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Abstract Fabrication of noble metal nanoparticles by using green chemical method with plant

extract as reducing agent to the in situ oxidation toxic water contaminants have been the subject

of various investigators due to their enhanced catalytic efficiencies. This paper describes the extrac-

tion of caffeic acid from Artemisia herba-alba aqueous extract, and preparation of silver (Ag), plat-

inum (Pt), and silver-platinum (Ag-Pt) nanoparticles with caffeic acid as a reducing and capping

agent. The as-prepared Ag-Pt NPs was used as a heterogeneous activator of persulphate

(K2S2O8) for the in situ chemical oxidation of malachite green (MG). The Ag-Pt NPs shows no sur-

face Plasmon resonance absorption band. The malachite green dye was completely decolorized in

presence of Ag-Pt/K2S2O8 system. SO4
-� and HO� radicals generated by the cleavage of S2O8

2- per-

oxide activation with Ag-Pt were responsible for the MG decolorization as well as mineralization.

The Ag-Pt NPs acted as a sacrificial electron donor. The Ag-Pt NPs were characterized by using

conventional techniques such as, UV–visible, FTIR, SEM, TEM, EDX, XPS, and XRD spectro-

scopic methods.
� 2023 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

Artemisia herba-alba was known for medicinal and therapeutic proper-

ties due to the presence of many bioactive compounds such as
flavonoids, sesquiterpenes, and polyphenolic acids. Herbal tea from

artemisia herba-alba has been used as analgesic, antibacterial,

antispasmodic, antioxidant, hemostatic, and nematicidal agents (Al-

Shamaony et al., 1994; Boriky et al., 1996; Laid et al., 2008). Caffeic

acid is one of the most water soluble common phenolic acid of Artemi-

sia herba-alba, and used in coffee, tea, olive oil and wine (Iglesias et al.,

2009; Gulcin, 2006). The aqueous extract of Artemisia herba-alba

increased gastro-intestinal transit time. Generally, the aqueous extract

of various parts of natural plants (Iravani, 2011), fruits (Ghodake

et al., 2010), green tea (Zaheer et al., 2019), betanin (Kosa and

Zaheer, 2019), flowers (Shankar et al., 2003), and biomass (Gardea-

Torresdy et al., 2003) were used to the fabrication of nanomaterials.

Bakshi and his coworkers reported the synthesis of nanomaterials by

using different natural and synthetic stabilizers for different
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applications (Bakshi, 2014; Bakshi, 2018; Gurtu et al., 2020). The nat-

ural biomolecules present in an aqueous extract acted as a capping

agents and avoid the necessity of externally added stabilizer for the

protection the nanoparticles aggregation (Riedesel et al., 2021).

Advanced oxidation technologies (hydroxyl and sulfate free radical

based) are ecofriendly and based on the generation of reactive radical

species (HO� and SO4
-�). Persulfate is a solid strong oxidant

(E0 = 2.01 V) than hydrogen peroxide (E0 = 1.76 V). It is highly

stable at ambient temperature, easy to transport and relatively low

cost. Generally, transition metals and metal nanoparticles were used

as peroxide bond activator to the generation of radical species for

the wastewater treatment (Anipsitakis and Dionysiou, 2004; Xu and

Li, 2010; Deng et al., 2008; Oh et al., 2009; Al-Shehri et al., 2021;

Park et al., 2018). For example, Anipsitakis and Dionysiou were used

different metal ions such as Ag+, Co2+, Cu2+, Fe2+, Mn2+, Ni2+,

Ce3+, Fe3+, V3+, and Ru3+ to the generation of reactive inorganic

radicals by the activation of three oxidants, namely, hydrogen perox-

ide, potassium peroxymonosulfate, and persulfate (Anipsitakis and

Dionysiou, 2004).

Literature contained abundant reports and reviews regarding the

applications and importance of using biorenewable resources in bio-

fules from natural biomass (Singh et al., 2022), organic waste reagents

in synthetic chemistry (Venkateswarlu et al., 2021), greenhouse gas

emissions in BIMSTEC region (Sharma et al., 2021), magnetic

nanoparticles for wastewater treatment (Vallinayagam et al., 2021),

and biomass derived catalyst for the oxidation of a-hydroxy ketones

(Naidu et al., 2022). The reduced graphene oxide/ZnFe2O3 (Rani

et al., 2017), graphene oxide(RGO)/Fe3O4 (Vinothkannan et al.

2015) nanocomposites were prepared and used as an efficient catalyst

for the degradation of methylene blue under different experimental

conditions. The bio-assisted, b-cyclodextrin-functionalized, and piper

betle biomass capped silver NPs were prepared and used as sensor

for the colorimetric and selective detection of copper(II), melamine,

and nitrite, respectively (Kirubaharan et al., 2012; Xavier et al.,

2014; Ramachandaran et al. 2016). The carbon nanodots were pre-

pared using lemon and utilized for the selective and sensitive detection

of Fe(III) ions (Xavier et al., 2019). Bio-assisted synthesis of platinum

(Mohamadi et al., 2020), silver (Asadi et al., 2018), and CdO NPs

(Kaveh et al., 2021) were reported by using the natural plant extract.

The platinum and CdO NPs were used as sensor for the detection of

hydrogen peroxide and quantification of cefixime, respectively.

Xu and Li reported the degradation of orange G azo dye using

HO� reactive oxygen species generated by K2S2O8/ferrous ions (Xu

and Li, 2010). These investigators also discussed the role of inorganic

salts (Cl-, NO3
–, HCO3

–, and H2PO4
- ) on the rates of dye degradation.

Co3O4-N doped carbon nanotubes were used as persulfate activation

catalyst to the in situ chemical decomposition of azo dyes (Jiang

et al., 2020). Various mono-, and bimetallic nanomaterials such as

Co3O4, Co(OH)2, CuO, Fe3O4, ZnO, CuFe2O4, Mn3O4, CoFe2O4,

MnFe2O4, and carbon nanotubes have been used to the generation

of SO4
-�, and HO� radicals for the removal of wastewater contaminants

(Yao et al., 2013; Al-Anazi et al., 2018; Lee et al., 2015; Zhu et al.,

2013; Zhu et al., 2011). Ultrasound radiations combined with hetero-

geneous titanium oxide and homogenous photocatalysis method was

used for the oxidation of MG in water (Berberidou et al., 2007).

