
Iran. J. Chem. Chem. Eng. Research Article Vol. 41, No. 1, 2022 

 

Research Article                                                                                                                                                                         15 

 

 

Synthesis and Characterization of  

a Novel Bio-Magnetically Recoverable Palladium Nanocomposite 

for the Photocatalytic Applications 
 

 

Naeimi, Atena*+ 

Chemistry Department, Faculty of Science, University of Jiroft, Jiroft, I.R. IRAN 

 

Nejat, Razieh 

Chemistry Department, Faculty of Science, Kosar University of Bojnord, Bojnord, I.R. IRAN 

 

 

ABSTRACT: A novel immobilized sparteine palladium (II) complex on the bio α-Fe2O3 

nanoparticles was synthesized (Pd-Sparteine- α -Fe2O3). XPS, FT-IR, and ICP were used to determine 

compositional information. TGA and VSM, respectively proved high thermostability and magnetic 

properties of it. The size and morphology of this heterogeneous catalyst were investigated using  

SEM and TEM. Photoluminescence spectrum, BET, DRS, and EDAX of this novel nanocomposite 

were evaluated for further investigations. The synthesized magnetic nanohybrid was successfully 

exploited as a new recyclable heterogeneous photocatalyst in the degradation of 2,4- dichlorophenol 

under visible light irradiation. It exhibited better photocatalytic efficiency of Pd-Sparteine-α-Fe2O3 

than that of pure iron oxide nanoparticles. This catalyst's high yield and the low reaction time  

indicated that Pd-Sparteine-α-Fe2O3 could be a promising catalyst for direct photocatalyst 

applications. 
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INTRODUCTION 

Nowadays, one of the great challenges facing society 

is finding alternative recoverable catalysts from natural 

plants to water treatment including the removal of toxic organic 

compounds and hazardous dyes from wastewaters [1]. 

While, increasing in these kinds of materials is observed 

from such as textile, paper, plastic, cosmetic, leather, food, 

and pharmaceutical industries. On the other hand, the destructive 

effects on human health or the environment are because 

governments are forced to pay too much budget to solve 

these problems. Among several recent strategies for the treatment 

 

 

 

of water such as physical, chemical, photochemical, and 

microbiological processes, the photocatalytic technique using 

unwanted plants is the best one. Because of is inexpensive, 

naturally abundant, and the reaction produces no environmentally 

damaging byproducts [2]. 

The chlorophenols have been listed as toxic pollutants 

by the Environmental Protection Agency as priority water 

pollutants. The extensive use of chlorophenol compounds 

as a fungicide, herbicide, wood preservative, dyes, and 

drugs and the inability to remove these compounds during  
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wastewater treatment leads to enhance water pollution. 

These materials should be removed because they can be 

extremely dangerous to human health or the environment. 

Chlorophenols can be removed using conventional 

processes [3], such as physical, chemical, photochemical, 

and microbiological processes. Among various methods, 

the photocatalytic technique has become one of the main 

routes to degrade organic pollutants into harmless final 

products [4]. The stable C–Cl bond in chlorophenols, 

which makes them harmful, is also responsible for their 

formation of highly toxic by-products during their 

degradation via Advanced Oxidation Processes (AOPs) [5].  

Nanocomposite materials as heterogeneous systems, 

one of the solid constituents traditionally exhibits a nanoscale 

structure, i.e. one-, two-, or three dimensions of less than 

100 nm [6-7]. Supporting metal complexes onto solid 

supports with high surface area leads to several advantages 

in comparison to homogenous systems. More facile 

recovery and more efficiency of the reactions that occurred 

in the presence of supported metal complexes are among 

the advantages. However, nanocatalysts, the bridge the gap 

between heterogeneous and homogeneous catalysis, are 

very difficult to separate by filtration or precipitation. 

Thus, magnetic nanoparticles (MAGNPs) can solve this 

problem due to their large specific surface areas and 

magnetic properties [8-17].   

