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• Fe₃O₄ NPs were synthesized as a catalyst to investigate hydrogen generation. 

• Hydrogen generation was evaluated via NaBH₄ methanolysis under varying conditions. 

• At 30 °C, a HGR of 2721.9 mlgcat⁻¹min⁻¹ was achieved, with an Ea of 27.18 kJmol⁻¹. 

• Catalyst retained 99% efficiency after six reuse cycles. 
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ABSTRACT: Herein, we synthesized hydrothermally Fe3O4 nanoparticles (NPs) and investigated their 

catalytic performance in NaBH₄ methanolysis for hydrogen generation. Key parameters, including the 

NaBH4 concentration, catalyst loading, and temperature, were optimized. Comprehensive 

characterization via XRD,SEM, EDX, FTIR, and BET revealed the surface properties of the catalyst. The 

optimized catalyst exhibited an outstanding HGR of 2721.9 ml gcat⁻¹ min⁻¹ at 30°C with an Ea of 27.18 kJ 

mol⁻¹. FE-SEM analysis indicated particle agglomeration with a size distribution of 200 nm, whereas the 

BET data demonstrated a moderate surface area of 37.17 m² g⁻¹ and pore diameter of 13.24 nm. 

Remarkably, the catalyst maintained 99% efficiency after six reuse cycles, emphasizing its industrial 

viability and long-term stability. 

Keywords: Magnetic Catalyst, NaBH4, Hydrothermal Method, Hydrogen, Methanolysis 

1. INTRODUCTION 

Energy systems, power businesses, transportation, and homes worldwide have traditionally relied on 

fossil fuels, such as coal, natural gas, and petroleum. However, resource depletion and  environmental 

repercussions are two major problems caused by their overuse. Notably, the burning of fossil fuels is one 

of the main causes of greenhouse gas emissions, which have increased global temperatures by 

approximately 1°C over the past century [1]. Fossil fuel combustion is a major source of environmental 

degradation owing to the continued emission of pollutants, such as sulfur oxides, nitrogen oxides, and 

aromatic hydrocarbons, which directly contribute to air pollution [1].  

As part of global efforts to combat climate change, countries are striving to achieve the ambitious goal 

of limiting the global temperature rise to 1.5°C above the pre-industrial levels, with a commitment to not 

exceed 2°C [2]. Hydrogen is gaining prominence as an  alternative source within the framework of the 

transition to cleaner energy, which is a prerequisite for achieving the goals of limiting the global 

temperature rise.  

Hydrogen offers significant advantages, including zero carbon emissions, non-toxicity, and abundant 

availability of resources. Furthermore, its combustion generates a substantial amount of heat, ranging 

from 120 to 142 MJ kg-1, significantly surpassing that of other fuels such as natural gas (~42–55 MJ kg-1), 

petrol (~44–46 MJ kg-1), and wood (~16 MJ kg-1) [3], [4]. Despite these benefits, hydrogen transportation 

and storage pose major challenges that limit their widespread adoption.  

Hydrogen storage methods are widely characterized as physical storage systems, including high-

pressure and cryogenic tanks, and material-based storage systems, such as adsorption on carbon 

nanotubes or activated carbon, and chemical and metal hydrides [5], [6]. Although physical storage 

systems offer high storage capacities through hydrogen adsorption via van der Waals forces, they require 

extremely low temperatures, rendering them costly and less practical [7], [8].  

In contrast, chemical hydrides are a compelling alternative for long-term hydrogen storage. Formic 

acid, hydrazine hydrates, metal boron hydrides,  aromatic compounds, and ammonia borane  are stable 

mailto:lakhalihoussem91@gmail.com
mailto:aaceyhan@ktun.edu.tr
mailto:lakhalihoussem91@gmail.com
mailto:omersahin@itu.edu.tr
https://orcid.org/0000-0003-1592-5121
https://orcid.org/0009-0001-0727-2362
https://orcid.org/0000-0003-4575-3762


Hydrothermally Synthesized Fe3O4 Magnetic Nanoparticles as Efficient Catalyst for Reusable Hydrogen Generation             1176 

via NaBH4 Methanolysis  

 

under ambient conditions, have high hydrogen storage capacities, and are suitable for industrial 

applications [7], [9], [10].  

