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Magnetic nanoparticle-based supported catalysts are a promising class of stable 
and recyclable materials for green organic reactions. In this study, a novel sulfonic 
acid-functionalized zirconium ferrite nanostructure (ZrFe₂O₄@SiO₂–SO₃H) was 
successfully synthesized and characterized by fourier transform infrared (FT‐IR), 
scanning electron microscopy (SEM), transmission electron microscopy (TEM) 
image, X-ray atomic mapping spectrum, spectroscopy, energy-dispersive X-ray 
(EDX) analysis, brunauer, emmett, teller (BET)/Langmuir plot and vibrating-sample 
magnetometry (VSM) analyses, confirming its well-designed core-shell structure. 
This magnetic nanocatalyst exhibits a high density of Brønsted acid sites along with 
easy magnetic separation, providing an efficient and reusable substrate for organic 
reactions. Its catalytic activity was investigated in the synthesis of tetrahydrobenzo[b]
pyran derivatives, where the reactions proceeded in a short time with good to 
excellent yields (up to 98%) under mild conditions. Furthermore, the catalyst 
maintained its high performance over five consecutive cycles without significant loss 
of efficiency, indicating its remarkable chemical stability and magnetic recyclability. 
These results demonstrate the strong potential of ZrFe₂O₄@SiO₂–SO₃H as a robust 
and environmentally friendly nanocatalyst for high-yield organic syntheses and 
emphasize the importance of sulfonic acid-functionalized systems in the design of 
recyclable catalytic platforms.
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1.  Introduction
Currently, in the 21st century, nanotechnology, 

as one of the most important revolutionary events 
in the science and technology industry, focuses 
on the use of nanoscale compounds. The unique 
size and physical properties of these compounds 
have brought them countless advantages that have 
become the most fundamental research fields in 
modern science. Magnetic nanoparticles (MNPs), 
especially spinel ferrites, are used as the basis of 
catalysts due to their favorable biocompatibility, 
non-toxicity and chemical stability. The magnetic 
recovery capability of MNPs is their most important 
advantage. This capability allows for easy separation 
of MNPs from the reaction medium without using 
traditional methods (centrifugation and filtration), 
using only an external magnet, which is much 

more effective than previous methods, which is 
also a great advantage for the development of more 
efficient and environmentally friendly chemical 
processes [1-11]. These nanoparticles significantly 
enhance the activity of catalysts in applications such 
as organic synthesis, environmental remediation, 
and drug production by facilitating the binding 
between the catalyst and the reactants. The ability 
of MNPs to respond to magnetic fields enables 
rapid and efficient separation, simple recovery, and 
thus reduced waste and recycling costs [12-23].

Despite advantages, magnetic cores face 
challenges such as aggregation, corrosion, 
and limited selectivity. Surface modification is 
employed to improve stability and efficiency. 
The presence of surface hydroxyl groups on 
MNPs facilitates functionalization with various 
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modifiers.  Coating MNPs with silica (SiO2) is a 
common and advantageous strategy: it activates 
surface groups, forms stable M–O–Si bonds, and 
enhances performance. Silica coatings help prevent 
aggregation by reducing interparticle interactions 
and shielding dipole–dipole forces [24-33].

Besides, Sulfuric acid (H2SO4) is a strong 
Brønsted acid widely used in organic and 
multicomponent reactions but is highly corrosive 
and requires careful handling. SO3H active solids 
imitate concentrated H2SO4 and offer safer, 
cheaper, and easier-to-handle alternatives for 
catalysis, electrocatalysis, and water treatment [3]. 
Combining sulfuric acid strength with the spinel 
ferrite support enables durable, efficient, and 
magnetically recoverable heterogeneous catalysts 
for a variety of organic transformations.

In the current research, ZrFe2O4@SiO2–SO3H 
catalyst with a core-shell structure has been 
designed. This magnetic nanocatalyst, utilizing 
sulfonic acid, provides abundant acidic active sites 
for organic reactions. The remarkable features 
of this compound are the retention of catalytic 
efficiency after multiple reuses and high structural 
stability. Ultimately, this system enables reactions 
to be carried out with high yields in a short time 
and is an important step in the development of 
sustainable industrial processes.

