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ABSTRACT: In recent times biomolecules engineered magnetically isolable nanoparticles have garnered 

significant attention in the nanocatalysis arena due to their outstanding features. Doping of rare earth 

metals over them brings further novelty to their properties. In this current work, we describe  

the successful synthesis of rare earth lanthanide (M = Pr, Dy) impregnated asparagine adorned 

CoFe2O4 as two novel magnetically isolable nanocomposite catalysts following a post-functionalization 

approach. The synthesized materials were characterized using physicochemical techniques like  

FT-IR, SEM, EDX, elemental mapping, and ICP-OES analyses. Subsequently, the catalytic efficiency 

of the materials was investigated in the reduction of 4-Nitrophenol (4-NP), as well-known 

carcinogenic contaminants of water. The progress of the reaction and its kinetics were monitored 

over UV-Vis spectroscopy. Among the two variants, Dy anchored catalyst was found to be more 

efficient than the Pr which led the reaction to completion in just 8 min. Kinetically, also Dy catalyst 

exhibited higher rate constants. This is the first report of Pr and Dy-anchored heterogeneous catalysts 

in the reduction of 4-NP. The current methodology is advantageous in terms of cleanliness, simple 

procedure, excellent yields in short reaction time, easy magnetic retrieval, and reusability  

of catalysts following several runs without significant change in catalytic activity. 
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INTRODUCTION 

In recent days, the amalgamation of an active 

homogeneous catalyst with textured high-surface solid 

support towards stable and isolable heterogeneous systems 

has garnered the utmost importance in promoting green 

catalysis [1-3]. Simultaneously, the proper positioning and 

distribution of active catalytic sites onto the support 

through surface engineering is another significant area of 

research [4-7]. Magnetic NanoParticles (MNP) have 

evolved as an attractive support in a few decades based on 

their high specific surface area, biocompatibility, cost-

effectiveness, easy reusability, and the presence of surface 

hydroxyl groups for suitable surface functionalization. 

Among them, the economical iron oxides and ferrite 

derivatives are of significant importance due to their 

unique electronic, chemical and magnetic features [8-16]. 

The spinel ferrites have the general formula MFe2O4 where 

M is a bivalent transition metal atom like Mn2+, Fe2+, Co2+, 

Ni2+, Cu2+, and Zn2+. Also, M can be a mixture of these 

metals in multiferrites. These spinels are more stable and 

bear higher magnetic properties than bare Fe3O4 with 

special structural designs. Out of these spinel ferrites, 

CoFe2O4 acquires special attention due to its applications 

in different fields like sensing, catalysis, electronics, 

magnetism, and medicinal therapeutics [17-20]. However, 

owing to nanometric dimension and high surface energy, 

the NPs are often prone to agglomeration which reduces 

their catalytic activity [21-30]. This drawback is effectively 

circumvented by surface modification with a suitable 

capping agent. This also prevents the MNPs from aerial 

oxidation and solvation in organic solvents [31-34]. We 

have observed and successfully reported in our previous 

communications that amino acids and their analogs have 

good potential for functionalization over the MNPs [35-38]. 

They induce polar lipophilic properties over the material. 

In continuation of our endeavors on the catalytic 

applications of functionalized MNPs [35-46], we prefer  

to extend the applications of CoFe2O4 with asparagine  

as amino acid capping agent.  

Among the diverse organic transformations, the conversion 

of nitrophenol to aminophenol has been the most 

elementary and widely studied reaction. The depletion  

of toxic nitro compounds has a substantial impact  

on the environment as well as on industry. Different 

agrochemicals and synthetic dyes produce 4-Nitrophenol 

and their derivatives as important side products. These are 

very harmful organo-pollutant in water and dreadful  

for humans and other animals affecting the central nervous 

system, kidneys, and liver [47-49]. These hazardous 

chemicals are resistant to microbial degradation and 

thereby safe exclusion of them has been a challenge. 

Among the different established methods of this 

transformation, the catalytic reduction has been proven  

to be the most efficient [50-53]. The amines so produced 

are relatively mild and benign. They also have widespread 

applications in the synthesis of drugs and pharmaceuticals, 

fine chemicals, agrochemicals, dyes, polymers, cosmetics, 

and photography [54]. 

In consideration of such consequences herein, we wish 

to report the Dysprosium (Dy) and Praseodymium (Pr) 

anchored asparagine functionalized magnetic CoFe2O4 

composite as a novel catalyst to explore the reduction  

of nitrophenols in a facile and green chemical pathway 

using sodium borohydride (NaBH4) as a hydrogen donor. 

