
Chinese Chemical Letters 34 (2023) 108122

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Preparation of novel magnetic noble metals supramolecular composite

for the reduction of organic dyes and nitro aromatics

Aadil Nabi Chishti a, Zhiyuan Maa, Junjie Zhaa, Muhammad Ahmada,b, Peisen Wanga,
Jagadis Gautama, Ming Chena, Lubin Nia,∗, Guowang Diaoa,∗

a School of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou 225002, China
b College of Environmental Science and Engineering, Yangzhou University, Yangzhou 225002, China

a r t i c l e i n f o

Article history:

Received 27 July 2022

Revised 21 December 2022

Accepted 27 December 2022

Available online 28 December 2022

Keywords:

Fe3O4@SiO2-Au-Pd@SH-β-CD composite

Catalysis

Reduction

Degradation

Synergistic effect

a b s t r a c t

By considering the exceptional properties of supramolecular, noble metals (NM) and magnetic nanopar-

ticles (NPs), we successfully synthesized a novel magnetic, metals and supramolecular composite. Briefly,

the Fe3O4@SiO2 core-shell spheres were first modified with gold (Au) and palladium (Pd) NPs and then

with mono-6-thio-β-cyclodextrin (SH-β-CD). The synthesized Fe3O4@SiO2-Au-Pd@SH-β-CD nanocompos-

ite shows a good magnetic response (42.3 emu/g). The nanocomposite showed good performance for the

reductive degradation of rhodamine B (RhB) and 4-nitrophenol (4-NP). The calculated rate constant (k)

values for the reduction of 4-NP and RhB were 0.062± 0.02 s−1 and 0.027± 0.01 s−1, respectively. The

high catalytical performance was supposed to be due to the host-guest interaction of β-CD and also due

to the NM synergic effect. The nanocomposite structural and chemical morphology was investigated by

various spectroscopic techniques. Furthermore, the catalyst was recycled six times and it maintains mor-

phology, chemical nature, and high magnetic behavior, as demonstrated by FTIR and TEM analysis of the

recycled catalyst. These results demonstrate a very efficient, cost-effective, and recyclable catalyst in the

field of catalysis technology development.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the development of industrial technology, the amount of

organic pollutants is constantly growing. In particular, water pol-

lution produced by printing and textile factories has seriously af-

fected the environment and caused severe consequences, such as

esthetic pollution, toxicity, and perturbation of aquatic life. Rho-

damine B (RhB), a positive-charged xanthene dye, is widely used

in the textile, paints, paper, plastics, and printing industries [1–4].

It is also exploited as a model dye in many essential biochem-

ical applications due to its well-established chemistry [5,6]. The

wide use of RhB for industrial and other purposes results in a

large-scale buildup in the environment, particularly in ground and

surface water [7]. RhB’s unusual chemical structure imparts great

chemical and biological stability, making its elimination by natu-

ral and chemical degradation extremely challenging. The RhB is a

well-known hazardous pollutant linked to carcinogenic and muta-

genesis effects in biological systems [8–11]. Excessive RhB aggre-

gation in the water and soil bodies has been shown to impair the

photosynthetic cycle in plant metabolism and to produce water-

borne diseases such as vomiting, cancer, and bleeding [12]. The
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toxicity data on RhB that have been published thus far indicate

that its large concentrations constitute a significant hazard to hu-

man life and as well as to aquatic life. As a result, considerable re-

search efforts have been directed toward developing effective, safe,

efficient, cost-efficient, and dependable technologies for the com-

plete removal (reduction) and degradation of RhB from industrial

wastes [13–16].

Thus, organic pollutants removal from industrial wastewater

is a critical issue, and adequate wastewater treatment should be

carried out to reduce the environmental effect. A wide range

of wastewater treatment techniques, including chemical and bio-

logical approaches such as coagulation/flocculation, electrochem-

ical degradation, photocatalytic degradation, advanced oxidation,

and ozonation, have been used. For the treatment of dye-bearing

wastewater, membrane filtration and liquid-liquid extraction have

been frequently utilized [17–21]. As a result, they are restricted

to laboratory applications [22,23]. One of the most promising

wastewater treatment techniques for removing colored pollutants

is adsorption, which is a valuable approach because of its high

removal efficiencies, cheap cost, flexibility in design, ease of op-

eration, and insensitivity to harmful compounds [24]. Adsorption

methods have been utilized to remove colors from an aqueous
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Scheme 1. Schematic synthesis of SH-β-CD modified Fe3O4@SiO2-Au-Pd composite.

medium using sorbents derived from organic and inorganic sources

with sizes ranging from nano to micro. Several sorbents have been

produced to remove dyes, including functionalized membranes,

carbon-based materials, nanocomposites, porous polymers, natural

clay, fibers and gels [25–27].

