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Abstract
In recent years, Fe3O4 nanoparticles have been widely developed as adsorbents for various applications. However, their 
hydrophobic surface limits their application in polar systems, necessitating surface modifications to enhance adsorption. In this 
study, gallic acid was employed to modify Fe3O4 nanoparticles, as its carboxyl and phenolic hydroxyl groups can provide sites for 
protein adsorption. The research aims to determine the optimal pH, adsorption capacity, isotherm models, and thermodynamic 
parameters for bovine serum albumin (BSA) adsorption, as a model protein, onto gallic acid-modified and unmodified Fe3O4 
nanoparticles using batch experiments. The experiments varied pH (3.6–5.6), initial BSA concentrations (0.50–1.75 mg/L), and 
temperatures (30–50 °C). FTIR analysis confirmed successful modification through the presence of C=O stretching bonds, while 
BSA adsorption was indicated by the appearance of amide groups and transmission electron microscopy (TEM) observations. 
Maximum adsorption was achieved at pH 4.8, in the vicinity of BSA isoelectric point. The Langmuir isotherm model best described 
the adsorption process for all adsorbents. Thermodynamic analysis showed that BSA adsorption was spontaneous and endothermic 
with increased randomness, as evidenced by negative Gibbs free energy, along with positive enthalpy and entropy values. Surface 
modification with gallic acid enhanced BSA adsorption capacity to 68.49 mg/g compared to 34.84 mg/g for unmodified Fe3O4 at 50 
°C.    
 
Keywords adsorption, bovine serum albumin (BSA), gallic acid, iron oxide nanoparticles, magnetite  

1. INTRODUCTION

In recent years, the study of nanoparticles 

(ranging in size from 1 to 100 nm) has drawn 

significant attention from researchers across various 

scientific disciplines. Among various nanoparticles, 

iron oxide nanoparticles, especially Fe3O4 

(magnetite), have been developed and studied due 

to their unique and advantageous properties, 

namely: being highly biocompatible, exhibiting 

good magnetic properties and being low in toxicity. 

Additionally, their reactive surface facilitates easy 

surface modification, making them highly versatile 

for a wide array of applications [1]. Fe3O4 

nanoparticles find applications in numerous fields, 

including biomedicine, biosensing, energy storage, 

and environmental science [2]. Within the 

biomedical domain, they are explored for drug 

 
delivery [3], magnetic resonance imaging contrast 

agents, and hyperthermia treatments for cancer [4]. 

In the field of biosensing, Fe3O4 nanoparticles serve 

as key components in the development of sensitive 

and specific sensors for the detection of 

biomolecules [5]. In energy storage, they contribute 

to the development of high-performance batteries 

and supercapacitors [6]. Moreover, their 

environmental applications include water-

wastewater treatment, where they have been 

employed as Fenton-like catalysts [7], magnetic 

coagulant [8]-[11], as well as for the adsorption of 

heavy metals, dyes, and other pollutants [12]. 

Given the wide range of potential applications, 

the study of Fe3O4 and protein composite synthesis 

through protein adsorption and immobilization has 

gained significant prominence. Within the scope of 

the aforementioned applications, the study of Fe3O4 

and protein composite synthesis via protein 

adsorption/immobilization is gaining prominence. 

The composite of protein and nanoparticles has 

been widely used for various applications, such as: 

antibiotics adsorption [13], biosensor [14], surface 

imprinting [15], enzyme immobilization [16][17], 

natural coagulant [18], and medium for drug 

delivery [19][20]. To achieve a good adsorption of 

protein on Fe3O4, surface modification is used to 

improve the adsorption capacity. Previous studies 

have reported enhanced protein adsorption on Fe3O4 
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through modifications with chitosan [21], ionic 

liquid [15], and acids [22], resulting in adsorption 

capacities ranging from 36.8 to 96.6 mg/g. Among 

these methods, acid modification of Fe3O4 

nanoparticles has been widely explored due to its 

simplicity and effectiveness. Various acids, 

including citric acid [22][23], oxalic acid, succinic 

acid, and glutamic acid [24] have been used to 

modify Fe3O4 for several applications such as 

cancer drug delivery and magnetic coagulant. 