Sodium borohydride (NaBH₄) has recently gained widespread attention as an effective hydrogen 

storage chemical owing to its outstanding properties, including high stability under normal conditions, 

low production cost, ease of storage, non-hazardous characteristics, low reaction initiation temperature, 

hydrogen output with minimal impurities, and good rate control. It also has a theoretical hydrogen storage 

capacity of 10.8 wt %, and its reaction products are environmentally friendly. NaBH₄ is typically produced 

using the Brown-Schlesinger and Bayer processes [3], [11], [12].  

One of the most notable applications of NaBH₄ in fuel cell technology was demonstrated in 2001, when 

the Millennium Cell Corporation successfully integrated it into Daimler Chrysler’s fuel cell concept 

minivan. This breakthrough showcased NaBH₄ as a viable alternative to conventional hydrogen storage 

methods, addressing the safety and efficiency concerns associated with high-pressure hydrogen storage 

[13]. 

Hydrogen is generated from sodium borohydride (NaBH4) via hydrolysis and breakdown in 

methanol at room temperature.  Both reactions can be carried out under mild environmental conditions, 

as shown in Equations (1) and (2). 

𝑁𝑎𝐵𝐻4 + (2 + 𝑥) 𝐻2𝑂
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     4𝐻2 + 𝑁𝑎𝐵𝑂2. 𝑥𝐻2𝑂 + ℎ𝑒𝑎𝑡     ∆𝐻 =  −217 𝑘𝐽𝑚𝑜𝑙

−1                        (1) 

𝑁𝑎𝐵𝐻4 + 4 𝐶𝐻3𝑂𝐻       
𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡
→     4𝐻2 + 𝑁𝑎𝐵(𝑂𝐶𝐻3)4 + ℎ𝑒𝑎𝑡                                                                  (2) 

Notably, the byproducts of these reactions, NaBO2 and NaB(OCH3)4, can be recycled to synthesize 

NaBH4, significantly reducing production costs. Methanolysis offers unique advantages, including 

operation at subzero temperatures (as low as −97.6 °C) and atmospheric pressure. Unlike NaBO2, 

NaB(OCH3)4 does not clog the reactors, making methanolysis particularly advantageous. Furthermore, 

methanolysis provides a moderate gravimetric hydrogen storage capacity of 4.9 wt%[14], [15], [16].   

Recent progress in NaBH4 methanolysis has emphasized the design and application of diverse 

catalytic systems, which can broadly categorized into: (i) transition metal-based catalysts, such as cobalt 

[17], Ni-based catalysts [18], Cu-based catalysts [19] , etc.), (ii) noble metal-based catalysts, including 

ruthenium [20], Pt-based catalysts [21], etc.), and (iii) alloy and composite catalysts, such as carbon 

nanotube-supported metals [22], and hybrid frameworks like ZIF-67@graphene [23], etc.). These catalysts 

have been extensively investigated to enhance hydrogen generation efficiency by improving their activity, 

stability, and cost-effectiveness. 

Among these, Fe3O4-based catalysts are cost-effective, nontoxic, biocompatible, and exhibit high 

magnetic saturation and superparamagnetic properties. Additionally, Fe3O4 nanoparticles can be easily 

recovered magnetically, thereby enhancing their reusability [24], [25], [26], [27]. 

For example, the CoNi/Fe3O4@GO catalyst was synthesized via an impregnation-reduction approach, 

achieving an HGR  of 8200 ml gcat⁻¹ min⁻¹ during the reaction. Their thermodynamic and kinetic analyses 

revealed an activation entropy of -97.75 J K-1 and an activation energy of 21.45 kJ mol-1, highlighting  the 

effectiveness of the catalyst in hydrogen production through a Langmuir-Hinshelwood-type mechanism 

[28]. Similarly, Alshammari et al. developed Fe3O4/FeS₂/g-C3N4 nanocomposites using a sol-gel method, 

with the 3.0 wt% Fe₃O₄/FeS₂/g-C₃N₄ nanosheet attaining a remarkable HGR of 8480 ml gcat⁻¹ min⁻¹ [29].  

This study presents a novel approach employing Fe3O4-based catalysts for hydrogen production 

through  sodium borohydride methanolysis, offering a cost-effective and affordable substitute for non-

transition  catalysts. Unlike expensive catalysts such as Pt, Ru, or Pd, Fe3O4 is abundant, low-cost, and 

magnetically recoverable, making it very useful in applied settings. This study systematically investigated 

key reaction parameters, including catalyst dosage, NaBH4 concentration, reaction temperature, and 

catalyst reusability, to provide a comprehensive understanding of Fe3O4’s catalytic performance. 