2. Experimental Section
2.1. Synthesis of ZrFe2O4 nanoparticles

The synthesis of ZrFe2O4 nanoparticles was 
carried out in a 250mL a double neck round 
bottom flask under a nitrogen atmosphere to 
prevent oxidation. Initially, 100 mL of deionized 
water was heated to 80°C; then, 10 mmol of 
ZrOCl₂.8H₂O salt was added to it and the solution 
was magnetically stirred until it became clear. In 
the next step, 20 mmol of FeCl₂.4H₂O was added 
to the solution. The co-precipitation process 
was initiated by gradually adding solid sodium 
hydroxide (NaOH) pellets to the solution and it was 
observed that with increasing pH, its color changed 
to black, indicating the formation of magnetic 
zirconium ferrite nanoparticles (ZrFe2O4). After 
the formation of a black suspension, high-speed 
magnetic stirring was continued for another 30 
minutes to complete the reaction process. Finally, 
after the solution cooled to ambient temperature, 
the nanoparticles were separated using an external 
magnet and washed several times with deionized 
water to remove excess ions and impurities. The 

resulting black solid was finally placed in an oven 
at 80°C for 12 hours.

2.2. Preparation of ZrFe2O4@SiO2
The surface modification process was performed 

to improve the surface properties of magnetic 
zirconium ferrite nanoparticles. In this method, 2 
g of synthesized ZrFe2O4 magnetic nanoparticles 
was added to 100 mL of ethanol. This mixture was 
placed in an ultrasonic bath for one hour to disperse 
the particles well in the solvent and break possible 
agglomerates. Then, 40 ml of heated deionized 
water, 20 ml of ammonia solution and 10.72 g of 
polyethylene glycol (PEG-400) were added to 
the reaction mixture. Finally, 4 ml of tetraethyl 
orthosilicate (TEOS) was added to the mixture 
and stirred for 48 hours at room temperature. 
During this time, the TEOS hydrolysis reaction 
and the formation of a silica layer on the surface 
of the nanoparticles took place. After the reaction 
was completed, the obtained product was washed 
with deionized water and ethanol. The product was 
dried in an oven at 80 °C.

2.3. Synthesis of ZrFe2O4@SiO2–SO3H
In the final step of the synthesis of the target 

catalyst, 1 g of ZrFe2O4@SiO2 was dispersed in 
n-hexane solvent in an ultrasonic bath for 30 
minutes. Then, the reaction mixture was placed in 
an ice bath and 1.5 mL of chlorosulfonic acid was 
slowly added dropwise over 30 minutes and stirred 
for 4 hours at room temperature to complete the 
reaction. Next, the final product ZrFe2O4@SiO2–
SO3H was washed with n-hexane and at each step, 
the nanoparticles were separated using a strong 
external magnet. Finally, the resulting magnetic 
nanocatalyst was dried at 80°C for 12 hours. This 
catalyst was used to synthesize Tetrahydrobenzo[b]
pyran compounds (All steps of catalyst synthesis 
are shown in Scheme 1).

2.4. General method for the synthesis of Tetrahyd-
robenzo[b]pyran

In a 10 mL flask, a mixture of dimedone 
(1 mmol), malononitrile (1 mmol), aldehyde  
(1 mmol), and 5 mg of the nanomagnetic catalyst 
ZrFe2O4@SiO2–SO3H in ethanol solvent were 
stirred under reflux conditions. The progress 
of the reaction was periodically monitored by 
thin layer chromatography (TLC) with a solvent 
mixture of ethyl acetate/n-hexane (2:8). After the 
reaction was completed, the catalyst was separated 
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using an external magnet. The final product was 
purified by recrystallization from hot ethanol. 
The desired products have been studied by 1H 
NMR spectroscopy.