The Dy and Pr catalysis in this particular reaction has not been 

reported yet. Interestingly, our protocol has been proven  

to be highly competent affording excellent yields within  

a very short time. Additionally, the strong magnetic core 

helped the catalyst for facile retrieval from the reaction 

flask using a magnetic stick and subsequent reuse several 

times without a considerable change in its efficiency.  

The progress of the reaction was precisely monitored over  

a UV-Vis spectrophotometer followed by a kinetic study 

over both of the catalysts.  

 

EXPERIMENTAL SECTION 

Materials 

For the synthesis of catalyst FeCl3.6H2O, CoCl2.6H2O, 

asparagine, Pr(NO3)3 and Dy(NO3)3were purchased  

from Sigma-Aldrich. Nitrophenol and the desired solvents 

were purchased from Merck. All the reagents were used 

without further purification. 

 

Instrumentation  

Structural morphology, particle size, and atom 

mapping of the catalyst were studied using a FESEM-

TESCAN MIRA3 microscope equipped with EDX (TSCAN). 

Fourier transform infrared, FT-IR (Bruker VERTEX 80 v) 

was also utilized for the characterization of prepared 

samples. The powder XRD of the nanostructures was done 

using Co Kα radiation (λ= 1.78897 Å) operating at 40 keV, 

and a cathode current of 40 Ma in the scanning range of  
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Scheme 1: Reduction of 4-nitrophenol over CoFe2O4@ Asn-Dy/ Pr nanocatalyst. 

 

 

Scheme 2: A schematic diagram in the synthesis of CoFe2O4@Asn-Dy/Pr nanocatalyst. 

 

 

2θ = 5 to 80. VSM measurement was recorded in a vibrating 

sample 244 magnetometer by a Vibrating Sample 

Magnetometer (VSM) MDKFD at room temperature. 

 

Synthesis of CoFe2O4 nanoparticles 

2.63 g of FeCl3 and 1.19 g of CoCl2 were dissolved  

in 50 mL of deionized water under stirring conditions.  

A 20 mL 15% aqueous NaOH solution was added dropwise 

 to the mixture and the resulting solution was refluxed for 1 h. 

The color of the solution turned dark brown indicating  

the formation of the product. The products were isolated using 

a bar magnet and subsequently washed several times  

with deionized water and ethanol. They were dried in the oven 

at 60 °C overnight.  

 

Synthesis of asparagine functionalized CoFe2O4 

nanoparticles (CoFe2O4@Asn) 

1.5 g of asparagine was added to the suspensions  

of 1.0 g CoFe2O4 in 30 mL double distilled water. Then, 

the mixture was refluxed for 24 h under stirring conditions. 

The obtained product was separated by an external magnet 

and processed previously. 
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Synthesis of CoFe2O4@ Asn-Dy/Pr nanocomposite 

1.0 g of CoFe2O4@Asn nanocomposite was suspended 

in 30 mL ethanol and 2.5 mmol of M(NO3)3(M = Pr, Dy) 

salt was added to the suspension. The mixture was refluxed 

for 16 h to obtain the CoFe2O4@Asn-Dy/Pr nanocatalyst. 

The whole process has been depicted in scheme 2. 

 

Catalytic reduction of 4-nitrophenol over CoFe2O4@ 

Asn-Dy/Pr 

An aqueous solution (3.0 mL) of 4-NP of 2.5 mM 

concentration was added to freshly prepared NaBH4  

(1.0 mL, 2.5 × 10−4 M) solution and stirred at room 

temperature. The CoFe2O4@ Asn-Dy/Pr catalyst (0.01 mol%) 

was then added to the reaction mixture. In addition  

to the catalyst, the reduction starts which is indicated  

by the gradual disappearance of the yellow color of the solution. 

These visible changes in the progress of the reaction  

were monitored by UV-Vis spectroscopy. After a requisite 

time, the color of the solution totally faded out and 

eventually became colorless due to the formation of 4‐AP.  

 

RESULTS AND DISCUSSION 

Catalyst characterization data analysis 

Physicochemical morphology and composition of  

the as-prepared material were thoroughly characterized 

using different analytical techniques like Fourier 

Transformed Infrared Spectroscopy (FT-IR), Scanning 

Electron Microscopy (SEM), Energy Dispersive X-ray 

(EDX) spectroscopy, and Wavelength Dispersive X-ray 

(WDX spectroscopy).  