Hameed and Lee reported the degradation of malachite green by using

Fenton’s reagent (Fe2++ H2O2) for the generation of HO� reactive

species (Hameed and Lee, 2009). Wu et al. utilized the iron NPs as a

catalyst for the heterogeneous oxidation of MG with H2O2 (Wu

et al., 2015). The Fe3O4/graphene aerogels and CuFe2O4@biochar

composite were used as S2O8
2- activators for the degradation of MG

(Lu et al., 2020; Huang et al., 2021). The use of Ag-Pt bimetallic as

a heterogeneous S2O8
2- activator has not been reported in the literature

for the in situ chemical oxidation of toxic MG at room temperature.

Caffeic acid (3,4-dihydroxycannamic acid) isolated from the aque-

ous extract of Artemisia herba-alba at room temperature, and used for

the fabrication of Ag, Pt, and Ag-Pt NPs for the first time. We deter-

mined the catalytic efficiency of Ag-Pt in the heterogeneous activation
of K2S2O8 for the degradation of MG (triphenyl methane basic dye,

widely used in food and dyeing industries as coloring agent, and diffi-

cult to remove from wastewater). The main objectives of this study

were to provide (i) simple cost effective green method for the synthesis

of Ag-Pt NPs using natural medicinal plant and (ii) insights into the

kinetics of dye degradation by SO4
-� based advanced oxidation pro-

cesses under environmentally relevant conditions. Bimetallic Ag-Pt

acted as an excellent heterogeneous S2O8
2- activator for the in situ

chemical oxidation of MG at 25 �C within 50 min of reaction time.
2. Experimental section

2.1. Materials

The aerial parts of Artemisia herba-alba were collected from
plants growing wild in Yanbo region of Saudi Arabia, dried
in dark at room temperature, ground to fine powder by using

an electric mill, and conversed in a desiccator. Metal salt pre-
cursor (silver nitrate and potassium tetrachloroplatinate (K2-
PtCl4, molar mass = 415.09 g/mol � 99.9%)), potassium

persulfate, malachite green, sodium hydroxide, and other
chemicals were used as received. Deionized water was used
as solvent to the preparation of all reagents solution. Silver
nitrate solution was stored in a brown glass container to pre-

vent the photochemical reactions. Methanol, tertiary butyl
alcohol, and potassium iodide were employed to scavenge
the formation of reactive radical species.

2.2. Extraction of caffeic acid

For the extraction of caffeic acid, the 10.0 g of dry powder of

Artemisia herba-alba plant was taken in a stoppered round bot-
tom reaction vessel flask. The 250 mL of deionized water into
the vessel, and the solution was heated for 60 min at 70 �C with

constant stirring. The resulting reaction mixture was kept for
24 h at 25 �C for complete extraction of caffeic acid, filtered
through a Whatmam filter paper, and pale yellow color solu-
tion stored in an amber glass container until analyzed. The

photo images of Artemisia herba-alba, dry plant, and resulting
pale yellow extract are given in Scheme 1. UV–visible spectra
of pale yellow color was measured in the range of 200 to

800 nm on the UV–visible spectrophotometer, and compared
with an authentic sample of caffeic acid purchased from the
Sigma-Aldrich.

2.3. Synthesis of Ag, Pt, and Ag-Pt NPs

Green chemical reduction method was utilized for the synthe-

sis of water soluble silver and platinum sols at room tempera-
ture. Artemisia herba-alba plant water extract was employed
as reducing and capping agent (Zaheer et al., 2019). In order
to prepare water soluble silver sols (Ag NPs), the required

amount of silver nitrate and an aqueous extract of plant were
placed into the vial, and required volume of deionized water
was added for dilution. The pale yellow to dark brown color

appeared as the time increases. The resulting brown color
stored in a container. We did not observe any type of turbidity
and precipitate during the storage time. For PtNPs, the

aqueous solution of potassium tetrachloroplatinate (5.0 mL
of 0.01 M) was added into the solution of aqueous extract.
The reaction mixture was stirred for 1 h at room temperature,



Scheme 1 Photo images (green and dry) Artemisia herba-alba plant and its water extract.
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and solid PtNPs were obtained after the centrifugation. Seed-
less co-reduction method was used for the synthesis of Ag-Pt

NPs (Zaheer et al., 2019). The solutions of metal salts precur-
sors (silver nitrate and potassium tetrachloroplatinate) were
added into the aqueous extract, and heated for 1 h at 40 �C.
The solid Ag/Pt was collected by using centrifugation.

2.4. Morphology determination

Surface morphology and elemental composition of Ag, Pt, and

Ag-Pt NPs were determined by recording the SEM images and
EDX of as-prepared NPs. The size and the size distribution
were determined from the transmission electron microscope.

Rigaku X-ray diffractometer equipped with a peltier-cooled
solid state detector was used to determine the x-ray diffraction
patterns (XRD). UV– visible spectra of an extract, Ag, Pt, and

Ag/Pt NPs were measured on a Shimadzu UV–vis multi Spec-
1501 spectrophotometer. The FT-IR spectra were recorded
with Varian FTIR-640 spectrometer to establish the capping
action of caffeic acid in-situ fabrication of Ag/Pt NPs. Shi-

madzu TOC-VCPN equipped with IR spectrometer for carbon
dioxide quantification was used to the measurements of total
organic carbon of decomposed MG.