Tannic acid has been utilized for enzyme 

immobilization on Fe3O4 nanoparticles, showcasing 

its potential in biocatalysis and other 

biotechnological applications [16][17][25]. 

In the present study, the use of gallic acid was 

investigated to modify Fe3O4 nanoparticles for 

bovine serum albumin (BSA) as a model protein 

substance. Gallic acid is a polyphenol that is 

commonly found in plants, both in free state or as a 

part of a complex structure. Its role as antibacterial, 

antifungal, antiviral, anti-inflammatory agent, as 

well as its high antioxidant activity has been 

reported in previous studies [26][27]. Gallic acid 

contains a carboxyl group and three phenolic 

hydroxyl groups that can anchor onto the Fe3O4 

surface, thereby providing more functional sites for 

protein interaction, while also reducing nanoparticle 

agglomeration and enhancing hydrophilicity [28]. 

Furthermore, compared to tannic acid, the smaller 

gallic acid molecule provides more homogenous 

surface coverage and less steric hindrance, unlike 

the bulkier structure of tannic acid. Previous studies 

have demonstrated the use of gallic acid modified 

Fe3O4 in diverse applications, such as adsorption, 

enzyme immobilization, drug delivery, antioxidant, 

and antimicrobial agents [28][29][30]. Atacan et al. 

[29] have reported the use of gallic acid-modified 

Fe3O4 for immobilization of trypsin for hydrolysis 

of bovine milk. The immobilized enzyme exhibited 

high performance and retained stability after eight 

reuse cycles. Similarly, a study by Mu et al. [31] 

reported the use of a combination of BSA, gallic 

acid, and iron nanoparticles as theranostic agents 

with high biocompatibility. 

However, despite the extensive research on 

gallic acid-modified Fe3O4 nanoparticles, there has 

been limited investigation into the isotherm and 

thermodynamics of protein adsorption Therefore, 

the aim of this study was to investigate the effect of 

various variables, namely the solution’s pH, BSA 

concentration, and adsorption temperature on the 

BSA adsorption onto modified Fe3O4 nanoparticles 

compared to unmodified one. By analyzing the 

adsorption data, we applied several isotherm 

adsorption models were applied, namely the 

Langmuir, Freundlich, Temkin, and Dubinin-

 

 

 
 

 
Figure 1. SEM images of (a) Fe3O4, (b) Fe3O4-BSA, and (c) Fe3O4-GA-BSA; and TEM images of (d) 

Fe3O4, (e) Fe3O4-BSA, and (f) Fe3O4-GA-BSA (arrows indicate the protein layer on the nanoparticle 

surface).  
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Radushkevich (DR) models to better understand the 

adsorption phenomena of BSA. Additionally, the 

thermodynamic nature of the adsorption process 

was investigated, providing insights into the 

feasibility and spontaneity of the adsorption under 

different conditions. The results of this study 

contribute to the broader understanding of protein 

adsorption on Fe3O4 nanoparticles and pave the way 

for future applications of Fe3O4-protein composite 

in biomedicine, environmental science, and other 

fields where nanoparticle-protein composites play a 

crucial role.  

 

2. MATERIALS AND METHODS 

 

2.1. Materials  

In this study, Fe3O4 nanoparticles (Sigma 

Aldrich, nanopowder < 50 nm, >97%), gallic acid 

(Merck, anhydrous, ≥ 98.0%), BSA (Merck, ≥ 

96.0%), acetic acid (Merck, glacial, ≥ 99.0%), 

sodium acetate (Merck, ≥ 99.0%), and ethanol 

(technical grade, 96% v/v) were purchased from 

local suppliers and used without further 

purification. Demineralized water was employed for 

all solution preparations and experimental 

procedures.  

 

2.2. Modification of Fe3O4 

The modification of Fe3O4 followed the 

procedure outlined by Atacan and Özacar [16]. 