Advanced diagnostic techniques, including field emission scanning electron microscopy (FE-SEM) 

with energy dispersive X-ray (EDX), FTIR spectroscopy, BET surface area and pore capacity analysis, and 

X-ray diffraction (XRD), were used to accurately study the structural and functional properties of the 

catalyst, elucidating how its morphology, composition, and surface area influence catalytic activity. 
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 A key novelty of this study is the exploration of Fe3O4’s magnetic recoverability, which allows for 

efficient separation and reuse, thereby enhancing catalyst longevity and sustainability. Furthermore, this 

study evaluated the stability of Fe3O4 over multiple reaction cycles, addressing the challenges related to 

catalyst durability and performance retention. These findings contribute to the development of scalable 

and practical hydrogen generation systems, making Fe3O4 a viable alternative for clean energy 

applications such as fuel cells and renewable energy storage.  

2. MATERIALS AND METHODS 

2.1.  Materials 

Merck provided iron chloride hexahydrate, sodium borohydride (NaBH4), cobalt(II) chloride 

hexahydrate, ethanol (≥95%), the sodium salt of acetic acid, ethylene glycol (EG), and trisodium citrate. 

The University of Selçuk provided the distilled water. 

2.2. Fe3O4 NPs synthesis 

Fe₃O₄ NPs were synthesized using a hydrothermal technique adapted from a previously reported 

procedure [30]. In a preliminary step, 1.08 g of ferrous chloride hexahydrate was placed in 20 ml of 

ethylene glycol and dissolved using magnetic stirring. After 30 min, the mixture transitioned to a yellow 

color. Next, 1.8 g of sodium acetate was added, and the mixture was stirred for an additional hour to 

achieve a homogeneous solution. To further stabilize the dispersion, the necessary amount of trisodium 

citrate was added to the mixture. The resulting uniform dispersion was transferred to a hydrothermal 

reactor and maintained at 200 °C for 10 h. Upon completion, the black magnetic particles were separated 

in a magnetic field and thoroughly washed with a mixture of ethanol and DI water. Finally, the product 

was vacuum-dried for 12 h at 50 °C to produce pure Fe3O4 nanoparticles. 

2.3. Generation of hydrogen from methanolysis process 

Hydrogen generation experiments were conducted using a reaction vessel connected to a device for 

capturing the generated gases. The system included an outlet tube connected to an inverted gas urea tube 

filled with water to ensure accurate gas volume measurements. Pre-mixed NaBH₄ and NaOH solutions 

were introduced into a flask containing the catalyst to ensure uniform reaction kinetics by avoiding 

agitation. A hydrogen displacement with water, in which the amount of hydrogen generated was exactly 

proportional to the volume displaced, was used (Fig. 1). 

The initial investigation of NaBH₄ methanolysis was carried out using a solution of 1.5% NaBH₄, 100 

mg of catalyst, and 10 ml of solution, maintained at 30 °C. 

2.4. Characterization 

Brunauer–Emmett–Teller (BET), Field Emission Scanning Electron Microscopy (FE-SEM), Energy 

Dispersive X-Ray Spectroscopy (EDX), X-Ray Diffraction (XRD), and Fourier Transform Infrared 

Spectroscopy (FTIR) were employed to characterize the produced catalyst. To identify the functional 

groups (4000-400 cm-1), an FTIR spectrometer (Thermo Scientific Nicolet 380) was used. The catalyst's 

structure was studied using FE-SEM, and elemental analysis was done using EDX (Zeiss Sigma 300) 

equipment. The synthesized catalysts' crystal structure and phase purity were assessed using XRD 

diffraction (Bruker D8 Advance). The catalyst's surface area was examined using a BET device 

(Quantachrome Nova 1200).  
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Figure 1. The mechanism of Generation of Hydrogen  

 

3. RESULTS AND DISCUSSION 

3.1. X- ray diffraction (XRD) analysis 

XRD analysis was used to investigate the structure and phase purity of the Fe3O4 NPs. The diffraction 

patterns (Fig. 2) exhibited prominent peaks at 2θ = 30.21° (220), 35.57° (311), 43.25° (400), 53.71° (422), 

57.21° (511), and 62.83° (440). These results confirm the effective synthesis of Fe3O4 nanoparticles (NPs), 

which match the standard pattern of Fe3O4 according to JCPDS Card No. 65-3107 and may be indexed to 

the cubic space group Fd3m[31]. To further investigate the structural properties of the powdered 

nanoparticles, parameters such as the lattice constant, crystallite size, and full width at half maximum 

(FWHM) were analyzed using the OriginPro 2025 software (Table 1). The calculated lattice parameters for 

Fe₃O₄ were consistent across crystallographic planes, with values of a=c, in agreement with previously 

reported findings [32], [33].  