The utilization of precious metal nanoparticles has been shown

to have good catalytic activity toward the reduction and degra-

dation of RhB and 4-NP [28–31]. Metal nanoparticles’ outstand-

ing activity toward RhB reduction and degradation is ascribed to

their high surface-to-volume ratio and unique electrical character-

istics. Until now, a wide range of heterogeneous catalysts based on

metallic nanoparticles (MNPs), bimetallic nanoparticles, and metal

oxide nanoparticles (MNOPs) of Ag, Au, Fe, Cu, Ni and Pt have been

purposefully designed and extensively tested as catalysts for the

NaBH4-induced reductive detoxification of organic pollutants [32–

34]. Immobilizing these different MNOPs onto suitable supports is

a well-established technique for preventing accumulation and im-

proving catalytic performance, reusability, and stability. Magnetite

and its other forms have emerged as impressive nano support for

the immobilization of catalytic MNPs, Bi-MNPs, and MNOPs [35–

37]. Due to their very high electronic conduction, specific sur-

face area, and inertness in reaction media, among other proper-

ties. In our previous work, we synthesized Ag decorated Fe3O4@C-

TiO2 nanocomposites which show good catalytic activities. Here in

this study, for further enhancing and studying the effect of SH-β-

CD along with Au and Pd NPs on the reduction of organic pol-

lutants, cyclodextrins (CDs) are well-known supramolecular hosts,

cyclic oligosaccharides with cylindrical cone-shaped cavities. Such

a structure has a lipophilic inner surface and a hydrophilic outer

surface, allowing a wide variety of organic molecules to be in-

cluded inside their cavities to create complexation. As inverse

phase transfer agents for aqueous biphasic processes, they can

transfer hydrophobic molecules from the organic phase to the cat-

alytic species in aqueous environments, resulting in increased solu-

bility of organic material in water [38–40]. We synthesized a novel

SH-β-CD modified Fe3O4@SiO2-Au-Pd nanocomposite. The surface

of the Fe3O4@SiO2 core-shell structure was first modified with Au

and Pd NPs and then with SH-β-CD. The catalytic performance

of the synthesized nanocomposite was remarkable for the pho-

todegradation and reduction of both RhB and 4-NP. The obtained

results show encouraging catalytic activity, reusability and stability

of the synthesized composite.

The synthesis process of Fe3O4@SiO2-Au-Pd@SH-β-CD is shown

in Scheme 1 and Scheme S1 (Supporting information). In the first

step, Fe3O4 NPs were synthesized by the hydrothermal method.

In the second step, the surface of Fe3O4 was coated with a SiO2

shell to protect their agglomeration. To increase the capability

of Fe3O4@SiO2 towards Au and Pd attachments, the surface of

nanoparticles was modified with APTES whose role is a binding

bridge between Fe3O4@SiO2 and Au, Pd NPs [42]. The surface of

Fig. 1. TEM images of (a) Fe3O4, (b) Fe3O4@SiO2, (c) Fe3O4@SiO2-Pd, (d)

Fe3O4@SiO2-Au, (e) Fe3O4@SiO2-Au-Pd and (f) Fe3O4@SiO2-Au-Pd@β-CD respec-

tively.

Fig. 2. TEM-EDX analysis. (a-f) Color mapping of different elements and (g) ele-

mental spectrum of different elements in the synthesized nanocomposite.

Fe3O4@SiO2 nanospheres was modified with Pd(II) ions and Au,

which can be used as a heterogeneous catalyst. Finally, on the

surface of Fe3O4@SiO2-Au-Pd microspheres, the mono-6-thio-β-CD

(SH-β-CD) was prefabricated via Au and Pd-Thiol bond formation,

assembling monolayer with chiral surface characteristics [43]. The

FTIR analysis was used to prove the successful synthesis of the

nanocomposite. Also, the enhanced catalytic activity of β-CD mod-

ified magnetic microspheres shows its existence in the composite

spheres. The stable structure along with magnetic properties, the

synthesized composite guarantees excellent recyclability, stability

and catalytic activities.