Fig. 1 represents a comparative FT-IR spectrum profile 

of bare CoFe2O4, CoFe2O4@Asn, CoFe2O4@Asn-Pr, and 

CoFe2O4@Asn-Dy (1a-1d). Fig. 1a shows the spectrum  

of CoFe2O4 itself where characteristic metal-oxygen bond 

and hydroxyl functional group (O-H) appears in the 

absorption region around 580-590 and 3450-3500 cm-1 

respectively. The similarity between the following spectra 

reveals that the basic structure remained intact even after 

functionalization. The absorption peaks due to C–N and 

C=O stretching vibrations from asparagine moiety 

functionalized on CoFe2O4 nanoparticles are observed  

at approximately at1400 and 1640 cm-1 respectively. The 

absorption peaks due to strong vibrations of asparagine 

carboxylic acid groups on the surface of CoFe2O4 

nanoparticles are observed at approximately 150-1100 cm-1. 

However, any particular characteristic peak due to attachment 
 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: FT-IR spectrum of CoFe2O4 (a), CoFe2O4@Asn (b), 

CoFe2O4@Asn-Pr(c) and CoFe2O4@Asn-Dy(d). 

 

of Pr and Dy to the network could not be detected might 

be due to lower concentration. 

The surface morphology, particle shape, and size  

were determined from SEM analysis. Fig. 2 displays  

the images of bare CoFe2O4 (a), CoFe2O4@Asn-Prand 

CoFe2O4@Asn-Dy (b-d) nanoparticles. CoFe2O4 NP is seen 

to have a smooth surface. However, the surface-modified 

NP depicts the nanometric particles with quasi-spherical 

morphology. The small globules spread over the CoFe2O4 

might represent Pr and Dy NPs.  

The energy-dispersive X-ray spectroscopy (EDX) analysis 

of both CoFe2O4@Asn-Pr and CoFe2O4@Asn-Dy were 

investigated in order to justify the exact composition of the two 

materials. As shown in Fig. 3a and 3b, both the profile displays 

Co, Fe, C, N, and O as common elements indicating the 

identical core structure. Pr and Dy appeared as special elements 

in Fig 3a and 3b respectively. The presence of C, N, and O 

elements confirms the amino acid attachment with the basic 

CoFe2O4 core. It can be seen that the amount of Dy in the fresh 

catalyst and the recycled catalyst after 7 times recycling  

is 0.75 and 0.67 mmol/g, respectively, which indicated  

an insignificant amount of leaching of Dy. 

The wavelength dispersive X-ray spectroscopy 

(WDX) or elemental mapping of the synthesized two 

materials CoFe2O4@Asn-Pr and CoFe2O4@Asn-Dy  

are represented in Fig. 4a and 4b respectively. In so doing, 

a selected area of SEM micrograph was chosen and  

was analyzed by X-Ray. It shows the uniform dispersion of 

Pr and Dy atoms in the nanocomposite. Also, the elemental 

analysis for the other atoms like C, N, O, Co and Fe admits 

homogenous dispersion throughout. The presence 
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Fig. 2: SEM images of CoFe2O4 (a), CoFe2O4@Asn-Dy (b, c, 

and d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: EDX patterns of CoFe2O4@Asn-Pr (a) and 

CoFe2O4@Asn-Dy (b). 

 

of these atoms on WDX analysis also supports the successful 

functionalization of asparagine moiety. 

As the nanocomposite contains magnetic material  

in the core, the study of its magnetism through a Vibrating 

Sample Magnetometer (VSM) is significant. The related 

output for CoFe2O4@Asn-Pr is represented as a hysteresis 

loop, has been shown in Fig. 5. The saturation magnetization 

value (Ms) of CoFe2O4@Asn-Pr was found to be 23.5 emu/g. 

It can be seen that the magnetic saturation for CoFe2O4 

nanoparticles is higher than the surface-modified samples 

which are due to the incorporation of non-magnetic  

Asn and rare earth metals on the surface of CoFe2O4 

magnetic nanoparticles [36]. 

The crystalline structures of fresh and 6 times reused 

CoFe2O4@Asn-Dy catalysts were analyzed by XRD,  

as presented in Fig. 6a and b respectively. The pattern reveals 

six characteristic sharp diffraction peaks being assigned to 

(2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), and (4 4 0) 

diffraction planes of CoFe2O4 inverse cubic spinel.  
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                                             (a)                                                                                            (b) 

 
 

Fig. 4: X-ray atomic map analysis of CoFe2O4@Asn-Pr (a) andCoFe2O4@Asn-Dy (b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: VSM hysteris loop of CoFe2O4@Asn-Pr. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6: XRD pattern of fresh (a) and reused (b) CoFe2O4@Asn-

Dy catalyst. 

 

It clearly displays that surface modification has not altered 

its core structure. In addition, the reused catalyst retains  

its morphology even after 6 times use.   