Bio nanocomposites can attract so much attention 

leading to interesting physical properties and important 

potential applications such as water treatment and catalysts 

industries. Recently, using nanocomposites including 

metal and metal oxide nanoparticles as heterogeneous 

nano photocatalysis systems, which can completely treat 

water in the presence of solar energy as the source of 

energy and air as an oxidant [18-19].  In this regard, 

Magnetic ones can easily recycle using an external 

permanent magnet without the need for filtration, 

centrifugation, or other tedious workup processes [20-21]. 

In continuing our work on the synthesis of novel bio 

nanocomposites based on natural plants for different 

applications [21-25], here, magnetic iron oxide particles 

were prepared and modified by (7S, 14aS)-dodecahydro-

2H,6H-7,14-methanodipyrido[1,2-a:1',2'-e] [1,5] 

diazocine (Sparteine) and Pd(II) complex The resulting 

catalyst is able to degrade 2,4-DCP with excellent yields. 

The method agrees with the important concepts of green 

chemistry with the use of inexpensive visible light 

irradiation and meets the criteria for environmentally 

friendly procedures. The influence of reaction parameters 

such as time, pH, and also the reusability of the photocatalyst 

on the degradation yield have been investigated. 

 

EXPERIMENTAL SECTION  

Materials and methods 

3-chloropropyltrimethoxysilane, triethylamine, and 

Sparteine were purchased from Aldrich. All solvents, 

FeCl2.4H2O, FeCl3.6H2O, and Pd(OAc)2 were bought 

from Merk Company.  FT-IR spectra were obtained over 

the region 400-4000 cm-1 with NICOLET IR100 FT-IR 

with spectroscopic grade KBr. The magnetic 

properties of Fe2O3 and Pd-Sparteine- α-Fe2O3  

were measured with a vibrating sample magnetometer/ 

Alternating Gradient Force Magnetometer (VSM/AGFM, 

MDK Co, Iran, www.mdk-magnetic.com). Inductively 

coupled plasma (ICP) data are provided by Varian vista-PRO. 

The field emission scanning electron microscopy 

(FESEM) analysis was carried out using a Philips XL-300. 

TEM images were recorded by the Philips cm 30 

instrument. X-ray Photoelectron Spectroscopy (XPS)  

was carried out by the Dual anode (Mg and Al K alpha) 

achromatic X-ray source. UV-Vis absorption spectra  

were obtained using Shimadzu UV-2550-8030 spectrophotometer 

in the range of 190-800 nm with a slit width of 5.0 nm  

and a light source with a wavelength of 360.0 nm at room 

temperature. Synthesis of iron oxide nanoparticles was performed 

by the furnace (FANAZMA GOSTAR). 

 

Green synthesis of iron oxide (α-Fe2O3) 

A NH4OH solution (0.01 M) was added to 200 mL of 

FeCl3.6H2O and FeCl2.4H2O solution (0.05 M) dropwise 

(drop rate = 1 mL/min) at room temperature to reach  

the reaction pH to 11. The mixture of the reaction  

was heated to 80 °C for 2.5 hours. The resulting α-Fe2O3  

was separated by an external magnet, washed with water, and 

dried in an oven under a vacuum. The as-synthesized 

sample was heated by the furnace at 250 °C for seven hours.  

 

Synthesis of chloro-functionalized _magnetic nanoparticles 

(Cl@MNs) 

Fe2O3 (2 g) was sonicated for 1 hour in dry ethanol. 

Then, 3 chloropropyltrimethoxysilane (2 mL) and triethylamine 

(0.2 mL) were added to MNs and refluxed for 24 h.  

The obtained chloro functionalized magnetic nanoparticles 

http://www.mdk-magnetic.com/
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Scheme 1: Preparation procedure of Pd-Sparteine- α -Fe2O3. 

 

were separated by an external magnet and washed several 

times with a mixture of water and ethanol [26]. 