2.5. Degradation of MG dye

The dye degradation experiments were performed in 40 mL

reactor. The K2S2O8 solution (16.0 mL of 0.01 mol/L) was
added to the reactor, then the dye solution (5.0 mL of
0.01 mol/L), then the Ag-Pt (activator, 16 mg/L), and deion-

ized water (19.0 mL) for dilution. The pH of the solution
was adjusted with standard hydrochloric acid and sodium
hydroxide. At a given time intervals, the sample aliquots were
taken from the reactor and sodium azide (1.0 mL of 0.01) was

added to quench the oxidation of dye (Lau et al., 2007). A cal-
ibration plot based on the Beer-Lambert’s law (absorbance at
620 nm versus [MG]) was prepared at 620 nm by recording the

absorbance to standard malachite green solution concentra-
tion. For the range of concentrations, a linear relationship
between absorbance and concentration was obtained. The

concentration of unreacted MG was calculated from the
absorbance at 620 nm (wavelength maxima of MG). All mea-
surements were performed at a room temperature (25 �C)
unless otherwise stated. Several sets of batch experiments (such
as effects of dye concentration, pH, persulfate concentration,
temperature and dosage of Ag/Pt NPs) were carried out to

establish the role of each parameter in the dye degradation.
Eq.(1) was used to determine the degradation percentage of
malachite green.

Percentage degradation ¼ A0 � Atð Þ
A0

� 100 ð1Þ

The pseudo-first order rate equation was used for the calcu-
lation of degradation rate constant (kapp) (Eq. (2) (Pouretedal
and Keshavarz, 2010).

ln
A0

At

� �
¼ kapp t ð2Þ

For the stability determination of the activator, Ag-Pt was

separated from the reaction mixture by using centrifugation
after each degradation experiment, washed with deionized
water, ethanol several times, and then dried in oven at 60 �C
for another kinetic runs under the similar experimental

conditions.

3. Results and discussion

3.1. UV–visible spectra of aqueous extract

Fig. 1A shows the UV–visible spectra of the pale yellow color
(extracted from the Artemisia herba-alba), which exhibits two
absorption bands at 289 and 326 nm. These peaks attributed

to the p ? p* transitions of –COOH in the caffeic acid and
an aromatic benzene moiety (Swislocka, 2013). The calibration
plot was constructed between the absorbance at 326 nm and

[caffeic acid] by using Beer-Lambert law. The molar extinction
coefficient was determined from the calibration plot (Fig. 1B)
and found to be 15,782 L/mol/cm. FT-IR spectroscopy proved
to be a useful tool to get structural information of organic

compounds. The FT-IR spectra of isolated and authentic caf-
feic acid were recorded for the comparison (Fig. 1C). The
broad and intense peaks at 3440 cm�1 and 3135 cm�1 were

ascribed to the –OH and carbon–carbon single bond stretching
vibrations. The strong band at 1763 cm�1 assigned to the
stretching vibrations of carbonyl group of caffeic acid. For

aromatic and carbon–carbon double bonds stretching vibra-
tions, the peaks were observed at 1384 cm�1, 1269 cm�1 and
1080 cm�1 (Swislocka, 2013).
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3.2. Preparation of metal NPs

UV–visible spectra of Ag and Pt NPs were recorded at differ-
ent time intervals to establish the stability of NPs. Fig. 2A
shows that the spectra of AgNPs has intense broad absorption

band from 400 to 600 nm, which indicates the formation of
AgNPs with mixed morphology (spherical, triangular, and
truncated triangular. Inspection of Fig. 2A clearly indicates
that the intensity of caffeic acid peaks decrease with time

and new absorption peak was appeared. Table 1 shows the
effects of different parameters ([metal ions], and [caffeic acid])
on the appearance, position of SPR band and stability of Ag

NPs. In order to see the effect of storage time, optical images
of AgNPs recorded as a function of time (Scheme 2). These
visual observations can be ascribed due to the formation of

colored silver sols during the redox reaction between silver ions
and caffeic acid.

The resulting silver sols became perfect transparent and no

precipitate was observed during the observations, indicates
that the AGNPs was capped with caffeic acid, which has
strong tendency to formed complex with metal ions (Scheme 3)
(Cornard et al., 2006).

Fig. 2B shows the time-resolve UV–visible spectra of Pt
NPs. The absorption intensity of caffeic acid at 326 nm
decreases after the addition of an aqueous solution of [PtCl4]

2-,

which suggests formation of Pt0 by the reduction of [PtCl4]
2-

with caffeic acid (Eq. (3). UV–visible spectra of metallic Pt0

was featureless in the entire visible region (Table 1). Our results

are in accordance to the suggestion of Creighton and Eadon
regarding the UV–visible spectra of Pt NPs (Creighton and
Eadon, 1991).
ð3Þ
Optical images of caffeic acid, [PtCl4]
2-, and Pt NPs are

given in Scheme 4.

Ag-Pt bimetallic NPs were fabricated using seedless co-
reduction method under various concentration of caffeic acid
and metal ions precursor (Table 1). In a typical experiment,

an equimolar solutions of silver nitrate and [PtCl4]
2-

(2.0 mM) were added into the conical flask containing the
0.11 mM caffeic acid at 22 �C. The progress of the redox reac-

tion was monitored by recording the UV–visible spectra of Ag/
Pt NPs with time. Surprisingly, no SPR band was appeared in
the vicinity of 400 to 600 nm, which is the characteristic of
mono-metallic AgNPs, indicating the formation of Ag-Pt

NPs. Optical images of reaction mixture containing silver
nitrate, [PtCl4]

2-, and caffeic acid were recorded. The colorless
solution became pale yellow to gray-orange, which indicates

the formation of Ag-Pt NPs (Scheme 5).
In a seedless co-reduction of Ag+ and [PtCl4]
2- by caffeic

acid, there is a competition between the metal ions to gains
electrons from the reducing agent (Goia and Matijevic,

1998); Cheng et al., 2012). The Ag+ ions were first reduced
by caffeic acid to generate Ag NPs, because Ag+ ions had a
higher reducing potential (reduction potential

(E0) = 0.799 V for Ag+/Ag0) than [PtCl4]
2- ions (reduction

potential (E0) = 0.755 for [PtCl4]
2-/Pt0). Consequently, the

[PtCl4]
2- ions would be reduced on the surface of the Ag NPs

under potential deposition (Liu et al., 2014). Inspection of
Fig. 3 clearly suggests that the color and position of SPR band
of the resulting Ag-Pt NPs were dominated by the outer sur-
face of the Pt NPs. Thus we may state confidently that the

Ag-Pt NPs were formed during the seedless co-reduction of sil-
ver and [PtCl4]

2- ions by caffeic acid (Eqs. (4) and (5) (Liu et al,
2014).