The morphologies and structures of as-prepared Fe3O4,

Fe3O4@SiO2, Fe3O4@SiO2-Pd, Fe3O4@SiO2-Au, Fe3O4@SiO2-Au-Pd

and Fe3O4@SiO2-Au-Pd@SH-β-CD nanocomposites were investi-

gated by TEM analysis. The TEM images of Fe3O4 NPs show its

spherical shape with an average size of 325nm (Fig. 1a). The

Fe3O4 core is coated with 21nm shell of SiO2, which shield the

core and Au and Pd NPs attached to its surface (Fig. 2b). The

surface of Fe3O4@SiO2 was modified with Pd and Au NPs as

shown in Figs. 1c and d, respectively. Fig. 1e shows the TEM image
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Fig. 3. (a) XRD analysis of Fe3O4@SiO2 and Fe3O4@SiO2-Au, Fe3O4@SiO2-

Pd, Fe3O4@SiO2-Au-Pd@β-CD respectively. (b) FTIR analysis of (1) Fe3O4 (2)

Fe3O4@SiO2, (3) Fe3O4@SiO2-Au-Pd, (4) Fe3O4@SiO2-Au-Pd@β-CD and (5) SH-β-CD

respectively.

of Fe3O4@SiO2-Au-Pd nanocomposite. The core-shell structure

was successfully modified with Pd and Au NPs as it can be seen

from the TEM analysis the number of small NPs on the surface

of SiO2 increased as compared to Figs. 1c and d. TEM analysis of

Fe3O4@SiO2-Au-Pd-SH-β-CD is shown in Fig. 1f, and there is no

such difference between (e) and (f), the dynamic light scattering

analysis (DLS) and TEM images at 1 μm magnification are given

in Fig. S1 (Supporting information). The synthesized Fe3O4@SiO2-

Au-Pd-SH-β-CD composite was further investigated by TEM-EDX

analysis.

Fig. 2 shows the TEM-EDX analysis of Fe3O4@SiO2-Au-Pd@SH-

β-CD nanocomposites. The TEM EDX elemental mapping of Fe, O,

Si, Pd, Au and C show a spatial distribution of all elements and

their position in the synthesized nanocomposite as shown in Figs.

2a-f. Different colors represent different elements of the nanocom-

posite. The EDX spectrum of Fe3O4@SiO2-Au-Pd@SH-β-CD com-

posite is given in Fig. 2g. Significant peaks for iron, oxygen, car-

bon, silicon, palladium and gold were observed, which suggest

the successful synthesis of core-shell Fe3O4@SiO2-Au-Pd@SH-β-CD

nanocomposite [44].

The XRD patterns of the synthesized nanocomposite are

shown in Fig. 3a. The XRD pattern of Fe3O4@SiO2-Au-Pd@SH-β-

CD was compared with Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-Au and

Fe3O4@SiO2-Au-Pd. The XRD pattern of Fe3O4 and Fe3O4@SiO2 are

almost the same and peaks at 2θ of 30.2°, 35.5°, 43.4°, 53.1°,
57.2° and 62.6° which are attributed to (220), (311), (400), (422),

(511), (440) and (533) reflections planes respectively (PDF#19–

629). Fe3O4@SiO2-Au XRD pattern shows peaks 2θ =38.1°, 44.2°
and 64.5° which are attributed to (111), (200) and (220) diffraction

planes of Au in the cubic phase [44]. Similarly, the XRD pattern of

Fe3O4@SiO2-Pd shows peaks at 2θ 46.3° and 32.2°, which are re-

lated to (200) and (111) reflection planes, respectively [45,46]. The

XRD analysis of Fe3O4@SiO2-Au-Pd@SH-β-CD composite showed

all the peaks associated to Fe3O4. Au and Pd with slightly de-

creased intensities, which suggests the surface of Fe3O4@SiO2-Au-

Pd was modification with SH-β-CD.