 

Synthesis of magnetic nanoparticles supported with (-) 

sparteine (Sparteine-α-Fe2O3) 

(-) Sparteine was added to a magnetically stirred 

mixture of Cl@MNs (3.6 g) in 1,2 dichloroethane (100 mL) 

and heated to 60 ◦C. Then, the obtained sparteine- α -Fe2O3 

was separated using an external magnet. 

 

Synthesis of palladium complex supported on magnetic 

nanoparticles (Pd-Sparteine- α -Fe2O3) 

Sparteine- α -Fe2O3 (3.3 g) was sonicated in dry  

1,2 dichloroethane (30 mL) within 10 min. Then Pd(OAc)2 

(0.11 g) was added to this suspension and heated to 60 °C 

for 24 h under an argon atmosphere. The solid was 

removed from an external magnetic field and washed 

 (3 × 10 mL) with 1,2 dichloroethane and water [23-29]. 

 

RESULTS AND DISCUSSIONS 

Characterization of the novel catalyst 

The iron oxide nanoparticles were added to  

3-chloropropyltrimethoxysilane to obtain chloro-functionalized 

α-Fe2O3 (Cl@MNs). Then, sparteine was reacted with 

Cl@MNs to have immobilized sparteine on the α -Fe2O3 

(Sparteine- α -Fe2O3). Finally, by adding the Pd(OAc)2 

to sparteine- α-Fe2O3, palladium- Sparteine complex 

supported on α -Fe2O3 MNPs was formed (Scheme I).  

FT-IR spectra of MNs, DABCO, and Pd-Sparteine-α-

Fe2O3 MNs shown in Fig. 1. In the FT-IR spectrum of 

MNs, the presence of Fe-O in this nano organic-inorganic 

hybrid was confirmed by observation of two bands at 

around 430–600 cm−1 [29-33]. In the FT-IR spectrum of 

DABCO, the observed peaks at 660, 1060, 2960, and 3260 cm-1 

were related to NC3, C-C, CH2, and OH groups, 

respectively. While, in the FT-IR spectrum of Pd-Sparteine-

α-Fe2O3, the band at around 2910, 2930, and 1475 cm-1 

were assigned to the stretching vibrations of CH2 bond in 

the Pd-Sparteine- α -Fe2O3, respectively [33-34]. Si-O 

stretching bond was confirmed at about 900- 1200 cm-1. 

The presence of C-N+ stretching at 1615 cm-1 in the spectrum  

of Pd-Sparteine-α-Fe2O3 [34] was shown the anchoring  

of (-) Sparteine on Cl@ α -Fe2O3. In the spectrum  

of Pd-Sparteine- α -Fe2O3, the appeared peaks at 1365 and 

1577 cm-1 for COO (in acetate) [27] were related to the 

presence of Pd in the catalyst. 

The magnetic properties of MNs and Pd-Sparteine-  

α -Fe2O3 were characterized by a vibrating sample 

magnetometer (VSM) at room temperature (Fig.2). MNs 

are superparamagnetic and the value of saturation magnetic 

moments of iron oxide nanoparticles is 57.6 emu/g. While  

Pd-Sparteine- α -Fe2O3 displayed a paramagnetic 
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Fig. 1: The FT-IR spectra of a) α -Fe2O3, b) DABCO, and 

c) Pd-Sparteine-α-Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2: The vibrating sample magnetometer (VSM) of MNs 

(top) and Pd-Sparteine- α -Fe2O3 (down). 

 

behavior, as evidenced by a zero coercivity on the 

magnetization loop. The saturation magnetizations  

of Pd-Sparteine- α -Fe2O3 was 400 memu/g, respectively [36].  

XPS, an important technique to give information about the 

surface elements, was also carried out for Pd-Sparteine- 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: XPS spectrum of Pd-Sparteine- α -Fe2O3. 

 

α -Fe2O3 (Fig. 3). X-ray Photoelectron Spectroscopy (XPS) 

helped determine the oxidation state of the Pd surface  

in the catalyst. The binding energy curve showed a double 

peak at 337.3 eV (3d5/2) and 343 eV (3d3/2) which  

could be attributed to Pd (II) for the brown catalyst [37]. 