The Debye-Scherrer equation was used to calculate the average crystallite size (Equation 3) [34]:  

d=
0.9 𝜆

𝛽 𝑐𝑜𝑠𝜃
              (3) 

where λ is the wavelength of the X-ray source (0.1541 nm), β is the FWHM, d is the diameter of particle, 

k is the shape factor (0.9).  The crystallite size of the synthesized sample was determined to be around 

10.35 nm. Furthermore, specific calculations of the (311) diffraction plane yielded a crystallite size of 8.91 

nm. 
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Figure 2. XRD pattern of the synthesized Fe3O4 NPs 

 

Table 1. Properties analysis of Fe3O4 

2θ(°) (hkl) Intensity (a.u) FWHM (°) d (hkl) a c d(nm) d moy. (nm) 

31.56 (220) 215.01 0.715 0.283 0.57 0.56 11.53 

36.92 (311) 1113.87 0.939 0.243 0.49 0.48 8.91 

44.59 (400) 211.72 0.779 0.203 0.41 0.40 11.01 10.35 

55.06 (422) 72.562 0.701 0.166 0.34 0.33 12.76  
58.50 (511) 304.80 0.979 0.157 0.32 0.31 9.293  
64.11 (440) 590.51 1.089 0.145 0.29 0.29 8.605  

 

3.2. Field Emission Scanning Electron Microscopy (FE-SEM- EDX) analysis 

The morphology of the Fe3O4 nanoparticles was assessed using FE-SEM imaging, and the elemental 

composition was investigated by EDX analysis. 

As shown in the FE-SEM image (Fig. 3-a), the prepared catalyst exhibited a spherical shape in terms 

of morphological structure, with a particle size distribution ranging from 150 to 250 nm [35].  

However, significant particle aggregation was also observed. This can be explained by the strong 

magnetic interactions between individual nanoparticles [36]. The highly aggregated particles further 

indicate a pore-free crystalline structure, consistent with previous findings [37].  

The EDX spectrum (Fig. 3-b) and Table 2 confirm that the nanoparticles were composed of Fe (66.7 

wt%) and  O (33.3 wt%).  

The corresponding EDX mapping (Fig. 3-c) confirms the spatial distribution of Fe and O across the 

sample, validating the catalyst synthesis. The bright green regions in the EDX map, which are indicative 

of high Fe concentrations, corroborate the formation of Fe-rich Fe₃O₄ structures. Although the 

homogeneous distribution of elements indicates a high degree of purity, the localized clustering observed 

in certain areas suggests nanoparticle aggregation, a phenomenon commonly associated with the high 

surface energy of nanoscale materials. 

 



Hydrothermally Synthesized Fe3O4 Magnetic Nanoparticles as Efficient Catalyst for Reusable Hydrogen Generation             1180 

via NaBH4 Methanolysis  

 

Nevertheless, the EDX analysis confirmed the stoichiometric integrity and structural uniformity of the 

Fe₃O₄ nanoparticles. These results highlight the potential of the synthesized Fe₃O₄ nanoparticles for 

various applications, including catalysis, hydrogen generation, and magnetic technology. 

 

 
Figure.3. FESEM image (a) -EDX spectrum (b) - EDX map (c) of the synthesized Fe3O4 NPs 

 

3.3. Fourier Transform Infrared Spectroscopy (FTIR) analysis 

The functional groups in the synthesized catalysts were identified using FTIR spectroscopy. The FTIR 

spectrum depicted in Fig. 4 reveals several characteristic peaks that provide insights into the chemical 

structure of the material. 