Specifically, 3.5 g of Fe3O4 was dispersed into 60 

mL of demineralized water and sonicated for 15 

min (Elma Ultrasonics PH60), followed by mixing 

at 200 rpm 40 °C for 1 h. Meanwhile, 2.5 g of gallic 

acid was dissolved into 40 mL demineralized water 

in a separate beaker. This solution was subsequently 

added to the Fe3O4 suspension and mixed at 200 

rpm, with temperature of 40 °C for 2 h. After 

completion, the solid was separated using an 

external magnet and washed with 50 mL 

demineralized water, followed by 20 mL ethanol, 

before being dried in an oven at 60 °C for 24 h. 

This modified Fe3O4 was then stored in a desiccator 

for the adsorption study. The gallic acid modified 

Fe3O4 is denoted as Fe3O4-GA. 

 

2.3. BSA Adsorption Study 

The BSA adsorption study was conducted using 

the methodology outlined in our previous study 

[32]. Prior to the adsorption at various BSA 

concentrations, the best pH for the BSA adsorption 

was studied. Approximately 80 mg of Fe3O4 was 

added to 5 mL of a 1 mg/L BSA solution with 

initial pH values adjusted between 3.6 to 5.6 using 

an acetate buffer solution and measured using a 

calibrated pH meter (Hanna Instruments HI8424). 

The suspension was ultrasonicated for 1 min, 

followed by mixing at 30 °C for 4 h in a water bath 

shaker (Jeio Tech BS-06). After the adsorption, the 

Fe3O4 was separated using external magnet, washed 

using acetate buffer and oven-dried (70 °C for 12 

h). The Bradford method was employed to quantify 

the BSA concentration [33]. The absorbance of the 

protein – Bradford reagent complex was measured 

 

 

 
Figure 2. (a) FTIR spectra of Fe3O4 before and after gallic acid modification and BSA adsorption; and (b) 

XRD patterns of Fe3O4, Fe3O4-BSA, and Fe3O4-GA-BSA.  
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using a spectrophotometer (Thermo Scientific 

Genesys 150). For isotherm adsorption and 

thermodynamics study, the adsorption was applied 

at the best pH from the previous step. Various initial 

BSA concentrations (0.5 to 1.75 mg/L) and 

adsorption temperatures (30, 40, and 50 °C) were 

used. All the adsorption experiments were carried 

out by using Fe3O4 and Fe3O4-GA as adsorbents, 

with two replicates for each experiment. The 

analysis of variance was made by using SPSS 

version 20.0. 

 

2.4. Material Characterization 

Following BSA adsorption, the samples were 

designated as Fe3O4-BSA and Fe3O4-GA-BSA, 

corresponding to pristine and gallic acid-modified 

Fe3O4, respectively. Material characterization was 

performed on both samples obtained at BSA 

concentration of 1.75 mg/mL and an adsorption 

temperature of 50 °C, which yielded the highest 

BSA adsorption capacity. Confirmation of 

successful modification and BSA adsorption was 

conducted using Fourier-transform infrared 

spectroscopy (FTIR, Prestidge 21 Shimadzu 

Instruments) with the KBr pellet method. The 

morphology of Fe3O4 before and after BSA 

adsorption was examined using a scanning electron 

microscope (SEM, Hitachi SU3500) and 

transmission electron microscope (TEM, Hitachi 

HT7700). X-ray diffraction (XRD, Bruker D8 

Advance) was employed to analyze the crystallinity 

of the materials. The crystallite size (d, in nm) was 

estimated from the XRD patterns using the Scherrer 

equation (Equation (1)), where θ is the Bragg angle, 

K is the Scherrer constant (0.9), λ is the wavelength 

of Cu Kα radiation (0.15405 nm) and β is the full 

width at half maximum (FWHM) of the diffraction 

peak.  

 

      (1) 

 

2.5. Isotherm Adsorption Models 

The adsorption capacity was calculated by using 

Equation (2), where qe (mg/g) is the equilibrium 

 

 

 
Figure 3. Effect of pH on BSA adsorption onto pristine Fe3O4 and Fe3O4-GA. 