ð4Þ

ð5Þ

[PtCl4]
2- ions was deposited on to the positive surface of

AgNPs via electrostatic and van der Waals interactions (Eq.
(4)). In the next step, [PtCl4]

2- ions were reduced under poten-
tial deposition, and Ag-Pt NPs were formed (Eq. (5).
3.3. Morphology of NPs

Surface morphology and elemental composition of Ag, Pt, and
Ag-Pt NPs were determined by recording the SEM images and
EDX of as-prepared NPs. Fig. 2A and 2B (in set) shows the

SEM images with UV–visible spectra of Ag, and Pt NPs,
respectively. The particles are spherical in shape and aggre-
gated to each other. Ag/Pt NPs are also spherical in shape

and formed a layered sheet like structure due to the deposition
of one metal onto the other (Fig. 4, indicated by red circle).
Such type of morphology was not observed in case of mono-

metallic Ag and Pt NPs. TEM image of AgNPs indicates the
formation spherical, triangular, irregular, and poly-dispersed
NPs (Fig. 2A TEM image), while the PtNPs are interconnected

to each other and formed beautiful chain of metallic Pt
(Fig. 2B, TEM image). For Ag-Pt NPs, small granules



Fig. 1 UV–visible spectra of (A), Beer-Lambert plot (B), and FT-IR spectra of caffeic acid extracted from Artemisia herba-alba.

Silver-platinum bimetallic nanoparticles 5
adsorbed onto the surface of each other, and leads to the for-
mation of large size NPs. Inspection of Fig. 4 TEM image sug-

gests that the grains of metals formed a flower like morphology
of metallic Ag0 and Pt0 at 20 nm scale. High resolution TEM
image clearly indicates the presence of both metals in Ag-Pt
NPs (Fig. 4). EDX spectra and percentage of elements present

in all samples are given in Fig. 5, which shows the presence of
Ag, Pt, and Ag-Pt along with the carbon and oxygen. The
XRD patterns of AgNPs, PtNPs and Ag-PtNPs are given in

Fig. 6A, which clearly suggests the formation of pure Ag, Pt,
and Ag-Pt NPs. For AgNPs, the diffraction peaks observed
at 2h = 42.2 (111), 54.6 (200), 63.5 (220), and 77.40 (311)

planes of Ag0 (Fig. 6A). For Pt NPs, three peaks located as
2h = 39.80, 46.70, and 67.60, which are the characteristic of
the (111), (200), and (220) diffraction planes of the crystalline
Pt0 NPs, respectively, (JCPDS card no. 04–0802). For Ag-Pt

NPs, all diffraction peaks are merged together, which indicates
the formation of Ag-Pt NPs (Fig. 6A). The average crystallite
size of Ag-Pt NPs was determined with Debye-Scherrer equa-

tion (D= C k / b cosh, where D= size in Å, C = shape factor
constant equal to 0.94, k = 1.5418 Å, b = full-width at half-
maximum in radians, and h=Bragg’s diffraction angle for the
peak in degrees). The size of Ag-Pt was found to be 20 nm.

From the UV–visible spectrum of Ag-Pt NPs, the optical
band gap (Eg) was calculated with (Eq. (6)).

a
1240

k

� �2

¼ 1240

k
� Eg ð6Þ

where a, k, and Eg are the absorption value in the UV–visible
spectrum, detection wavelength, and optical band gap, respec-
tively. Fig. 6B was constructed between the (a1240 / k)2 and

1240 / k as Y-and X-axis, respectively. The Eg = 2.72 eV
was estimated by extrapolating a straight line to the (a1240 /
k)2 = 0 axis in the plot of (a1240 / k)2.

In order to determine the oxidation states of Ag and Pt in

the Ag-Pt NPs, XPS analyses were carried out. The XPS spec-
tra for survey, Ag 4d, Pt 4f, O1s, and C 1 s are shown in
Fig. 7A. The overall spectrum consists the main characteristic

peaks appeared at the binding energy of Pt 4f at 75.98 eV, O
1 s at 533.68 eV, Ag 3d at 369.17 eV, and C 1 s at
286.15 eV. As displayed, the Ag 3d spectrum can be deconvo-

luted into two doublet at 368.23 and 374.18 eV (spin–orbit



Fig. 2 Time resolved spectra Ag NPs (A) and Pt NPs (B) along with TEM images. In set- SEM images for both NPs.

Table 1 The position of SPR band and stability of Ag, Pt, and Ag-Pt NPs.

[Caffeic acid] (mM) [Metal ions] (mM) Optical properties of NPs

0.15 Ag+ 1.0 Pale yellow, stable, SPR band = 400–600 nm, Ag0

0.15 Ag+ 2.0 Yellow, stable, SPR band = 400–600 nm, Ag0

0.25 Ag+ 2.0 Brown, stable, SPR band = 400–600 nm, Ag0

0.40 Ag+ 2.0 Brown red, stable, SPR band = 400–600 nm, Ag0

0.15 PtCl4
2- 1.0 Pale yellow, stable, no SPR band, Pt0

0.15 PtCl4
2- 2.0 Pale gray, stable, no SPR band, Pt0

0.15 PtCl4
2- 3.0 Gray, stable, no SPR band, Pt0

0.25 PtCl4
2- 2.0 Gray, stable, no SPR band, Pt0

0.40 PtCl4
2- 2.0 Gray, stable, no SPR band, Pt0

0.15 Ag++ PtCl4
2- 1.0 Pale yellow, stable, no SPR band, Ag-Pt

0.15 Ag++ PtCl4
2- 2.0 Yellowish gray, stable, no SPR band, Ag-Pt

0.15 Ag++ PtCl4
2- 3.0 Dirty gray, stable, no SPR band, Ag-Pt

0.25 Ag++ PtCl4
2- 2.0 Dirty gray, stable, no SPR band, Ag-Pt

0.40 Ag++ PtCl4
2- 2.0 Dirty gray, stable, no SPR band, Ag-Pt
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separation = 6.0 eV) corresponds to 3d5/2 and Ag 3d3/2,
respectively, for metallic Ag state (Fig. 7B). The high resolu-

tion spectrum was recorded in the Pt 4f (4f5/2 and 4f7/2) region.
The doublet peaks at 80.1 eV and 87.67 eV with spin–orbit sep-
aration of 3.67 ev, which are ascribed to the binding energies of

metallic Pt 4f7/2 and Pt 4f5/2, respectively (Fig. 7C). The high
resolution XPS peak of C 1 s, and O 1 s, respectively, at
286.23 eV, and 533.68 eV were observed (Fig. 7D and 7E).
3.4. Degradation of MG

UV–visible spectra of MG exhibits three absorption band at
314, 424 and 620 nm in water (Kitching et al., 2014). Out of
these, the absorbance was maximum at 620 nm. Therefore,

degradation of green color of dye was monitored with Ag-Pt
as activator for K2S2O8 as a model dye by advanced oxidation
processes (Scheme 6).