 

Catalytic and kinetic investigation of CoFe2O4@Asn-

Dy and CoFe2O4@Asn-Pr nanocomposite 

After the detailed physicochemical characterizations of 

the surface-modified nanomagnetic catalysts, the next 

endeavor was to investigate their catalytic activity.  

We explored the CoFe2O4@Asn-Dy/Pr catalysts in the 

reduction of nitrophenol using NaBH4 as a reducing agent 

in water at room temperature. The progress of the reaction 

was monitored by UV-Vis spectroscopy. The output  

of the catalytic performances of Dy and Pr catalysts 

are separately documented in Fig. 7 and 8 respectively. 

The pale yellow colored 4-NP solution exhibited an initial  
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absorbance at around 320 nm. In addition NaBH4, the color 

of the solution was intensified due to the formation  

of 4-nitrophenolate anion associated with a red shift with 

λmax of 400 nm. However, no other significant change  

was observed except for a slight reduction of the absorption 

peak even, if the mixture was kept for 1h (Fig 7a).  

The subsequent addition of the catalyst drastically changed 

the scenario when the 4-NP was activated for reduction. 

Just after the addition of CoFe2O4@Asn-Dy catalyst,  

the λmax value sharply started collapsing with the concurrent 

appearance of a new peak at 295 nm ascribed to  

4-aminophenol, the concentration of which was gradually 

increased (Fig. 7b). As can be observed from Fig 7c, within 

8 minutes the 4-NP peak gradually disappeared with  

the permanent formation of 4-AP. Visually, the reaction 

mixture became colorless, an indication of a complete 

reduction. However, in the case of CoFe2O4@Asn-Pr 

catalyst, the reaction was continued for a longer time  

(20 min) but the reduction was not fully complete. Fig. 8 

revealed that the initial peak of 4-NP did not get disappear 

although there was an indication for the formation of 4-AP. 

The results certainly gratified the much better catalytic 

performance of Dy-loaded material as compared to Pr.      

Subsequently, the kinetics of the reaction was explored 

utilizing the UV-Vis results. The absorbance ratio of 4-NP 

at different time intervals, At/A0, (At and A0 are absorbance 

at t and zero time) is proportional to the ratio of 

corresponding concentrations Ct/C0 (Ct and C0 are  

the concentration of 4-NP at t and zero time). Thereby,  

the rate constant (kc) was estimated from the following rate 

equation: 

dCt/dt = −kcCt                                                                 (1) 

On integrating this in the limit range of C0 and Ct we get, 

lnCt/C0 = lnAt/A0 = −kct                                                     (2) 

Hence, the rate constant kc can be determined from  

the slopes of the plot of ln(Ct/C0) vs time (s) as a function 

of catalyst load. Due to the higher concentration of NaBH4 

as compared to the substrate, the rate constant is assumed 

to be independent of it. On plotting the values for 

CoFe2O4@Asn-Pr catalysis, the rate constant values were 

obtained as 0.005 s-1, 0.009 s-1, and 0.026 s-1 respectively 

for the catalyst amount of 1, 4, and 16 mg (Fig. 9a). While 

performing the same analysis with CoFe2O4@Asn-Dy 

catalyst, there was a lot of differences in the nature of plots  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: The reduction of the 4-nitrophenol (NP) by sodium 

borohydride (NaB) catalyzed by CoFe2O4@Asn-Dy;  UV-Vis 

absorption spectra a) NP + NaB solution in the absence  

of catalyst after 1 hr, b) NP solution before and after addition 

of catalyst, c) the reduction catalyzed by the catalyst in the 

different time (min). 
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Fig. 8: The UV-Vis absorption spectra for reduction of the 4-nitrophenol (NP) using sodium borohydride (NaB)  

catalyzed by CoFe2O4@Asn-Pr NP catalyst; a) before and after addition of the catalyst, b) the reduction catalyzed  

by catalyst at different time (min). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9: Plot of -ln(Ct/C0) vs reaction time for the a) CoFe2O4@Asn-Pr and b) CoFe2O4@Asn-Dy catalysis. 

 

as can be seen in Fig. 7b. The rate constants were found  

as 0.003, 0,024, and 0.526 at catalyst amounts of 1, 4, and 16 mg 

respectively. So, a catalyst amount of 16 mg resulted  

in the optimum with a rate constant of 0.526. Evidently, 

the Dy-loaded catalyst performance was much better than Pr.  