Fig. 4 shows the Transmission Electron Microscopy (TEM)  

of Pd-Sparteine- α -Fe2O3. This image showed that  

the average size of these particles is less than 40 nm (Fig. 4a). 

The SEM image of Pd-Sparteine- α -Fe2O3 showed uniformity 

and spherical morphology of nanoparticles (Fig. 4 b).  

On the other hand, the prevention of aggregation of MNs 

was observed by modification of it by the Pd complex (Fig. 4c). 

The EDAX analysis confirmed the presence of O, C, 

N, Fe, Si, and Pd in the Pd-Sparteine-α-Fe2O3 sample (Fig. 5)  

The reflection planes of (2 2 0), (3 1 1), (4 0 0), (4 2 2), 

(5 1 1) and (4 4 0) at around 2θ = 30.4ο, 35.8ο, 43.6ο, 53.7ο, 

57.6°and 63.2ο were readily recognized from the XRD 

pattern of MNs and Pd-DABCO-α-Fe2O3 (Fig. 6) [26].  

The observed diffraction peaks agree with JCPDS file No 

89-8103. The same set of characteristic peaks was observed 

in the XRD pattern of Pd-Sparteine- α -Fe2O3, which indicates 

the stability of the crystalline phase of nanoparticles during 

the subsequent surface modification (Fig. 6) [30]. 

Thermostability of the MNs and Pd-Sparteine-α-Fe2O3 

were considered by thermogravimetric analysis using the 

powder sample under a nitrogen atmosphere (Fig. 7). TGA 

curve of MNs shows the small amount of weight loss 

around 200 °C was attributed to the desorption of adsorbed 

water (Fig. 7a). Another mass loss appeared at around 400 °C 

and the organic parts decomposed completely at 800 °C. 

While, TG curve indicates that Pd-Sparteine- α -Fe2O3 

showed a weight loss of about 1.2 % between 25 °C to 185 °C, 

which removal of adsorbed water and solvent molecules 
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Fig. 4: SEM image Pd-Sparteine- α -Fe2O3 (a), TEM image of Pd-Sparteine- α -Fe2O3 (b), and SEM image of MNs. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: EDAX image of Pd-Sparteine-α-Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: XRD of a) MNs and b) Pd-Sparteine- α -Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: Thermogravimetric analysis of a) MNs and b) the Pd-Sparteine- α -Fe2O3. 

 

were shown (Fig. 7b). On the other hand, the TG curve 

shows a mass loss, about 20.1%, in the temperature range 

from 185 to 640 °C, which is related to the decomposition 

of the organically modified framework. The loss centered 

at higher temperatures should be attributed to the 

desorption of several organic species.  

The bandgap energy of 2.35 eV estimated by the 

diffuse reflectance spectroscopy (DRS) for Pd-Sparteine-  
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Fig. 8: DRS spectra of the Pd-Sparteine-α-Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: PL spectra of the a) MNs and b) Pd-Sparteine-α-Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: BET surface areas, pore volumes, and pore 

diameters of Pd-Sparteine-α-Fe2O3. 

 

α-Fe2O3, exhibited that this product can be appropriate  

for photocatalytic activity in the visible region of the solar 

spectrum (Fig. 8). 

Photoluminescence spectra give a glimpse into the 

separation and recombination of photogenerated charge 

carriers for various transitions. The PL intensities of  

α-Fe2O3 and Pd-Sparteine-α-Fe2O3 are shown in Fig. 9. 

The PL intensity of pure α-Fe2O3 is high when compared 

to Pd-Sparteine-α-Fe2O3. Thus recombination reactions 

are reduced considerably in the Pd-Sparteine-α-Fe2O3. 

The specific surface area of Pd-Sparteine-α-Fe2O3  

was measured using the BET method. As can be seen from Fig. 10, 

the BET surface area of the prepared nanostructure is  

39.8 m2/g. The pore volume and pore diameter were calculated 

by the BJH method for catalysts and the values are presented 

in Table 2. 