Scheme 2 Visual observation to the formation of AgNPs by silver ions-caffeic acid redox reaction at room temperature.

Scheme 3 Capping action of caffeic acid with AgNPs.
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In order to see insight into the role of Ag-Pt and K2S2O8 on

the degradation of MG, a series of experiments was performed
with various conditions for example: (1) MG+Ag-Pt NPs, (2)
MG + K2S2O8 and (3) MG + Ag-Pt + K2S2O8 (Table 2). It
Scheme 4 Optical images of Pt
was observed that the degradation of dye was not occurred
with Ag-Pt NPs and/or K2S2O8. The optical images demon-

strate that no significant MG oxidation takes place with Ag-
Pt and K2S2O8. As shown in Fig. 8, when small amount of
K2S2O8 (4.0 mM) was added to the reaction mixture of MG

and Ag-Pt, the absorbance at 620 nm decreases with reaction
time, and green color reaction solution became colorless within
50 min. The spectral changes indicate that the peroxide bond

of K2S2O8 activated by Ag-Pt NPs, and reactive radical species
generated, which decolorized and mineralized the MG. These
observations are in good agreement to the results of other
investigators (Gokulakrishnan et al, 2012; Lu et al. 2020)

regarding the heterogeneous oxidation of MG with activated
persulfate by different methods. The primary intermediate(s)
and degradation by products of dye depends on the nature

of the reactive radical species as well as method of the oxida-
tion (chemical and biochemical) (Saquib and Muneer, 2003;
Azmi and Sani, 1998). Benzophenone derivatives, benzalde-

hyde, benzene, nitrobenzene, p-aminobenzoic acid, aniline,
and others were identified as the intermediate(s) degradation
products of MG under different experimental conditions
(Berberidou et al. 2007; Gokulakrishnan et al, 2012; Lu et al.

2020; Saquib and Muneer, 2003).
The effects of Ag-Pt concentration (=8.0 mg to 16.0 mg)

on MG decolorization were investigated at fixed [MG] = 1.2

5 mM, [S2O8
2-] = 4.0 mM, and temperature = 30 �C, and
NPs after 120 min at 30 �C.



Scheme 5 Optical images of Ag-Pt NPs formation as a function of time.

Fig. 3 Time resolved spectra of Ag-Pt NPs.
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the results obtained are presented in Fig. 9A. The Mg degrada-

tion % was significantly increased over the concentration of
Ag-Pt dosage. The degradation efficiency was also increases
with the amount of the activator (Table 2). The 94.2% dye
was decomposed at 16 mg of Ag-Pt after 50 min of reaction

time. The effects of MG concentration were investigated at dif-
ferent initial concentrations in the range of 0.75 to 2.5 mM at
fixed amount of activator (16 mg/L), pH (7.0) and temperature

(25 �C). As shown in Fig. 9B, the rate of dye degradation
decreases with increasing initial concentration of MG, which
was also reported in other metal NPs activated persulfate oxi-

dation of toxic water contaminants (Zhang et al., 2020; Liang
et al., 2013; Hu et al., 2019). The degradation of MG was also
investigated over the pH range of 4 to 10 with fixed concentra-

tion of dye (1.25 mM), amount of Ag-Pt (16 mg), K2S2O8

(4.0 mM) at 30 �C. The following sequence in the degradation
of MG in the S2O8

2-/Ag-Pt combined system at different initial
pH was observed: pH 7 > pH 4 > pH 8 > pH 13 > pH 10

(Fig. 9C). The neutral aqueous medium was the optimal initial
pH for the dye degradation in the S2O8

2-/Ag-Pt. At low and
high pH, the decrease in the oxidation capacity of S2O8

2- has
been attributed to the involvement of SO4
-� in other reactions

(Liang et al., 2013; Al-Shehri et al., 2021).
The complete degradation of MG was observed at lower

S2O8
2- concentration (�1.0 mM). The rate of degradation

increased with increasing S2O8
2- from 1.0 to 6.0 mM. On fur-

ther increasing the S2O8
2- concentration from 7.0 mM,

decreased in the MG decolorization (Fig. 9D). The degrada-

tion rate increases and decreases with the [S2O8
2-], which indi-

cates the participation of S2O8
2- in SO4

-� generator (S2O8
2- +

Heat/ metal NPs ? 2SO4
-�) and SO4

-� scavenger (2SO4
-� ?

S2O8
2-). For [S2O8

2-] = 4.0 mM, the kapp and % degradation
were found to be 0.055 min�1 and 94.2 %, respectively. The
efficiency of % degradation depends on the persulfate activa-

tor (metal ions, metal NPs, temperature, UV light), structure
of dye, and pH (Behnajady et al., 2008; Colonna et al., 1999;
Deng et al., 2013).