 

The mechanistic study 

Following literature analysis, a plausible mechanistic 

pathway for the CoFe2O4@Asn-M (Pr, Dy) catalyzed 

reduction of 4-NP could be explained [55, 56]. At the 

outset, the borohydride ions get adsorbed on the MNP 

exterior surface of the catalyst and subsequently release 

hydride ions (H–) to the anchored lanthanide metals. Due 

to strong Lewis acidity, the Ln metals form a stable metal-

hydride complex. In the meantime, the 4-NP also binds  

to the catalyst surface. Thereafter, interfacial electron 

transfer occurs from hydrides to 4-NP and slowly it gets 

transformed to 4-AP. However, the conversion path 

involves several important intermediates like 

nitrosophenol and hydroxylaminophenol as shown in 

Scheme 3. The rate of electron transfer is proportional  

to the conversion rate. Finally, desorption of 4-AP takes 

place from the catalyst surface leaving behind the catalytic 

site free for the new cycle.  

 

Study of reusability for CoFe2O4@Asn-Dy 

In view of maintaining green protocols, the reusability 

of the catalyst is an utmost important factor. Due to  

the strong magnetic core, the catalyst could be easily 

isolated using an external magnet and recycled after 

drying. In the catalytic reduction of 4-NP using the catalyst 

CoFe2O4@Asn-Dy, we could reuse it up to seven times 

without a considerable change in its catalytic activity, 

thereby proving its robustness as well (Fig. 10). 
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Table 1: Comparison efficiency of CoFe2O4@Asn-Dy nanocomposite with some reported methods  

for the reduction of 4-nitrophenol 

Entry Catalyst (mol%) Conditions Time (h) Yield (%) Refs. 

7 Rh N2H4, EtOH, 80 °C 2.5 94 57 

9 PdCu/graphene NaBH4, EtOH:H2O (1:2), 50 °C 1.5 98 58 

1 Au/MTA NaBH4, EtOH, RT 3 90 59 

3 Pd NPs/RGO NaBH4, EtOH:H2O, 50 ºC. 1.5 97 60 

5 Nickel-iron mixed oxide N2H4.H2O, propan-2-ol, Reflux 1.75 93 61 

6 [Pt]@SiC6 AcOEt, H2, RT 3 99 62 

4 Fe–phenanthroline/C N2H4.H2O, THF, 100 °C 10 97 63 

2 Fe3O4 Ni MNPs Glycerol, KOH, 80 ºC 3.5 88 64 

10 CoFe2O4@Asn-Dy NaBH4, H2O, RT, 8 min 97 This work 

 

 

Scheme 3: The intermediate pathway from 4-NP to 4-AP. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10: Study of reusability of CoFe2O4@Asn-Dy nanocomposite in 

the reduction of 4-NP. 

 

Test of heterogeneity 

In order to study the heterogeneity of CoFe2O4@Asn-

Dy nanocomposite, a hot filtration test was conducted in 

the reduction of 4-NP to 4-AP at standardized conditions. 

The reaction was stopped after 10 min when it was only 

65% yield and the catalyst was isolated by magnetic 

decantation from the reaction mixture. The catalyst-free 

hot filtrate was further stirred at the same conditions for  

an additional 10 min. Interestingly, the reaction did not proceed 

further within this period. This justifies that no active 

species has been leached out into the reaction mixture.  

The fact was also confirmed by ICP-OES analysis thereby 

approving the true heterogeneous nature of the catalyst. 

 

Exclusivity of our results 

To convey the uniqueness of our developed protocol, 

we compared our results in the reduction of 4-NP with 

some earlier reported methods as documented in Table 1. 

The CoFe2O4@Asn-Dy nanocomposite catalyst showed 

much superiority to others in terms of reaction time and yield. 

 
CONCLUSIONS 

It can be concluded that we have been able to 

synthesize the Pr and Dy immobilized asparagine 

fabricated CoFe2O4 nanocomposite. The asparagine 

moiety acts as an effective capping agent to stabilize  
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the nanoparticles as well as a strong binder of the 

lanthanides using its polar functions to its surface. The 

novel material has been well characterized using analytical 

techniques like FT-IR, FE-SEM, EDX, WDX, and ICP-

AES techniques. Both materials were engaged in the 

catalytic reduction of 4-Nitrophenols in presence of 

NaBH4 as the reducing agent. The whole process was 

quantitatively monitored under UV-Vis spectrophotometer.  

We observed that the reaction proceeded hardly using 

NaBH4 only and started immediately when the catalyst 

was added in combination. The nanocomposites, 

particularly the Dy-anchored catalyst exerted outstanding 

catalytic performance in the reduction of 4-NP with a high 

rate constant within a short period of time. Moreover,  

due to the strong magnetic core, the catalyst was easily 

retrieved using a magnet and recycled seven times almost 

retaining its activity constant. 
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