3. Result and Discussion
3.1. Catalyst Characterization

The FT IR spectrum analysis of the ZrFe2O4@
SiO2–SO3H catalyst in three consecutive steps 
confirms the successful synthesis of a magnetic 
nanocatalyst. In the spectra taken from ZrFe2O4, 
ZrFe2O4@SiO2 and ZrFe2O4@SiO2–SO3H, there 
are two characteristic peaks at 3400 and 560 cm-

1, which are related to the hydroxyl group (O-
H) bonds and the metal oxide (M-O) groups, 
respectively. The confirmation of the formation 
of a silicate shell around the magnetic zirconium 
ferrite nanoparticles was well demonstrated by the 
appearance of peaks related to Si−O −Si bonds in 
the range of 1000-1200 cm-1 and also the region 
of 957 cm-1. The presence of acidic groups in the 
catalyst under study can be proven by referring to 
the broad peak observed in the range of 3391 cm-1, 
which is related to the stretching vibration of the 
hydroxyl groups in the SO3H structure (Figure 1).

In line with our earlier study [3], XRD patterns for 
both ZrFe2O4 nanoparticles and the ZrFe2O4@SiO2–
SO3H magnetic nanocatalyst in the 2θ range of 10–
80° indicate the formation of the cubic spinel phase. 
Accordingly, in this crystal lattice, the distribution 
of Zr4+ ions in tetrahedral and octahedral sites 

has led to changes in the magnetic responses of 
the nanoparticles due to the difference in ionic 
radius with iron cations and also the occurrence 
of structural fluctuations. By attaching sulfonic 
acid groups to the synthesized nanomagnetic 
substrate, a decrease in the intensity of diffraction 
peaks and an increase in background noise were 
observed along with broad peaks in the 22−30∘ 
region, which indicates the coating of the core 
with a shell of amorphous compounds. Based on 
quantitative analyses performed on the 35.5o index 
peak, the average crystallite size of the material has 
increased from 29.5 nm in the pure state to 44.3 nm 
after surface modification. These changes in the 
obtained diffraction pattern indicate the stability of 
the magnetic phase after the surface modification 
process and the successful immobilization of SO3H 
groups on zirconium ferrite nanoparticles.

The elemental composition of the magnetic 
nanocatalyst ZrFe2O4@SiO2–SO3H was analyzed 
using EDX analysis as shown in Figure 2. The 
characteristic peaks of zirconium (Zr) and iron (Fe) 
in the resulting spectrum indicate the formation of 
the desired spinel ferrite as the magnetic core of the 
nanocatalyst. In addition, the formation of a silica 
layer around it is well confirmed by the presence of 
silicon (Si) and oxygen (O) peaks. It is important 
to observe the sharp sulfur (S) peak in this 
spectrum, which clearly indicates the successful 
functionalization of the nanoparticle surface with 
sulfonic acid groups. 

Scheme 1. Preparation of ZrFe2O4@SiO2–SO3H magnetic nanocatalyst
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Scheme 1. Preparation of ZrFe2O4@SiO2–SO3H magnetic nanocatalyst 
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Elemental Mapping analysis shown in Figure 3  
was taken to investigate the distribution of elements 
in the magnetic nanocatalyst structure. Based on the 
results of this analysis, zirconium (Zr) and iron (Fe) 
elements as the main scaffolds are distributed in a 
uniform and completely similar pattern throughout 
the structure. In addition, the uniform distribution 
of silicon (Si) and oxygen (O) elements proves 
the successful presence of a silica shell around the 
magnetic core. Also, the homogeneous distribution 
of sulfur (S) element throughout the nanocatalyst 
structure indicates the functionalization of the 
surface with sulfonic acid (SO3H) groups, which 
well confirms the decisive and effective role of 
acidic active centers in increasing the efficiency of 
heterogeneous catalysts.