The K2S2O8 was activated by heat and generates reactive
radical species. In order to study to effect of temperature on
the cleavage of peroxide bond of K2S2O8 and degradation of
malachite green, the effect of temperature was carried out at

25, 35, 45 and 55 �C. The rate of degradation increased from
0.055 min�1 to 0.162 min-1as a consequence of increasing the
temperature from 25 to 55 �C (Table 2). This is because of

higher temperature increased the rate of decomposition of per-
oxide linkage of K2S2O8, thus increasing the rate of generation
of reactive radical species such as SO4

-� and HO�, which in turn,

enhanced the degradation of malachite green. The Arrhenius
equation (lnkapp = lnA – Ea/ RT, where kapp = rate constant,
Ea = activation energy, R = gas constant, and T = tempera-

ture in Kelvin) was used for the calculation of activation
energy. From the slope of the lnkapp versus 1/ T, the activation
energy is found to be 29.7 k J mol�1 with R2 = 0.996. The
lower value of activation energy suggests that the two effects,

namely, temperature as well as Ag-Pt NPs operates simultane-
ously and activates the cleavage of peroxide bond (Ahn et al.,
2019). Table 3 shows that the degradation efficiency was found

to be 0.0% 55.2%, 94.2%, respectively, for Pt, Ag, and Ag-Pt
NPs in 30, 50, and 50 min in presence of 4.0 mM S2O8

2-. The
best S2O8

2- activator for MG oxidation was found to be Ag-

Pt NPs [Ag-Pt ˃ Ag0 ˃ Pt0], which might be due to the syner-
gistic effect of both metals. The bimetallic system was more
promising than monometallic for the heterogeneous activation
of S2O8

2- (Al-Shamsi, et al., 2013). The second metal serves as

an additional electron donor, increase the surface area of



Fig. 4 SEM and TEM (high resolution, and corresponding lattices) images of Ag-Pt NPs.
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monometallic NPs by depositing a non-uniform layer on the
surface of the NPs, and form a galvanic corrosion system on

the surface of NPs, which enhances the catalytic ability of
the NPs (Zhang, et al., 1998).

The degradation efficiency percentage was evaluated from

Eq.(1) and found to be increased with reaction time at fixed
concentrations of other parameters. The 94.2% MG was
degraded in 50 min (Fig. 10A), and green color of dye disap-
peared completely after 90 min (Fig. 8 optical images. Fig. 8

shows that the some organic intermediate(s) are present in
the residual solution for longer reaction time. This indicates
that a lower mineralization efficiency is attained as a result

of the existence of small toxic oxidation products of the used
dye. It has been established that the decolorization and miner-
alization (formation of CO2 and water) were the two different

steps of the complete dye decomposition (Aleboyeh et al.,
2008; Lu et al., 2020; Huang et al., 2021). Fig. 10B shows
the decay of absorbance at 320 nm (related to the absorbance
of poly aromatic rings), and 620 nm (related to the destruction

of conjugated system of dye) for the mineralization and decol-
orization of dye, respectively (Behnajady et al., 2008). At
620 nm, the absorbance decreases from 0.34 to 0.036 (94.2%

degradation) after 50 min of reaction time and remained
unchanged approximately after it, which might be related to
the destruction of conjugated system of MG green as well as

N-demethylation processes. On the other hand, absorbance
decreases from 0.22 to 0.016 (60 % degradation) at 320 nm
after the same reaction time, which can be ascribed due to

the destruction of benzene moieties of dye. The mineralization
efficiency was monitored by recording the change in the total
organic content of MG. The mineralization efficiency was eval-

uated with the following relation (Eq. (7).

Mineralizationð%Þ ¼ ½TOC�0 � ½TOC�
½TOC�0

� �
� 100 ð7Þ

where [TOC]0 = TOC at initial time, and [TOC] = TOC con-
centrations at time t. Fig. 10C shows that the mineralization
process has an induction period (decolorization period). The

8.0% of TOC degradation was observed in solution for both
[MG]0 / [S2O8

2-]0 during the first 20, 40, and 60 min.
Fig. 10D shows the TOC ratio ([TOC] / [TOC]0 in aqueous

MG solutions at different time for different [MG/S2O8
2-].The

mineralization process is lower than those for the decoloriza-
tion, indicates that the destruction of conjugated system due

to azo bond is the first step of MG decomposition (Scheme 7).
The generated HO� reacts with S2O8

2- and converted into HO–

and corresponding radical at all pH values (HO� + S2O8
2- ?

HO– + S2O8
-�, k = 1.2 � 107 mol�1 dm3 s�1) (Liang and

Su, 2009). Fig. 10D clearly suggests that the end products of
degraded MG does not completely mineralize into CO2 and
H2O for extended reaction time (Aleboyeh et al., 2008).



Fig. 5 EDX spectra of Ag (A), Pt (B), and Ag-Pt NPs (C).
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In Scheme 7 represents the decolorization of MG into col-
orless MG intermediate due to the addition reaction between
HO– and MG. For the decolorization of dye, the first step is

the addition of HO– on to the MG, which diminished the chro-
mophoric structure of MG (Huang, et al., 2021). The 12 and 20
degradation intermediates of MG with Fe3O4/GAs + S2O8

2- +

light (Lu et al. 2020) and CuFe2O4@biochar/S2O8
2- (Huang

et al., 2021) systems were detected by using LC-MS and
UPLC-MS, respectively. These investigators suggested that

the MG was completely degraded via two possible routes,
and eventually mineralized into CO2 and H2O. On the basis
of UPLC-MS data, Huang et al. also proposed the similar

mechanism for the degradation of MG, and suggests that the
addition of HO– with MG is the first step (Huang, et al.,
2021). The intermediate was slowly mineralized into the CO2

and H2O by the generated radical species (Gokulakrishnan

et al., 2012; Xu and Le, 2010; Li et al., 2015).

3.5. Ag-Pt as activator of K2S2O8

Fig. 7 optical images show that the green color of malachite
green became colorless after the treatment with S2O8

2-/Ag-Pt
system. The color and suspension of Ag-Pt NPs was not visu-

alized after the degradation of dye, indicating the metallic sil-
ver and platinum were oxidized into the corresponding metal
ions (Ag+ and Pt+). The generated HO� species, formed after



Fig. 6 XRD (A), and optical band gap plot (B) of Ag-Pt NPs.
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the activation of S2O8
2- by Ag-Pt, may initiates a series of rad-

ical chain reactions. The possible degradation mechanism of

MG with S2O8
2-/Ag-Pt might occur as Eqs. (8) to (11) listed

below (Anipsitakis and Dionysiou, 2004).