The successful synthesis of Fe3O4@SiO2-Au-Pd modified with

SH-β-CD was verified by FTIR spectroscopic analysis. Fig. 3b

shows the FTIR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-Au-Pd,

Fe3O4@SiO2-Au-Pd@SH-β-CD and SH-β-CD. The peak at 581 cm−1

is assigned to Fe-O-Fe and 1084–1218 cm−1 is assigned to the ab-

sorption Si-O-Si vibration. The absorption peaks at 3430 and 1634

cm−1 are attributed to the O–H stretching vibration of SiO2, ad-

sorbed water, or β-CD. Peaks at 2921 and 2850 cm−1 were as-

signed for asymmetric and symmetric stretching vibrations of SH-

β-CD. By comparing the FTIR spectrum of Fe3O4@SiO2-Au-Pd and

Fe3O4@SiO2-Au-Pd@β-CD, new peaks at 2921 and 1404 cm−1 were

observed. The appearance of the new peaks was correlated to

the SH-β-CD mole fraction in the self-assembled monolayer and

Fig. 4. (a) XPS survey scan of Fe3O4@SiO2-Pd-Au@SH-β-CD. (b) High resolution

(HR) XPS spectra of Fe 2p. (c) HR XPS spectrum of Fe 3p. (d) C 1s HR XPS spec-

trum. (e) HR spectrum of Si 2p. (f) HR XPS spectrum of O 1s. (g) HR XPS spectrum

of Pd 3d (h) HR spectrum of Au 4f and (i) HR XPS spectrum of S 2p.

hence, the observed changes indicate the successful modification

of Fe3O4@SiO2-Au-Pd surface with β-CD as it shows a similar FTIR

pattern as SH-β-CD (Fig. 3b, curve 5).

The XPS analysis was carried out for the synthesized

Fe3O4@SiO2-Au-Pd@β-CD nanocomposite, as shown in Fig. 4. The

survey spectra for the synthesized composite are illustrated in Fig.

4a. The surface elemental concentration for O 1s, C 1s, Si 2p, Pd

3d, Au 4f and S 2p were 44.37%, 33.55%, 14.74%, 0.76%,1.1% and

2.3% respectively. The high resolution XPS spectrum for Fe 2p is

shown in Fig. 4b, which shows two high intensity peaks with bind-

ing energies at 709.8 eV and 723.8 eV attributed to 2p3/2 and 2p1/2,

respectively. The satellite peaks were observed at binding energy

717.8 eV and 732.6 eV. The Fe 3p high resolution spectrum is given

in Fig. 4c, which shows two peaks at binding energy 55.73 and

53.9, attributed to Fe(III) and satellite peak, respectively [47–49].

The C 1s spectrum is shown in Fig. 4d. The high intensity peak at

binding energy 285.9 eV is assigned to C–O bond and other C=C

bonds, while the peak at binding energy 284.3 eV is attributed to

C=C bond [47]. High resolution XPS spectrum for Si 2p is shown

in Fig. 4e, which shows a high intensity peak at binding energy

102.9 eV attributed to Si-O bond [50]. The O 1s spectrum shows

peak at binding energy 532.12 eV which is attributed to Si-O and

Fe-O bond (Fig. 4f) [51]. The chemical and electronic structure of

thiol-functionalized palladium and gold nanoparticles were also

analyzed. As shown in Fig. 4g, the Pd 3d spectrum shows two

types of valence state Pd, strong peaks at 334.9 eV and 340.32 eV

could be assigned to Pd(0) and the two other peaks which are

comparatively weak, allocated at 337.7 eV and 342.6 are attributed

to Pd(II) [52,53]. The Au 4f shows two types of peaks (Fig. 4h).

The Au 4f7/2 and Au 4f5/2 at binding energy values of 83.3 eV and

87.02 eV are assigned to metallic Au respectively. The Au 4f7/2 and

Au 4f5/2 components at binding energy 84.4 eV and 88.5 eV can be

attributed to the Au atoms that are covalently bonded to sulfur ter-

minal groups SH-β-CD [54]. The spectra of Pd 3d and Au 4f region

were also compared with the nanocomposite before modification

of SH-β-CD and the peak for Pd(II) and Au(II) at 342.6 eV and 84.4

were not observed. In the S 2p spectrum (Fig. 4i), the peaks at

163.56 eV and 162.63 eV can be assigned to S(0), which shows Pd-

S and Au-S bond formation, and another peak located at 161.9 eV

could be attributed to S2− [53]. For the comparison, the XPS anal-

ysis of Fe3O4@SiO2-Au-Pd was also carried out and shown in Fig.

3



A.N. Chishti, Z. Ma, J. Zha et al. Chinese Chemical Letters 34 (2023) 108122

Fig. 5. (a) TGA analysis of Fe3O4@SiO2-Au-Pd and Fe3O4@SiO2-Au-Pd@β-CD.