Source Sum of Squares df Mean Square F Sig. Partial eta Squared 

Corrected model 1489.158a 11 135.378 26.831 0.000 0.961 

Intercept 11342.715 1 11342.715 2248.020 0.000 0.995 

pH 967.278 5 193.456 38.341 0.000 0.941 

Modif 391.731 1 391.731 77.637 0.000 0.866 

pH * Modif 130.149 5 26.030 5.159 0.009 0.682 

Error 60.548 12 5.046       

Total 12892.420 24         

Corrected Total 1549.705 23         

 
 

 
Table 1. Analysis of variance for pH variation on BSA adsorption. 

 

(a) R squared = 0.961 (adjusted R squared = 0.925); Modif = modification 
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adsorption capacity, Ci and Ce (mg/L) are the initial 

and final BSA concentration, V represents the 

solution’s volume (L), and m denotes the mass of 

Fe3O4 or Fe3O4-GA (g). The adsorption capacity at 

various adsorption conditions was subsequently 

studied to determine the suitable isotherm 

adsorption models. The aptness of the experimental 

data and isotherm adsorption models was 

determined by the χ2 value, which is calculated 

using Equation (3).  

 

      (2) 

 

      (3) 

 

2.6. Adsorption Thermodynamics 

The thermodynamic parameters of BSA 

adsorption, including Gibbs free energy (ΔG°), 

enthalpy (ΔH°), and entropy (ΔS°) were determined 

by using Equations (4) and (5). In these 

calculations, R represents the universal gas constant 

(8.314 J/mol K), while T denotes the adsorption 

temperature (K). The equilibrium constant (K°) was 

derived from the isotherm adsorption constant (KL). 

This value is converted into a dimensionless K° 

value by using Equation (6) [34][35].  

 

      (4) 

 

      (5) 

 

      (6) 

 

3. RESULTS AND DISCUSSIONS 

 

3.1. Characterization of Fe3O4 after Modification 

and BSA Adsorption 

The morphology of pristine Fe3O4, Fe3O4-BSA, 

Fe3O4-GA-BSA was observed using SEM and TEM 

analyses, as shown in Figure 1. SEM images 

 

 

 

 
Figure 4. Adsorption capacity of BSA at various initial concentrations and temperatures on (a) Fe3O4 and 

(b) Fe3O4-GA.  

 
 

a b 

 

Table 2. Analysis of variance for BSA adsorption. 

Source Sum of Squares df Mean Square F p Value 

Corrected model 12692.582a 35 362.645 258.728 0.000 
Intercept 77881.239 1 77881.239 55564.166 0.000 
Modif 4784.197 1 4784.197 3413.273 0.000 
Temp 2587.601 2 1293.800 923.058 0.000 
Conc 3000.279 5 600.056 428.108 0.000 
Modif * Temp 904.369 2 452.185 322.610 0.000 
Modif * Conc 944.681 5 188.936 134.796 0.000 
Temp * Conc 244.463 10 24.446 17.441 0.000 
Modif * Temp * Conc 226.992 10 22.699 16.195 0.000 
Error 50.459 36 1.402     
Total 90624.280 72       
Corrected total 12743.041 71       

R squared = 0.996 (adjusted R squared = .992); modif = modification, temp = temperature, conc = concentration. 
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(Figures 1(a)–1(c)) revealed that Fe3O4 particles 

generally appeared as agglomerated spherical 

particles. Modification and BSA adsorption 

generally did not significantly alter the overall 

morphology. However, in the Fe3O4-BSA and 

Fe3O4-GA-BSA samples, larger agglomerates were 

observed compared to pristine Fe3O4, likely due to 

the presence of proteins that enhanced interparticle 

interactions. Further TEM analysis (Figures 1(d)–1

(f)) confirmed that Fe3O4 particles were spherical 

with a tendency to agglomerate. In the Fe3O4-GA-

BSA sample (Figure 1(f)), a grayish layer was 

observed on the iron nanoparticles (indicated by the 

arrow). This layer indicates the presence of organic 

compounds, specifically proteins, adsorbed onto the 

iron nanoparticles surface. Such a layer was not 

clearly visible in Fe3O4-BSA (Figure 1(e)), which 

may be attributed to the relatively lower amount of 

protein adsorption.  