The wide absorption band at approximately 580 cm⁻¹ is associated with the stretching vibrations of 

Fe–O, confirming the presence of Fe₃O₄ nanoparticles [38], [39]. A distinct peak at 1056 cm⁻¹ indicates C–

O stretching vibrations, whereas those at ~1480 cm⁻¹ are attributed to the deformational vibrations of 

adsorbed water molecules (-OH) [40]. Additionally, the absorptions observed at 1628.4 cm⁻¹ and 1389.2 

cm⁻¹ are assigned to the COO⁻–Fe bond. These peaks suggest that the OH- groups on the Fe₃O₄ NPs surface 

reacted with the carboxylate anion of sodium citrate, successfully grafting sodium citrate onto the Fe₃O₄ 

nanoparticles [41]. Finally, the peak at 3239 cm⁻¹ confirms the presence of O–H stretching vibrations, 

indicative of hydroxyl groups within the catalyst structure [42], [43]. This comprehensive FTIR analysis 

validates the functionalization of Fe₃O₄ nanoparticles and provides essential insights into the chemical 

modifications achieved during the synthesis process. 
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Figure 4. FTIR spectrum of of the synthesized Fe3O4 NPs 

 

3.4.  Brunauer–Emmett–Teller (BET) analysis 

BET analysis was conducted to evaluate the surface area and pore characteristics of the synthesized 

Fe₃O₄ NPs. 

The catalyst had a pore volume of 0.06 cm³ g⁻¹ and a surface area of 37.17 m² g⁻¹, according to the data 

provided in Table 3.  

To investigate the physical properties, N₂ adsorption-desorption isotherms were analyzed at low 

temperatures (Fig. 5). According to IUPAC, the isotherms showed a type IVa hysteresis loop, which is 

typical of mesoporous materials. However, the Fe₃O₄ NPs had a pore volume of 0.06 cm³ g⁻¹ and a pore 

diameter of 13.24 nm (Table 2). 

These findings align with the essential features of mesoporous materials, further validating the 

suitability of the synthesized Fe₃O₄ nanoparticles for catalysis and other advanced material applications 

[44]. 

 

Table 2. BET results for of the synthesized Fe3O4 NPs 

Textural properties (DFT) Fe3O4 

Surface area (m² g-1)  37.17  

Pore volume (cm3 g-1)  0.06  

Pore diameter (nm)  13.24  
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Figure 5. the Fe3O4 NPs pore size distribution curves and N2 adsorption-desorption isotherms. 

 

4. THE PARAMETERS EFFECTS IN NaBH4 METHANOLYSIS REACTION 

The Fe₃O₄ NPs were chosen as a suitable catalyst for NaBH₄ methanolysis because of their superior 

hydrogen generation rate (HGR) compared to that of the Fe₃O₄@SiO₂ and Fe₃O₄@SiO₂/Co-Mo composites. 

The Fe₃O₄ NPs exhibited the highest HGR of 271.9  ml gcat⁻¹ min⁻¹, surpassing Fe₃O₄@SiO₂ (2416.86 ml gcat⁻¹ 

min⁻¹) and Fe₃O₄@SiO₂/Co-Mo (2120.50 ml gcat⁻¹ min⁻¹). As shown in Fig. 6, this indicates that the Fe₃O₄ 

NPs facilitate more efficient catalytic activity, likely owing to their enhanced surface area, better active site 

accessibility, and minimal diffusion resistance. Furthermore, their magnetic characteristics facilitate 

effortless recovery and repurposing, rendering them economical and effective options for producing 

hydrogen via NaBH4 methanolysis. A detailed explanation of this catalytic effect is provided in the 

catalytic effect section. 

4.1. Media Selection and Its Impact on Hydrogen Generation 

In this study, Fe₃O₄ nanoparticles exhibited moderate catalytic activity for the production of hydrogen 

from NaBH₄ in methanol, while showing negligible performance in water (hydrolysis), ethylene glycol, 

and methanol-ethylene glycol combinations. The pronounced reactivity in methanol can be attributed to 

its optimal balance of the dielectric constant, proton availability, and low viscosity, which collectively 

enhance BH₄⁻ solvolysis via an alcoholysis pathway. Conversely, ethylene glycol (EG), despite being a 

protic solvent, suffers from high viscosity and reduced proton mobility, which can hinder mass transport 

and limit the availability of free protons necessary for efficient BH₄⁻ decomposition [45], [46]. 
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Figure 6. The Hydrogen volume variation with different catalysts 

 

4.2. The NaOH effect on the NaBH4 methanolysis 

The influence of NaOH concentration on NaBH₄ methanolysis was examined using a loading catalyst 

of  100 mg, 1.5% NaBH4, and 30 °C.  The results indicated that the presence of NaOH adversely affected 

hydrogen generation, with minimal hydrogen evolution (30–40 ml). 