(b) VSM analysis of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2-Au, Fe3O4@SiO2-Au-Pd and

Fe3O4@SiO2-Au-Pd@β-CD nanocomposite respectively.

S2 (Supporting information), which shows no sulfur peaks and dif-

ferent oxidation states for Pd and Au NPs. All these results indicate

the successful synthesis of the SH-β-CD modified composite.

For the photocatalytic reaction, the light absorption by the ma-

terial plays a key role along with light-induced electrons and these

properties depend on the electronic structure of the materials. The

UV–vis spectrum of powder Fe3O4@SiO2-Pd, Fe3O4@SiO2-Pd-Au,

and Fe3O4@SiO2-Pd-Au@SH-β-CD was carried measured. The re-

flectance spectrum and Kubelka Munk vs. energy of light plots are

given in Fig. S3 (Supporting information). The band gap energy was

calculated from Tauc’s plot. The formula is based on the energy of

the photon, band gap energy and absorption coefficient. The calcu-

lated band gap energy for Fe3O4@SiO2-Pd, Fe3O4@SiO2-Pd-Au, and

Fe3O4@SiO2-Pd-Au@SH-β-CD were 2.32 eV, 2.09 eV, and 1.99 eV re-

spectively. All the nanomaterials have photo-responsive properties

as shown in Figs. S3a, c and e in the visible region. The Touc’s plots

are given in Figs. S3b, d and g.

The differences in the surface components and stability of the

nanomaterials were emphasized further by different weight loss

characteristics measurements by TG Analysis. As shown in Fig. 5a,

the weight loss in the case of Fe3O4@SiO2-Au-Pd was about 15%,

while in the case of Fe3O4@SiO2-Au-Pd-SH-β-CD, the weight loss

reduces to approximately 9%. The weight loss in the former NPs

is related to some water molecules, residual ethanol, APTES on

the surface and might be due to metallic NPs. After modifying the

Fe3O4@SiO2-Au-Pd with SH-β-CD, the stability of the synthesized

nanocomposites increased and the weight loss decreased, which

also showed the successful surface modification of Fe3O4@SiO2-

Au-Pd by SH-β-CD [55–57]. The TG analysis of SH-β-CD was also

carried out, which reveals the same pattern during weight loss as

Fe3O4@SiO2-Au-Pd-SH-β-CD composite Fig. S4 (Supporting infor-

mation), which also suggests composite surface modification.

The magnetic properties of the synthesized nanocomposites

were analyzed by the vibrating sample magnetometer (VSM) tech-

nique. The magnetization saturation (MS) values were calculated

for all the NPs step by step. The MS values for Fe3O4, Fe3O4@SiO2,

Fe3O4@SiO2-Pd, Fe3O4@SiO2-Pd-Au, and Fe3O4@SiO2-Pd-Au@SH-β-

CD were 80.1, 68.1, 57.2, 47.4 and 42.3 emu/g, respectively (Fig.

5b). This decrease in the MS values also shows the successful sur-

face modification of the synthesized nanocomposites. Although the

MS values decreased for Fe3O4@SiO2-Pd-Au@SH-β-CD nanocom-

posites, it still can be recycled through an external magnetization

field.

Before the detailed catalytic studies, we synthesized different

catalysts on the basis of PdCl2, HAuCl4 and SH-β-CD concentra-

tion. First, the catalytic activities were investigated and the ones

with the best result were chosen for all the experiments and char-

acterizations. The details about the concentration and catalytic ac-

tivities results are shown in Table S1 (Supporting information). For

the optimized preparation of SH-β-CD modified Fe3O4@SiO2-Au-Pd

Fig. 6. Time dependent UV–vis absorption spectrum and rate constant for the

reduction of RhB in the presence of NaBH4 and (a, b) Fe3O4@SiO2-Au, (c,

d) Fe3O4@SiO2-Pd, (e, f) Fe3O4@SiO2-Au-Pd and (g, h) Fe3O4@SiO2-Au-Pd@β-CD

nanocomposite respectively. The concentration of RhB and NaBH4 were kept con-

stant. All the experiments were carried out at room temperature.

nano spheres, various concentrations of SH-β-CD, from 2mmol/L

to 10mmol/L were used and the amount of Fe3O4@SiO2-Au-Pd was

kept constant. The synthesized nanocomposites were named ac-

cording to the concentration of SH-β-CD. Based on catalytic activ-

ities, the one with good performance was used for further analysis

and characterization. The catalytic activities result is shown in Fig.

8a.