� Ag2þ4 þ S2O
2�
8 !� Agþ2 þ 2Agþ þ SO2�

4 þ SO��
4 ð8Þ

� Ag2þ4 þ S2O
2�
8 !� AgII SO�

4

� �� �þ þ SO2�
4 þ Ag0 þ Agþ2

ð9Þ

SO��
4 þH2O ! SO2�

4 þHO� þHþ ð10Þ

Malachite greenþ SO��
4 =HO� ! Intermediatesþ CO2 þH2O

ð11Þ
The Ag+ ions onto the surface of Ag0 acted a heteroge-

neous S2O8
2- activator and generates SO4

-� through the cleavage
of peroxide bond of S2O8

2-. First, Ag+ on the surface of Ag-Pt
will activate S2O8

2- to generate SO4
-� and transfer the Ag+ ions

to higher valence state (Eq. (8). AgNPs also formed cage com-
plex with S2O8

2- (Eq.9). The HO� radicals were generated in
solution after the reaction of SO4

-� with water (Eq. (10). Both

radicals (HO� and SO4
-�) possesses strong oxidizing activity

and oxidized target organic water contaminants to CO2 and
H2O (Eq. (11). The presence of Pt NPs accelerated the gener-

ation of SO4
-� radicals due to their strong galvanic metal dis-

placement cell reaction with zero valent silver NPs, in which
Pt NPs and Ag NPs acts as catalyst (cathode), and an electron
donor (anode), respectively. As a result, the Pt0 helps to

increase the ability of AgNPs. Ahn et al. suggested that the
surface metal such as Pt and Au were the most appealing acti-
vator to generate SO4

-� radicals in the M/Al2O3 composite

(Ahn et al., 2019). The reason behind the role of metal type
is unknown, while the efficient activation by Pt in Ag-Pt might
be related to the intrinsic surface catalytic property of these

metals (Eqs. (12) to (14).

� ðPtsÞn � Pts þHO� !� ðPtsÞn � Pts �HO� ð12Þ

� ðPtsÞn � Pts �HO� þHþ !� ðPtsÞn�1 þ Ptþaq þH2O

ð13Þ

Ptþaq þO2 ! Pt2þaq þO��
2 ð14Þ

The Pt0 and Ag0 were oxidized to produce corresponding
ions by hydrogen peroxide, and air + ascorbic acid, respec-
tively, in an aqueous solution through oxidation etching pro-

cess (Okamoto, et al., 2012; Wang, et al., 2013). The
oxidative dissolution of NPs could be due to the direct redox
reaction with the reactive oxygen radical species and/or natural

organic materials in aquatic system (Wang, et al., 2016). S2O8
2-

activation by Ag-Pt NPs involves the oxidation of both metals
(Ag0 and Pt0) and subsequent their aqueous dissolution

(Aljadaani, et al., 2021). Thus the generation of SO4
-� by the

decomposition of S2O8
2- with transition metals and/or metal

NPs is not truly a catalytic process. Ag-Pt NPs serves as a sac-
rificial electron donor. On the basis of observed results and

pervious existing literature, Scheme 8 mechanism was pro-
posed for the activation and degradation of S2O8

2- and MG
in Ag-Pt/S2O8

2- system (Liang, et al., 2017; Lu, et al., 2020;

Huang, et al., 2021).



Fig. 7 XPS of Ag-Pt NPs.

Scheme 6 Structure of MG.
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3.6. Scavenger test and reusability

It has been established that the SO4
-� and HO� were the two

main reactive radical species produced by S2O8
2- decomposition

(Gu et al., 2018; Lu et al., 2020). Quenching tests were per-

formed with ethanol, tertiary butanol (TBA), and potassium
iodide to quench both SO4

-� and HO�, only HO�, and both
HO� and SO4

-�, respectively. Fig. 11A displaced the effect of

different quenchers on the oxidation of MG. The degradation
efficiency was dropped 6.2% after adding 10 mM ethanol,
indicating that ethanol quench the both HO� and SO4

-� radi-



Table 2 Effects of Ag-Pt, MG, S2O8
2-, pH, and temperature on the degradation of malachite green.

Ag-Pt (mg) [MG] (mM) [K2S2O8] (mM) pH Temperature (0C) kapp (min�1) R2

6.0 1.25 4.0 3.0 25 0.016 0.996

10.0 1.25 4.0 3.0 25 0.024 0.996

12.0 1.25 4.0 3.0 25 0.038 0.992

16.0 1.25 4.0 3.0 25 0.055 0.994

16.0 0.07 4.0 3.0 25 0.092 0.994

16.0 1.0 4.0 3.0 25 0.081 0.991

16.0 2.0 4.0 3.0 25 0.036 0.993

16.0 2.5 4.0 3.0 25 0.012 0.995

16.0 1.25 4.0 4.0 25 0.078 0.995

16.0 1.25 4.0 7.0 25 0.095 0.997

16.0 1.25 4.0 8.0 25 0.062 0.998

16.0 1.25 4.0 10.0 25 0.032 0.992

16.0 1.25 1.0 3.0 25 0.022 0.996

16.0 1.25 6.0 3.0 25 0.082 0.998

16.0 1.25 7.0 3.0 25 0.043 0.992

16.0 1.25 4.0 3.0 35 0.082 0.994

16.0 1.25 4.0 3.0 45 0.123 0.994

16.0 1.25 4.0 3.0 55 0.162 0.996

Fig. 8 UV–visible spectra of MG oxidized by K2S2O8/Ag-Pt

system at room temperature.
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cals. The MG removal efficiency was dropped only 3.4% with
10 mM TBA, suggested that a small quantity of HO� species

were generated. This resulted from the reaction of generated
SO4

-� with water in an aqueous solution. As depicted in
Fig. 11A, only ca. 32.4% MG was removed from the reaction

solution in presence of 10 mM potassium iodide. These obser-
vations can be rationalized due to the presence of numerous
SO4

-� on the surface of Ag-Pt, and the heterogeneous Fenton-

like reaction was mainly occurred on the catalyst surface
(Wan and Wang, 2017).