These findings align with those of previous studies, where NaOH significantly reduced the hydrogen 

generation rate of cobalt-doped catalysts (CEPcat). The observed decrease in hydrogen release is due to 

competitive adsorption on the catalyst surface. Specifically, OH⁻ ions are more likely to adsorb onto the 

surface than BH₄⁻ ions, thereby inhibiting the interaction of BH₄⁻ ions with the active centers and 

consequently lowering the reaction rate [47], [48]. 

Based on these findings, subsequent experiments were conducted in the absence of NaOH to ensure 

optimal conditions for hydrogen generation. This adjustment aims to mitigate competitive adsorption 

effects and enhance the overall catalytic efficiency. 

4.3. The NaBH4 effect on the NaBH4 methanolysis 

The effect of NaBH₄ concentration   during methanolysis was tested with a loading catalyst at   30 °C. 

The NaBH₄ concentrations varied between  1.5 and 10%. At 5%, 7%, and 10% NaBH₄ concentrations, the 

theoretical amount of hydrogen gas was not achieved because of by-product precipitation on the surface 

of the catalyst, which likely inhibited the catalytic activity. 

Therefore, 1.5% NaBH₄ was selected as the suitable concentration with 100 mg of catalyst for the next 

step of this study [49], [50], [51]. 

However, the methanolysis of NaBH4 over the Fe3O4 NPs catalyst may proceed through a stepwise 

mechanism, as shown in Fig. 7 and the following equation. 

1) The mechanism starts with the adsorption of BH₄⁻ ions in methanol onto the catalyst surface of 

Fe₃O₄ nanoparticles, where electron transfer leads to the production of negatively charged hydrogen 

hydride (H⁻), followed by the formation of an Fe–H bond; 

2) Methanol (CH₃OH) then adsorbs onto the iron surface, forming a reactive complex. 
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 3) The hydrogen bound to iron (Fe–H) reacts with the protonated hydrogen (H⁺) from the methanol 

molecule, generating one equivalent of hydrogen gas (H₂), while the methoxide group (CH₃O⁻) bonds to 

the boron atom to form BH₃OCH₃ through the formation of a B−O coordination bond resulting from the 

donation of an electron pair from the methoxide group to the vacant orbital of the boron atom 

4) The reaction continues along a similar pathway until the final compound NaB(OCH₃)₄ is formed, 

accompanied by the production of four molecules of hydrogen gas; 

5) Finally, the active sites on the catalyst surface are regenerated after NaB(OCH₃)₄ separates from iron  

[52], [53].  

 

Step  Reactions  
1 𝑁𝑎𝐵𝐻4(𝑠) ⇌ 𝑁𝑎(𝑎𝑞)

+ + 𝐵𝐻4(𝑎𝑞)
−                                   

2 𝐻(𝑎𝑞)
+ + 𝐵𝐻4(𝑎𝑞)

− ⇌ 𝐵𝐻3(𝑠) + 𝐻2(𝑔)                           

3 𝐵𝐻3(𝑠) + 3𝐶𝐻3𝑂𝐻(𝑙) ⇌ 𝐵(𝐶𝐻3)3(𝑎𝑞) + 3𝐻2(𝑔)               

4 𝐵(𝐶𝐻3)3(𝑎𝑞) + 3𝐶𝐻3𝑂𝐻(𝑙) ⇌ 𝐵(3𝐶𝐻3𝑂𝐻)4(𝑎𝑞)
− +  𝐻(𝑎𝑞)

+          

5 4𝐵(𝐶𝐻3𝑂)4(𝑎𝑞)
− +  2𝐻(𝑎𝑞)

+ + 7𝐻2𝑂(𝑙)  ⇌ 𝐵4𝑂7
2−
(𝑎𝑞)

+ 16𝐶𝐻3𝑂𝐻(𝑙)            

 

 
Figure 7. The suggested hydrogen process for the synthesized Fe3O4 NPs 

 

4.4.The temperature effect on the NaBH4 methanolysis 

The influence of temperature on NaBH₄ methanolysis was investigated at 20–50°C using 1.5% NaBH₄ 

and 100 mg of catalyst. The HGR increased from 1865.4 ml gcat⁻¹ min⁻¹ (20°C) to 5694 ml gcat⁻¹ min⁻¹ (50°C) 

(Figure 8). This trend is consistent with the expected behavior of thermally driven chemical reactions. The 

increase in HGR with temperature is due to the fact that at elevated temperatures, the molecular velocity 

is enhanced, leading to an increased frequency of collisions between the reactant molecules. Second, 

elevated temperatures provide the energy necessary to overcome the kinetic stability of intermediates, 

facilitating internal solvent percolation and accelerating the reaction [54], [55], [56], [57]. 