Recently the reduction of organic molecules in the presence of

NaBH4 is an effective and environment-friendly technique. To in-

vestigate the synthesised catalyst’s activity, the reduction of 4-NP

and RhB in the presence of NaBH4 was chosen as a model reaction.

The reduction peaks were monitored by UV–vis spectrophotometer

at 400nm and 554nm for 4-NP and RhB, respectively. The results

show that the time required for the reduction of 4-NP and RhB

is different for different catalysts at room temperature. In the re-

duction reaction, the color disappeared and the solutions turned

colorless. The peaks at 400nm and 554nm decrease with time, as

shown in Figs. 6 and 7. The reduction was also carried out only

in the presence of NaBH4 and even after a long time, no such

changes were observed, which shows that the reduction cannot

proceed without the proper catalyst. Many groups have reported

4



A.N. Chishti, Z. Ma, J. Zha et al. Chinese Chemical Letters 34 (2023) 108122

Fig. 7. Time dependent UV–vis absorption spectrum and rate constant for the

reduction of 4-NP in the presence of NaBH4 and (a, b) Fe3O4@SiO2-Au, (c,

d) Fe3O4@SiO2-Pd, (e, f) Fe3O4@SiO2-Au-Pd and (g, h) Fe3O4@SiO2-Au-Pd@β-CD

nanocomposite respectively. The concentrations of RhB and NaBH4 were kept con-

stant. All the experiments were carried out at room temperature.

similar observations about the reduction of RhB and 4-NP in the

past [15,58,59]. Similarly, Fe3O4 and Fe3O4@SiO2 were also used for

the reduction of RhB and 4-NP but a very small change in the re-

duction spectra was observed, these results suggest a suitable cat-

alyst for the reduction of RhB and 4-NP. The spectra were recorded

for the reduction of RhB under different synthesized catalysts and

NaBH4 (Figs. 6a, c and e). The reduction of RhB was completed in

18, 6 and 4min when 1mg of Fe3O4@SiO2-Au, Fe3O4@SiO2-Pd and

Fe3O4@SiO2-Au-Pd were added, respectively, which indicates that

the Fe3O4@SiO2-Au-Pd composite has high catalytic performance

due to the presence of Au and Pd nanoparticles. After the sur-

face modification of Fe3O4@SiO2-Au-Pd with SH-β-CD, the catalytic

activity enhanced (Fig. 6g), and the reduction process was com-

pleted in 90s, which also proves the successful loading of SH-β-CD

molecule on the composite surface. The synthesized composite was

also used as a photocatalyst for the degradation of RhB, under the

irradiation of visible light and it shows good activity. The degrada-

tion reaction was completed in 35min with a rate constant value

of 0.046±0.007 min−1 (Fig. S5 in Supporting information).

It was observed that the pink color of RhB solution changed to a

colorless solution. The NaBH4 was used in excess as it has no such

effect on the reduction of RhB. The rate constants were calculated

Fig. 8. (a) lnAt/lnA0 values for the reduction of RhB using Fe3O4@SiO2-Au-Pd@β-

CD catalysts synthesized based on various SH-β-CD concentrations. (b) Rate con-

stants value for RhB reduction at constant catalyst concentration (2mg) and dif-

ferent RhB concentration (c) at constant RhB concentration (30mg/L) and different

catalyst mass respectively.

from the absorption peak and time interval. The first order kinetics

equation can be written as:

ln (At/A0) = −kt (1)

where A0 is initial absorbance, At is absorbance after time t,

and k is rate constant for the first order reaction. The kinetics

plots for different catalysts are presented in Figs. 6b, d, f and

h. The given data fit well to first-order law and the value of

R2 is almost 0.99 for all. The presented assumption was proven

correct that RhB reduction follows first-order kinetics rate law.

The calculated rate constants in the presence of Fe3O4@SiO2-Au,

Fe3O4@SiO2-Pd, Fe3O4@SiO2-Au-Pd and Fe3O4@SiO2-Au-Pd@SH-β-

CD were 0.017±0.005 min−1, 0.19±0.0002 min−1, 0.78±0.001

min−1 and 0.027±0.01 s−1 respectively.