The SEM images shown in Figure 4 confirm the 
successful synthesis of the ZrFe2O4@SiO2–SO3H 
magnetic nanocatalyst. Based on the analysis of 
these images, the nanoparticles have spherical 
or quasi-spherical morphology and the average 
particle size is estimated to be in the range of 30–
50 nm. The observation of the rough and uneven 
surface in the captured images can definitely 
confirm the formation of a core-shell structure or 
hybrid composite in which the ZrFe2O4 magnetic 
core is successfully coated by silica sulfuric acid.

The results of the transmission electron 
microscopy analysis shown in Figure 5 clearly 
reveal the distinct hierarchical structure of the 
ZrFe2O4@SiO2–SO3H magnetic nanocatalyst. 
The TEM images show in more detail the unique 
morphology of this catalyst, which resembles the 

structure of an Echinops flower. The numerous 
nano-petals seen in this structure radiate from 
a central core and form large chain-like clusters, 
which provide a high specific surface area for the 
nanocatalyst and facilitate the efficient diffusion 
of reactants and products, leading to a significant 
improvement in the catalytic performance of this 
structure.

The surface properties and porosity of the 
ZrFe2O4@SiO2–SO3H nanocatalyst were evaluated 
through nitrogen adsorption and desorption 
isotherms, which confirmed the mesoporous 
nature of the structure (Figure 6). According 
to BET analysis, the specific surface area of ​​this 
material was determined to be 11.253 m2/g and the 
average pore diameter was 20.025 nm, which is a 
good indication of the formation of nanoscale pores 
on the nanocatalyst network. The data obtained 
in the Langmuir diagram with a specific surface 
area of ​​17.574 m2/g indicate a strong interaction 
between the adsorbed atmospheric molecules and 
the surface active sites, especially the sulfonic acid 
groups and the silica coating around the magnetic 
core of this nanocatalyst. In addition, considering 
the calculated total pore volume (5.6337×10−2 
cm3/g) along with the appropriate diameter of the 
pores, provides good access to acidic active centers, 
which ultimately improves the efficiency of the 
catalyst in chemical processes.

The magnetic properties of the ZrFe2O4@SiO2–
SO3H nanocomposite were evaluated using the 
vibrating sample magnetometer (VSM) technique. 
Aligning with findings from our previous study 

 
Figure 1. FT-IR spectra of (a) ZrFe2O4, (b) ZrFe2O4@SiO2, and (c) ZrFe2O4@SiO2–SO3H 
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Fig. 1. FT-IR spectra of (a) ZrFe2O4, (b) ZrFe2O4@SiO2, and (c) ZrFe2O4@SiO2–SO3H
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[3], the saturation magnetization (MS) value for 
these nanoparticles was measured to be 5.1 emu/g, 
while the corresponding values ​​for pure ZrFe2O4 
and ZrFe2O4@SiO2 were reported to be 18.3 emu/g 
and 9.49 emu/g, respectively. The decreasing trend 
of MS in the final sample confirms the successful 
deposition of the silica shell and then the surface 
functionalization with sulfonic acid groups, which 
act as non-magnetic layers to reduce the saturation 
magnetization of the overall structure. However, 
the above magnetic nanocatalyst still exhibit a 
favorable magnetic response, such that rapid 

and complete separation of the catalyst from the 
reaction mixture is easily possible using only an 
external magnet.

3.2. Catalytic Study
After structural analysis of the magnetic 

nanocatalyst ZrFe2O4@SiO2–SO3H, its catalytic 
ability in the multicomponent reaction of 
one-pot synthesis of heterocyclic compounds 
Tetrahydrobenzo[b]pyran was investigated. For 
this purpose, benzaldehyde was used as a model 
reaction. Initially, in order to investigate the role 

 

 

 

 

 

Figure 2. EDX analysis of ZrFe2O4@SiO2–SO3H 
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Fig. 2. EDX analysis of ZrFe2O4@SiO2–SO3H

 
Figure 3. Elemental mapping analysis of ZrFe2O4@SiO2–SO3H 

  

Fig. 3. Elemental mapping analysis of ZrFe2O4@SiO2–SO3H
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Figure 4. FE-SEM images of ZrFe2O4@SiO2–SO3H 

  

Fig. 4. FE-SEM images of ZrFe2O4@SiO2–SO3H

 

 
Figure 5. TEM images of ZrFe2O4@SiO2–SO3H 

  

Fig. 5. TEM images of ZrFe2O4@SiO2–SO3H

 

Figure 6. BET and Langmuir plot for ZrFe2O4@SiO2–SO3H. 