On the other hand, the Pd content was about  

0.17 mmol on 1.0 g of Pd-Sparteine-α-Fe2O3, according 

to inductively coupled plasma optical emission 

spectroscopy (ICP/OES) analysis. 

 

Photocatalytic degradation of 2,4-DCP  

The photocatalytic activities of Pd-Sparteine- α -Fe2O3 

are evaluated by taking 0.1 g of catalyst and 50 mL of the 

reaction mixture of 2,4-DCP (20 mg/L) in an aqueous 

medium. For having adsorption/desorption equilibrium 

between the pollutant and the surface of the catalyst,  

the 2,4-dichlorophenol molecular was kept in the dark 

under magnetic stirring for 30 min. The visible illumination 

was provided by a 400 W lamp (high-pressure mercury-vapor 

lamp and λ=546.8 nm and an air diffuser (air pump, flow: 3.5 L/min) 

was located at the bottom of the reactor to uniformly disperse 

air into the solution. The photocatalytic reaction temperature 

was kept at room temperature using cooling fans to prevent any 

thermal catalytic effect. The UV-Visible absorption spectrum 

of the 2,4-DCP degradation shows in Fig. 11.  
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Table 2: BET surface areas, pore volumes, and pore diameters of Pd-Sparteine-α-Fe2O3. 

Sample BET surface area (m2.gr-1) Pore volume (cm3.gr-1) Pore diameter (nm) 

Pd-Sparteine-α-Fe2O3 39.8. 0.24 3.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11: UV- Visible absorption spectra of the 2,4-DCP 

degradation in the presence of Pd-Sparteine- α -Fe2O3 

([2,4-DCP] =20 mg/L, [catalyst]= 0.1 g and pH=5.0). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 12: Effects of light, catalyst, and (light+catalyst) on the 

2,4-DCP degradation. 

 

 

Fig. 11 shows the UV-Visible absorption spectra α of 

the 2,4-DCP degradation in the presence of Pd-Sparteine- α -Fe2O3 

under visible light. It should be noted that the peak  

at 285 nm is related to 2,4-DCP. The intensity of the 

characteristic peak decreases with the irradiation time  

and tends to disappear after 4 h illumination indicating  

the 2,4-DCP can be photodegraded effectively by 

photocatalyst [37-38].  

 

Optimization of reaction conditions 

Preliminary, in order to investigate the catalytic 

performance of Pd-Sparteine-α-Fe2O3, we examined  

it as a catalyst in 2,4-DCP degradation. Various conditions 

on the yield of 2,4-DCP degradation were studied using 

catalyst loading, the presence of light irradiation compared 

with dark, and the presence of catalyst compared with  

the pristine α-Fe2O3, and various pH. It was found that 

the degradation produces the best yield under visible‐light 

irradiation in water using 0.1 g of catalyst in pH=5.  

A decrease in the amount of catalyst leads to a decrease  

in yield and the yield remained almost unaffected when  

the catalyst loading was increased to 0.2 g. 

The effects of the presence of catalyst and light 

irradiation on 2,4-DCP degradation were investigated (Fig. 12). 

Degradation of 2,4-DCP did not happen in the absence of 

a photocatalyst under visible light irradiation. The partial 

value of 2,4-DCP concentration (about ~10%) is reduced 

after running the photocatalytic reaction in the dark, which 

can be referred to as the partial adsorption of organic 

molecules on the surface of photocatalyst particles. 

Degradation efficiency was enhanced up to 100% when  

the 2,4-DCP solution containing photocatalyst was exposed 

to visible light irradiation. 

Furthermore, the α -Fe2O3 was used as a 

photocatalyst for the degradation of 2,4-DCP in an 

aqueous system. Fig. 13 shows that the photoactivity  

of the Pd-Sparteine- α -Fe2O3 photocatalyst is far higher 

than α -Fe2O3 photocatalyst.  