A similar study was carried out for the reduction of 4-NP in

the presence of different synthesized catalysts and NaBH4. The

UV–vis absorption spectra and rate constant patterns under differ-

ent synthesized catalysts are shown in Figs. 7a-h. The rate con-

stants values for the reduction of 4-NP to 4-AP are 0.056±0.0032

min−1, 0.036±0.0043 s−1, 0.034±0.001 s−1 and 0.062±0.003 s−1

in the presence of Fe3O4@SiO2-Au, Fe3O4@SiO2-Pd, Fe3O4@SiO2-

Au-Pd and Fe3O4@SiO2-Au-Pd@SH-β-CD nanocomposites respec-

tively, which indicates that SH-β-CD modified Fe3O4@SiO2-Au-Pd

shows better performance like it shows in case of RhB reduction.

Catalyst dosage at constant RhB (30mg/L) concentration was

also investigated. Increasing the amount of catalyst increases the

reduction of RhB and the rate constant values also increase as

shown in Fig. 8c. The rate constant value was observed to decrease

when the concentration of the catalyst was held constant while the

concentration of RhB was changed, as illustrated in Fig. 8b. This

tendency in the change of k with increasing RhB concentration can

be explained by catalyst surface saturation at greater concentra-

tions of the RhB.

The reduction of RhB by NaBH4 is well acknowledged, as the

electrons transfer involves between RhB and NaBH4, however, the

considerable variation in their reduction potential considerably im-

pedes the electrons transfer and the kinetics of the solution. Metal

catalysts have been shown to operate as an intermediary between

the high redox potentials of RhB and NaBH4 by propagating elec-

trons between BH4
− and RhB [60,61]. Generally, metal nano parti-

cles possess a negative charge while RhB is positively charged, as a

result, RhB is absorbed on the metal surface, at neutral pH. In gen-

eral, the surface catalyzed reduction of big molecules such as dyes

is mostly related to their adsorption and desorption on the cata-

lyst surface. Metal nanoparticles serve as electron bridges between

BH4
− and RhB, with BH4

− providing electrons to metal nanopar-

ticles, which transfer the electrons to RhB and reduction takes

place [12,62]. The catalytic activity of Fe3O4@SiO2-Au-Pd@SH-β-CD

is much higher than that of Fe3O4@SiO2-Au-Pd which is due to the

participation of β-CD cavities and the binding sites uptakes RhB

molecules through host-guest interaction.
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Scheme 2. The schematic diagram and pathway for the reduction mechanism of

RhB and 4-NP in the presence of Fe3O4@SiO2-Au-Pd@SH-β-CD composite.

The mechanism of RhB catalytic reduction in the presence of

NaBH4 and catalyst can be explained in the following steps: the

NaBH4 (reducing agent) transfers BH4
− to the catalyst surface,

which makes a covalent linkage between catalyst and hydrogen.

The second step is the rate-determining step in which the RhB

is adsorbed on the catalyst surface. In the third step, the reduc-

tion of RhB molecules takes place by seizing electrons from the

catalyst active sites and adsorbed hydrogen and also some of the

molecules are adsorbed directly to the cavity of SH-β-CD by host-

guest interaction. To understand the role and effect of SH-β-CD on

the reduction or adsorption of RhB, the reduction experiment was

carried out using SH-β-CD solution only. The result shows that in

the presence of NaBH4 and SH-β-CD the reduction reaction took

place (Fig. S6 in Supporting information), from which we can sup-

pose that some of the RhB molecules make complexes with SH-

β-CD [63] or maybe absorbed directly in the cavity of SH-β-CD

molecule by the host-guest interaction. In the next step, the des-

orption of the reduced RhB from the catalyst surface makes the

catalyst surface and active sites free for more catalytic activity. The

second step in which the adsorption of RhB molecules and 4-NP

on the surface of the catalyst is the slow step and rate determined

step in the reduction of RhB and 4-NP in the previous studies, in

this study the adsorption step is likely faster due to the interaction

of RhB and 4-NP with the hydrogen bound on the surface of the

catalyst and also due to SH-β-CD presence. On the other hand, the

activity of Fe3O4@SiO2-Au is less than that of Fe3O4@SiO2-Au-Pd

because of the low affinity of Au alone but after being decorated

Fig. 9. The number of cycles for RhB and 4-NP reduction using synthesized com-

posite at room temperature.

along with Pd its affinity towards hydrogen further increased. The

mechanism of the reduction process is illustrated in Scheme 2.

The chemical oxygen demand (COD) was widely used to mea-

sure the organic strength of wastewater. The COD of the RhB solu-

tion was measured at different time intervals. The decreased COD

values of the treated dye solution indicate the mineralization of

the dye molecules. The obtained COD result of RhB is presented in

Fig. S7 (Supporting information), which shows the degradation of

the dye taking place. In the present work maximum 89% degrada-

tion efficiency was obtained.