  

Fig. 6. BET and Langmuir plot for ZrFe2O4@SiO2–SO3H.
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Table 1. Evaluation of the reaction parameter on the synthesis of Tetrahydrobenzo[b]pyran over the catalysis of ZrFe2O4@SiO2–

SO3H 

CHO O

O
O NH2

CN
O

NC CN

+
Cat, Solvent

∆
 

Entry Catalyst 
Catalyst amount 

(mg) 
Solvent 

Temperature 
(°C) 

Time (min) Yield (%) 

1  - - EtOH Reflux 120 - 
2  ZrFe2O4@SiO2–SO3H 3 EtOH Reflux 35 94 
3  ZrFe2O4@SiO2–SO3H 5 EtOH Reflux 25 97 
4  ZrFe2O4@SiO2–SO3H 10 EtOH Reflux 25 96 
5  ZrFe2O4@SiO2–SO3H 5 H2O Reflux 75 42 
6  ZrFe2O4@SiO2–SO3H 5 H2O/EtOH Reflux 50 72 
7  ZrFe2O4@SiO2–SO3H 5 EtOH 100 20 97 
8  ZrFe2O4@SiO2–SO3H 5 EtOH r.t 90 68 

 

  

Table 1. Evaluation of the reaction parameter on the synthesis of Tetrahydrobenzo[b]pyran over the catalysis of 
ZrFe2O4@SiO2–SO3H

of the catalyst, the reaction was carried out in its 
absence, and no progress was observed after 120 
minutes. Then, in order to optimize the reaction 
conditions and investigate the parameters affecting 
the efficiency, the effects of different amounts 
of catalyst, solvent type and temperature were 
investigated. Green solvents water, ethanol and 
water/ethanol mixture were evaluated as potential 
solvents. The results showed that using ethanol 
as a solvent, with a small loading of 5 mg of the 
synthesized magnetic nanocatalyst, leads to a yield 
of 97% in a short time of 25 minutes. Ethanol was 
chosen because it provides optimal conditions 
for the interaction between the reactants and the 
catalyst, as well as the appropriate polarity to dissolve 
the starting materials and product. In addition, 
according to the XRD results, the small crystal size 
of the catalyst and its uniform distribution (observed 
in the SEM/TEM images) lead to an increase in the 
surface area available for the reaction and improved 
catalytic performance. SO3H groups also play an 
important role in increasing the reaction rate by 
creating appropriate acidity. Finally, the effect of 
temperature on the reaction efficiency was also 
investigated. The reaction was carried out at room 
temperature, 100 °C and under reflux conditions. 
The results showed that carrying out the reaction 
under reflux conditions is the most appropriate 
choice to achieve the highest efficiency, because 
this temperature provides the activation energy 
necessary for the reaction. Overall, optimization 

of reaction parameters based on the results of 
structural analyses and experimental investigations 
led to achieving a high yield of 97% in the 
synthesis of Tetrahydrobenzo[b]pyran heterocyclic 
compounds (Table 1).

After obtaining the optimal reaction conditions, a 
wide range of different aldehydes were investigated 
in the synthesis of Tetrahydrobenzo[b]pyran 
compounds. As shown in Table 2, the aromatic 
aldehydes used had both electron-donating and 
electron-withdrawing groups. Based on the results 
obtained, the studied catalyst was able to proceed 
the reaction well in reasonable times with good to 
excellent yields.