The effect of the initial pH of water on the 2,4-DCP 

was investigated at pH 3, 5, and 8 (Fig. 10) using  

0.01 mol/L HCl and NaOH, respectively. The high 

surface area of nanoparticles plays a significant role  

as the reaction takes place. It seems that the acid-base 

condition of the photocatalyst surfaces can have a large 

impact on the adsorption-desorption and photocatalytic 

degradation performance [40]. Fig. 14 depicts the 

percentage degradation as a function of pH. The catalyst 

surfaces are positive and negative charges in the 

presence of alkaline and acidic media. At slightly acidic 

conditions (pH=5), the best degradation was obtained 

and further increases in pH resulted in lower removal 

efficiency. 
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Fig. 13: The removal percentage of 2,4-DCP in the presence of 

α -Fe2O3  (b) and Pd-Sparteine- α -Fe2O3 (a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Effect of the solution pH for the 2,4-DCP degradation 

in presence of the of Pd-Sparteine- α -Fe2O3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14: Reusability of the of Pd-Sparteine- α -Fe2O3  

for the 2,4-DCP degradation. 

The reusability of Pd-Sparteine-Fe2O3 was investigated 

for 2,4‐ chlorophenol photodegradation under optimized 

conditions (Fig. 15) [40-42]. After completing the 

reaction, the catalyst was separated by one magnet and 

washed with deionized water. It can directly carry 

forward to the next reaction [43]. As shown in Fig. 15, 

after the seventh run, a significant decrease in its activity 

of it was not observed.  

The tentative mechanism of this photo-oxidation of 

2,4 DCP using this bio-nano photocatalyst based on 

hydroxyl radical intervention was proposed in Fig. 16. 

The removal of an ortho and para chlorine attached  

to 2,4-DCP would give rise to 4-CP and 2-CP, 

respectively [44-47]. 

Moreover, isopropanol can be used as a hydroxyl 

radicals’ scavenger, and the rate constant of reaction of 

these radicals on isopropanol is close to 2 × 109 M–1 s–1 [48]. 

We added isopropanol (2.0%) as a hydroxyl radicals’ 

scavenger to 2,4-DCP and Pd-Sparteine-α-Fe2O3 

suspension under light irradiation. Therefore, since 

photodegradation of the 2,4-DCP was inhibited,  

the degradation of 2,4-DCP can be directly attributed  

to the attack of •OH radicals. 

Finally, we compared the catalytic activities of this 

nano-bio-photocatalyst and other very recent 

photocatalysts for 2,4-DCP degradation under visible light 

(Table 2). The good dispersibility of nanostructure of  

Pd-Sparteine- α -Fe2O3bio-nanocomposite in water,  

due to its lightweight and low density shows the best 

degradation of 2,4-DCP in minimum times. However, 

the high dispersibility, larger surface area as well as pore 

volume, and good surface permeability made it cheap and 

efficient for adsorption of 2,4-DCP. 

 
CONCLUSIONS 

In summary, palladium- Sparteine complex supported 

on Fe2O3 magnetic nanoparticles as a magnetically 

heterogeneous catalyst was synthesized. Its photocatalytic 

activity was investigated in the degradation of 2,4-DCP 

under visible light irradiation. The catalyst was easily 

isolated from the reaction mixture by an external magnet 

and reused at least seven times without significant 

degradation in its activity. This catalyst is a good candidate 

for performing the degradation of organic pollutants  

of the water. 
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Table 2: Comparison of adsorption performance for 2,4-DCP using Pd-Sparteine- α -Fe2O3 and other adsorbents reported  

in the literature. 

Entry Catalyst Time/min Degradiation% Reference 

1 Pd-Sparteine-α-Fe2O3 bio nanocomposite 240 100 This work 

2 TiO2 180 26 8 

3 AgCoTC 180 60 8 

4 SBA-CIL-CS-Lac 2100 90 7 

5 Ni/Fe bimetal 240 74 17 

6 CSPs 240 68 18 

7 Pal-Fe/Ni 240 80 19 

8 CdTe/CdS/N-rGO 360 70 20 

 

 

Fig. 16: The proposed mechanism of for 2,4-DCP degradation under visible light. 
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