaction (Wang et al.,
2017; Yaqoob et al., 2020a). The synergistic interaction

between graphene and Fe3O4 accelerates the Fe
3+/Fe2+ redox

cycles and the efficient cyclical electron transfer between them
is dominant in altering the surface redox processes. The Ag

and Au also take a part on the degradation process because
Ag and Au can release the electron and react with O2 to pro-
duce superoxide radicals and degrade the organic pollutant the

double bond in H2O2 can be activated by the Ag0 and Au0 gen-
erating �OH and Ag+ as well as Au+.

Au0 þH2O2 þHþ ! Auþ þ Â �OHþH2O ð15Þ

Ag0 þH2O2 þHþ ! Agþ þ Â �OHþH2O ð16Þ
Moreover, in term of structural analysis, it could be seen

that the specific surface area were gradually increase with the
addition of Ag and Au altogether which can provide more

active sites for the dye degradation. The oxygen vacancy also
increase with the formation of Ag/Au/F-10G which became
another active center for the degradation of methylene blue.

4. Conclusion

Hydrothermally synthesized Ag/Au-Fe3O4/graphene composites were

applied for the degradation of MB in solution under simultaneous irra-

diation with light and US. The Ag and Au concentrations were fixed at

15 wt%, and the graphene content was fixed at 10 wt%. The physico-

chemical properties of the obtained catalysts were characterized using

various methods, including X-ray diffraction, X-ray photoelectron

spectroscopy, transmission electron microscopy, N2 adsorption/des-

orption isotherm measurements, UV–vis spectroscopy, and Raman

spectroscopy. Catalysis experiments revealed that the removal effi-

ciency of MB increased when Ag and Au were both incorporated in

the Fe3O4/graphene/H2O2 system compared to when Ag-

Fe3O4/graphene/H2O2 and Au-Fe3O4/graphene/H2O2 systems were

used, reflecting the important role of the synergistic interaction

between the metallic NPs and the Fe3O4/graphene/H2O2 systems.

Moreover, the effect of the addition of organic acids and inorganic

ions on the MB/H2O2 system was investigated. Organic acid acceler-

ated the degradation of the MB/H2O2 system, whereas the addition

of inorganic ions inhibited the degradation of MB in the Ag/Au-

Fe3O4/graphene/H2O2 system.
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