The surface stability and catalytic reusability are the two
most important capabilities of the using Ag-Pt NPs as persul-

fate activator for MG oxidation in the Ag-Pt/S2O8
2- system. All

recycling experiments in this work operated under the same
condition: 1.25 mM MG concentration, 4.0 mM S2O8

2- concen-

tration, 3.0 pH, 16.0 mg Ag-Pt, and 25 �C temperature.
Fig. 11B showed that the MG oxidation efficiency was ca.
94.2% after 50 min in the first recycle process, and was over

92.3%, 90.4%, 88.0%, 86.4%, and 85.3% in the next five
kinetic runs after 50 min. The above results revealed that the
decrease of Ag-Pt activation efficiency may be due to the oxi-
dation of Ag-Pt. The activation of S2O8

2- by transition metal

and/or NPs to generate reactive SO4
-� species is not a true cat-

alytic process (Ahn et al., 2019; Zaheer et al., 2023).
In order to compare the persulfate activation efficiency of

Ag-Pt with other catalysts, the degradation parameters (time,
degradation efficiency, rate constant, and activation energy)
of MG are summarized in Table 3. The degradation % and

oxidation rates of MG depends on the concentration of MG,
pH, amount of catalyst, temperature, and source of light irra-
diation (Liang, et al., 2017; Lu et al., 2020; Huang, et al.,

Gokulakrishnan et al., 2012, and Qi, et al. 2017). Table 3
clearly shows that the nature of catalyst, and concentration
of S2O8

2- have significant impact on the degradation efficiency
of MG within a suitable time reaction time. The metal NPs/

S2O8
2- system is a better approach to generate reactive radicals

for the complete degradation of MG and other water
contaminants.



Fig. 9 Effects of Ag-Pt dosage (A), dye concentration (B), initial pH (C), and temperature (D) for activating K2S2O8 to decolorize MG.

Table 3 Effects of various catalysts on the oxidation of malachite green (MG) by persulfate activation under different experimental

conditions.

Catalysts Conditions Results Ref.

Fe73.5Si13.5B9Cu1Nb3 [MG] = 22 ppm, catalyst = 0.4 g/L,

[S2O8
2-] = 1.0 mM, UV–visible irradiation

Degradation = 100%,Time = 30 min, Rate

constant = 0.0849 min�1
Liang, et al.,

2017

Fe3O4/graphene [MG] = 20 mg/L, [S2O8
2-] = 1.0 mM,

catalyst = 0.2 g/L, T = 25 �C, pH = 3.0,Sun

light

Degradation = 91.7%,Time = 12 min, Rate

constant = 0.213 min�1
Lu et al., 2020

Fe3O4/graphene [MG] = 20 mg/L, [S2O8
2-] = 1.0 mM,

catalyst = 0.2 g/L, T = 25 �C, pH= 3.0, dark

Degradation = 82.18Time = 12 min, Rate

constant = 0.1474 min�1
Lu et al., 2020

CuFe2O4@biochar [MG] = 100 mg/L, [S2O8
2-] = 0.25 mM,

catalyst = 0.2 g/L, T = 25 �C, pH = 7.0

Degradation = 98.9%,Time = 90 min, Rate

constant = 0.040 min�1
Huang et al.,

2021

Ni(II) perchlorate

complex

[MG] = 10 mg/L, [S2O8
2-] = 1 g/L,

complex = 200 lM, pH = 7.0

Degradation = 97.9%,Time = 60 min, Rate

constant = 0.93 min�1
Gokulakrishnan

et al., 2012

CuO [MG] = 10 lM/L, [S2O8
2-] = 250 lM/L,

catalyst = 200 mg/L, pH = 7.0

Degradation = 79.07%, Time = 60 min Qi et al., 2017

Ag-Pt [MG] = 1.25 mM, [S2O8
2-] = 4.0 mM,

catalyst = 16 mg/L, T = 25 �C, pH = 7.0

Degradation = 94.2%,Time = 50 min, Rate

constant = 0.095 min�1, Ea = 29.7 kJ mol�1
Present work

Ag0 [MG] = 1.25 mM, [S2O8
2-] = 4.0 mM,

catalyst = 16 mg/L, T = 25 �C, pH = 7.0

Degradation = 55.2%,Time = 50 min Present work

Pt0 [MG] = 1.25 mM, [S2O8
2-] = 4.0 mM,

catalyst = 16 mg/L, T = 25 �C, pH = 7.0

Degradation = 0.0%,Time = 30 min Present work

14 A. Mohammed Al-Balawi et al.



Fig. 10 Plots of degradation (A), decay of absorbance (B), TOC percent removal (B), and TOC/TOC0 (D) for the degradation of MG

under K2S2O8/Ag-Pt system. Reaction conditions: [MG] = 1.25 mM, and [Ag-Pt] = 16 mg.

Scheme 7 In situ chemical oxidation of MG by S2O8
2-/Ag-Pt system.

Silver-platinum bimetallic nanoparticles 15



Scheme 8 Mechanism of persulfate activation and degradation

of MG.

16 A. Mohammed Al-Balawi et al.
4. Conclusion

Caffeic acid was extracted from an aqueous solution of Artemisia

herba-alba, and used for the fabrication of stable sols of Ag, Pt, and

Ag-Pt NPs at room temperature. The SPR band nature and optical

band gap of Ag-Pt NPs were determined by UV–visible spectroscopy.

We demonstrated the use of Ag-Pt as heterogeneous S2O8
2- activator

efficiently, when the initial pH ranged from 3.0 to 10.0. Complete

MG decolorization (94.2%) was observed in 50 min reaction time.

The MG decomposition percentage increases with amount of Ag-Pt

dosage, and reaction temperature. Under optimal conditions

([S2O8
2-]0 / [dye]0 = 4.0 mM, and Ag-Pt dosage = 16 mg), nearly

90% TOC removal of dye can be achieved in 4 h. This study con-

tributes to developing a bimetallic activator for SO4
-� based advanced

oxidation processes in wastewater treatment.
Fig. 11 Effect of radical scavengers (A) and reusability of Ag-Pt o

conditions: [MG] = 1.25 mM,[Ag-Pt] = 16 mg/L, [K2S2O8] = 4.0 mM
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