4.5. Kinetic analysis 

• nth order model 

Kinetic analyses were performed based on the results of experiments carried out at different 

temperatures to evaluate the behavior of the Fe₃O₄ catalyst. Thus, the kinetic parameters were found using 

the nth-order model ( Equation 4-6). 

 

−𝑟𝐴 = −
𝐴𝑑𝐶𝐴

𝑑𝑡
= 𝐾𝑛𝐶𝐴

𝑛                                                                              (4) 

where: 

r is the hydrogen generation rate (mmol min⁻¹), 
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C is the concentration of sodium borohydride (mol L⁻¹), 

k is the rate constant (dependent on temperature), 

n is the reaction order with respect to the NaBH₄ concentration. 

The reaction order (n) was determined by plotting ln r versus ln C, with the slope corresponding to n. 

This approach provides insights into the mechanistic aspects of the catalytic hydrolysis/methanolysis 

reaction pathway.         

 

 
Figure 8. The hydrogen volume evolution with the temperature (1.5% NaBH4, 100 mg catalyst) 

 

By integrating. 

−∫
𝑑𝐶𝐴

𝐶𝑛
𝐴

𝐶𝑁𝑎𝐵𝐻4
𝐶𝑁𝑎𝐵𝐻4 0

= ∫ 𝑑𝑡
𝑡

0
                                                                          (5) 

Finally, we get: 
1

𝐶𝑁𝑎𝐵𝐻4
𝑛−1 = (𝑛 − 1). 𝑘. 𝑡 +  

1

𝐶𝑁𝑎𝐵𝐻4 0
𝑛−1     (n≠1)                                              (6) 

                                                                                                                                  

The Ea of the NaBH4 methanolysis processes can be found by applying the Arrhenius equation (7). 

ln 𝑘 = ln𝐴 −
𝐸𝑎

𝑅𝑇
                                                                                      (7) 

The variation of 1/T with ln k graphic slope in Fig.9-a was  used to assess Ea. In this instance, the 

activation energy of the NaBH4 methanolysis reaction was 27.54 kJ mol-1.  

• Langmuir–Hinshelwood kinetic model 

The activation energy is commonly calculated using the Langmuir–Hinshelwood model (Equation 8). 
𝑑𝐶𝑁𝑎𝐵𝐻4

𝑑𝑡
= −𝑟.𝑁𝑎𝐵𝐻4 = −𝑘 

𝐾𝑎𝑑𝑠𝐶𝑁𝑎𝐵𝐻4

1+𝑘𝑎𝑑𝑠𝐶𝑁𝑎𝐵𝐻4
                                           (8) 

The activation energy was calculated using Equation (9), which was obtained by integration. 
1

𝐾𝑎𝑑𝑠
. 𝑙𝑛 

𝑁𝑎𝐵𝐻40

𝑁𝑎𝐵𝐻4
+ 𝑁𝑎𝐵𝐻40 −  𝑁𝑎𝐵𝐻4 = −𝑘 𝑡                                      (9) 

According to the (1/T) fluctuation with ln(k) graphics in Figure 9-b, 31.70 kJ mol-1 was found to be the 

activation energy. 
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Figure 9. the relationship between (1/T) and ln(k) for the NaBH4 methanolysis for the nth order and 

Langmuir–Hinshelwood kinetic model 

 

However, the relationship between the (ΔS°) and (ΔHads) according to the obtained Kads data can be 

computed using Equation 10, which can be used to calculate ΔG°.  

  ln 𝐾𝑎𝑑𝑠 =  
ΔS°

𝑅
− 

ΔH𝑎𝑑𝑠

𝑅

1

𝑇
                                                                                            (10) 

Here, the inverse of the temperature (1/T) illustrates the variation in the adsorption equilibrium with 

temperature. 

According to this method, the slope represents − ΔHads/R, whereas the intercept corresponds to ΔS°/R. 

As shown in Figure 10, the standard entropy change (ΔS°) was determined to be  38.90 ± 0.01 kJ 

mol⁻¹K⁻¹, and the adsorption enthalpy change (ΔHads) was found to be 45.13 ± 0.01 kJ mol⁻¹. 

 

 
Figure 10. (1/T) variation with ln(Kads) for the NaBH4 methanolysis 
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However, the ΔG° was calculated via Equation 11 ( Table 3). 