The stabilization and recyclability of heterogeneous catalysts,

particularly those based on nanocomposite materials, are crucial

to their practical performance, efficiency, and usefulness. The cat-

alytic performance of Fe3O4@SiO2-Au-Pd@SH-β-CD nanocompos-

ites in multiple catalytic cycles was evaluated to determine their

stabilization and recyclability in the NaBH4 induced reduction of

RhB and 4-NP. The experiment was carried out by reusing the cat-

alyst for multiple catalytic cycles in a row. Following each cat-

alytic cycle, the composite was separated by an external mag-

net and repeatedly washed with 0.05mol/L HCl and water to re-

move unreacted reactants from its surface. A representative set of

observations regarding the usage of Fe3O4@SiO2-Au-Pd@SH-β-CD

nanocomposite in several RhB and 4-NP reduction reaction combi-

nations is shown in Fig. 9.

The efficiency for RhB and 4-NP reduction decreased after six

cycles from 99% to 90% and 99.6% to 92%, respectively. This clearly

shows that the Fe3O4@SiO2-Au-Pd@SH-β-CD nanocomposite cata-

lyst retains significant catalytic activity after numerous cycles.

The RhB and 4-NP catalytic reduction by metal nanoparticles

(MNPs) and supported MNP composites have received considerable

Table 1

Comparison of some already reported catalysts with the synthesized catalyst in this study.

Compound Catalysts Rate constant Order of reaction Ref.

RhB Gg-cl-P(AA-co-AAm)/Fe3O4 0.067 min−1 2nd [64]

Fe3Pt-120mL Ag 0.21 min−1 1st [65]

Cu/Fe3O4@C 0.96 min−1 1st [66]

Fe3O4–poly(4-MS-DVB-GMA)–PAMAM-G(2)-AuNPs 0.035 min−1 1st [67]

Fe3O4@TA/Ag 0.0516 s−1 1st [68]

Pd/Fe3O4@γ -AlOOH-YSMs 0.018 s−1 1st [69]

Fe3O4@SiO2-Au-Pd@SH-β-CD 0.027± 0.02 s−1 1st This work

4-NP Pd/Fe3O4@γ -AlOOH-YSMs 0.037 s−1 1st [69]

Cu/Fe3O4/eggshell 0.72min−1 1st [70]

Fe3O4@TA/Ag 0.0436 s−1 1st [68]

Fe3O4@C/Ag 0.044 min−1 1st [41]

TiO2@C–Ni 0.60 min−1 1st [71]

Fe3O4@C-TiO2-Ag 0.063 s−1 1st [72]

Fe3O4@SiO2-Au-Pd@SH-β-CD 0.062± 0.01 s−1 1st This work
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attention. Table 1 compares the catalytic efficiency of numerous

catalysts reported in the literature previously based on rate con-

stant values [41,64–72]. The table shows that the values of the rate

constant of Fe3O4@SiO2-Au-Pd@SH-β-CD catalyst is higher than

already reported catalysts. The stability, reusability and catalytic

performance of the synthesized nanocomposite are very high as

shown by the FTIR and TEM of the recycles catalyst Fig. S8 (Sup-

porting information), which suggests that Fe3O4@SiO2-Au-Pd@SH-

β-CD nanocomposite can find encouraging applications in hetero-

geneous catalysis fields like wastewater treatment and other issues

related to the environment.

In the present work, an efficient approach was carried out for

the preparation of Fe3O4@SiO2-Au-Pd@SH-β-CD composite by im-

mobilizing HAuCl4, PdCl2 and SH-β-CD over magnetic Fe3O4@SiO2

core-shell structure, and its catalytic performance for the reduction

of 4-NP and RhB were examined. SH-β-CD modified Fe3O4@SiO2-

Au-Pd nanocomposite showed increased stability and activities

as compared to Fe3O4@SiO2-Au-Pd due to the host-guest inter-

action between RhB and 4-NP molecule and cyclodextrin cavity.

Most of the characteristics of SH-β-CD modified Fe3O4@SiO2-Au-

Pd nanocomposite remain the same after multiple catalytic per-

formances and no change in the structure of the catalyst was ob-

served. The catalyst can show a vital role in the field of catalysis

in the future.
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