The possible mechanism for the synthesis of 
Tetrahydrobenzo[b]pyran compounds that we 
envision is that initially, a Knoevenagel condensation 
formed between an aromatic aldehyde and 
malononitrile yields an α, β-unsaturated compound 
(intermediate I). In the next step, dimedone is 
converted to the enolate form (as a nucleophile) by 
the presence of a catalyst and attacks the β- carbon 
of the double bond of intermediate I, forming 
intermediate II through Michael addition. Finally, 
the final product is obtained by intramolecular 
Thorpe-Ziegler cycloaddition.

3.3.  Reusability of the catalyst
One of the current concerns is the synthesis of an 

efficient catalytic system that can be used multiple 
times. Multi-stage recovery of the catalyst is very 
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Scheme 2. Plausible Mechanism for the Synthesis of Tetrahydrobenzo[b]pyran over the Catalysis of 

ZrFe2O4@SiO2–SO3H 
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Table 2. Synthesis of Tetrahydrobenzo[b]pyran derivatives 
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important in terms of environmental sustainability 
and economic efficiency. Therefore, in order to 
investigate the stability and reusability of the 
ZrFe2O4@SiO2–SO3H catalyst, after the completion 
of the reaction, the catalyst was separated from the 
reaction using a strong external magnet and used 
for five consecutive cycles (Figure 7). The results 
confirmed its stability well, considering the lack of 
significant decrease in catalyst activity at the end of 
these cycles.

3.4. Comparison
A comparison between the studied method and 

the catalysts reported in previous papers was made 
to further investigate its efficiency. As the results are 
shown in Table 3, despite the significant advantages 
in each reported method, the results obtained 
with the current catalyst showed the reaction to 
be carried out in a short time with high efficiency, 
energy saving, and also catalytic properties with 
recyclability. 

4. Conclusions
In summary, in this study, magnetic zirconium 

ferrite nanoparticles were used to stabilize silica 
sulfonic acid and their efficiency in the synthesis of 
Tetrahydrobenzo[b]pyran heterocyclic compounds 
was investigated. The remarkable properties of the 
two-component combination of black magnetic 
nanoparticles ZrFe2O4 with chlorosulfonic 
acid resulted in the synthesis of a catalyst with 
remarkable catalytic activity, easy separation and 
therefore reusability, as well as high stability. Using 
FT-IR analysis of the mixture, the presence of acidic 
peaks in the structure was identified. In addition, 
the spherical morphology of the synthesized 
nanoparticles as the central core of the catalyst was 
confirmed using SEM images. One of the most 
fundamental advantages of the ZrFe2O4@SiO2–
SO3H magnetic nanocatalyst is its easy separation 
using a strong external magnet, which has enabled 
its recovery for 5 consecutive cycles. In addition, 
the easy synthesis method using available and 

Table 3. Comparison of the ZrFe2O4@SiO2–SO3H Catalyst Activity with Other Reported in the Literature for the Synthesis of 
Tetrahydrobenzo[b]pyran 

Entry Synthesis Catalyst Time (min) Yield (%) Reference 
1 Tetrahydrobenzo[b]pyran GO-ANSA 30 95 [34] 
2 Tetrahydrobenzo[b]pyran SAPES@BNPs 60 97 [35] 
3 Tetrahydrobenzo[b]pyran CeO2/CoFe2O4 180 90 [36] 
4 Tetrahydrobenzo[b]pyran Hal-Py-IL 90 100 [37] 

5 Tetrahydrobenzo[b]pyran 
Cu(II)-Schiff-

base(CH2)3@SiO2@Fe3O4 
40 94 [38] 

6 Tetrahydrobenzo[b]pyran ZrFe2O4@SiO2–SO3H 25 97 This work 
 

Table 3. Comparison of the ZrFe2O4@SiO2–SO3H Catalyst Activity with Other Reported in the Literature for the 
Synthesis of Tetrahydrobenzo[b]pyran

 
Figure 7. Recycling of the catalyst for the model reaction 
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inexpensive materials, the use of a small amount 
of catalyst to carry out the target reaction, while 
achieving high efficiency in a short time, are other 
advantages of this catalyst.
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