                                         ΔG° = ΔHads – T·ΔS°                                                        (11) 

 

Table 3. Overview of the ΔG°, ΔS°, and ΔHads, values derived from Kads calculations 

T Kads ΔG° (J·mol−1) ΔS° (kJ·mol−1·K−1) ΔHads (kJ·mol−1) 

20°C 13.5 -11352.57  

 

38.90± 0.01 

 

 

45.13 ± 0.01 

30°C 13 -11741.57 

40°C 10 -12130.57 

50°C 8 -12519.57 

 

• Turnover Frequency Number ( TOF) 

The number of reactant molecules transformed per active site in a specific amount of time is indicated 

by the TOF.  

As shown in Equation 12, it is generally expressed as molH2 molcat-1 h-1.The number of active sites in 

the response is the main focus of the TOF [58], [59], [60].  

 

Turnover Frequency (molH2 molcat-1 h-1) = 
𝑛𝑚𝑜𝑙   𝐻2

𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑚𝑜𝑙 𝑡𝑖𝑚𝑒 ℎ
                                                                     (12) 

A moderate TOF of 604.84 molH2·molcat-1 h-1 was demonstrated by the fabricated sample during NaBH4 

methanolysis at 30°C. This corresponded to a HGR of 2721.9 ml gcat⁻¹ min⁻¹. 

Table 4 compares the catalytic performance of the Fe3O4 NPs with that of other catalysts reported in 

the literature. Our results showed a notable Ea and a remarkably high HGR. 

 

Table 4. Catalytic performance comparison between Fe3O4 NPs and in the literature. 

Catalyst Experiments conditions HGR (ml g-1min-1) Ea (kJ mol-1) Ref 

CoNi/Fe3O4@GO 15 mg, 3.5% NaBH4 8200  21.45 [61] 

Co–Cu–B 15% NaOH, 2.5% NaBH4 270 40.53 [62] 

Fe–Ni/MMT 10 ml, 100 mg NaBH4  2480  17.22 [63] 

Ru-Fe/GO 1% NaOH, 10% NaBH4 473 59.33 [64] 

Fe-B NPs 1% NaOH, 15% NaBH4 5487  7.02 [65] 

Fe3O4 NPs 100 mg, 10% NaBH4 2721.9 27.18 This  study 

 

4.6.The reusability of Fe3O4 in NaBH4 methanolysis 

Experiments were conducted using a loading catalyst of 100 mg, 1.5% NaBH₄, and 30 °C to examine 

the reusability of the Fe3O4 NPs while maintaining reliable and consistent conditions. 

To remove any remaining byproducts, the catalyst was carefully cleaned with ethanol and deionized 

water after each test. To prepare it for further cycles, the cleaned catalyst was dried at 80 °C in an N₂ 

environment. 

As illustrated in Fig. 11, the Fe3O4 NPs demonstrated a stable HGR over six cycles while maintaining 

a high efficiency. Specifically, the HGR decreased only marginally from 2125.86 ml gcat⁻¹ min⁻¹ in the first 

cycle to 2070.0 ml gcat⁻¹ min⁻¹ in the sixth cycle. This minimal reduction emphasizes the durability and 

reusability of the catalyst. 
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Figure 11. The evolution of hydrogen volume with the number of reusability ( 1.5% NaBH4, 100 mg 

catalyst, 30°C) 

5. CONCLUSIONS 

This study demonstrates the effective use of hydrothermally synthesized Fe₃O₄ nanoparticles (NPs) in 

NaBH₄ methanolysis. 

Under optimized conditions of 10% NaBH₄ concentration, 100 mg catalyst loading, and a 30°angle, 

the Fe₃O₄ NPs exhibited an HGR of 2721.9 ml gcat⁻¹ min⁻¹. The Ea was determined to be 27.18 kJ mol⁻¹, 

indicating favorable kinetics at mild temperatures. 

XRD analysis revealed a crystallite size of approximately 10.35 nm, with no detectable impurities, 

highlighting the purity of Fe₃O₄ nanoparticles. 

Elemental analysis via EDX confirmed the composition of the nanoparticles, with iron (Fe) and oxygen 

(O) present in weight percentages of 66.7% and 33.3%, respectively, respectively. 

The durability of the catalyst was demonstrated through six consecutive reusability tests, during 

which 99% of the initial activity was retained after each test. This excellent stability emphasizes its 

potential for long-term use in industrial hydrogen production processes. 

Future research should explore scaling of the synthesis process and evaluate the catalyst performance 

under industrial conditions to further validate its practical applicability. 
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