The FTIR analysis (Figure 2(a)) confirmed the 

successful modification using gallic acid and BSA 

adsorption on the Fe3O4. As shown in Figure 2(a), 

the Fe3O4 samples exhibited several notable peaks, 

specifically at 3429 and 1622 cm-1 corresponding to 

the O–H vibrational stretching of water molecules 

incorporated in the Fe3O4 framework. Additionally, 

a peak at 596 cm-1 was observed, attributed to the 

Fe–O vibrational mode [36]. After gallic acid 

modification, sharper peaks at 3429 and 1622 cm-1, 

indicative of the O–H and C=O functional groups 

respectively, were observed. A broad peak at 1400 

cm-1 was also observed that indicated the C=C bond 

of the gallic acid aromatic ring [37]. These changes 

in the FTIR spectra indicated a successful 

modification of Fe3O4 using gallic acid. After BSA 

adsorption, some notable peaks were observed 

around 1600–1700, 1500–1600, and 1200–1400 cm-

1 corresponding to the amide I, amide II, and amide 

III in the structure, respectively [38]. An 

overlapping peak was also observed around 3200 

cm-1 due to the N–H stretching of the protein. 

Furthermore, a slight peak shift was observed 

around Fe–O which may indicate the bonding of 

gallic acid and BSA on the Fe3O4
 surface. Another 

minor shift was also observed for the amide II and 

III peaks in Fe3O4-GA-BSA compared to Fe3O4-

BSA suggesting the interactions between BSA and 

gallic acid. 

The crystallinity of the samples was measured by 

XRD, as shown in Figure 2(b). The diffraction 

peaks were identified at 18.3° (111), 30.1° (202), 

35.5° (311), 37.1° (222), 43.1° (400), 53.5° (422), 

57° (511), 62.6° (440), 71.4° (620), 74.1° (533), 

and 79° (444) corresponding to Fe3O4 (JCPDS 19-

629) [39]. The XRD spectra indicate that there were 

no significant changes of the Fe3O4 crystal structure 

after gallic acid modification and BSA adsorption. 

Using the Scherrer equation, the crystallite sizes 

were calculated as 35.83, 38.43, and 37.93 nm for 

Fe3O4, Fe3O4-BSA, and Fe3O4-GA-BSA, 

respectively. These results confirm the nanoscale 

nature of the materials, and the similar crystallite 

sizes further validate that the crystal structure 

remained unchanged after modification and protein 

adsorption. 

 

3.2. The Effect of pH on BSA Adsorption 

Figure 3 illustrates the impact of pH on BSA 

adsorption. Generally, it can be seen that with the 

increase of pH from 3.6 to 4.8, the adsorption 

capacity of BSA increased. After pH 4.8, the 

adsorption capacity decreased. Similar results have 

 

 

 
 

Isotherm Model Equation Linearized Form 

Langmuir   

   

Freundlich   

Temkin   

Dubinin-Radushkevich   

   

 

Table 3. Equations and linearized forms of the isotherm models used in this study [44]. 
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been reported by previous studies [32][40]. It is 

known that the highest BSA adsorption occurred 

near its isoelectric point (pI) of 4.5–4.8 [41]. At its 

pI, the conformational shift of BSA structure makes 

the BSA structure compact, which reduces the 

repulsive force between BSA and the adsorbent. At 

the pH above BSA pI, the adsorption capacity 

decreased due to the expansion of the BSA 

structure, hindering the interaction of BSA-

adsorbent [42]. The analysis of variance for the 

effects of modification and pH to BSA adsorption is 

presented in Table 1. It can be observed that pH, 

modification, and their interaction significantly 

affected the BSA adsorption capacity (p-value < 

0.05). Furthermore, the least significant difference 

(LSD) analysis (Table S1) showed that the pH 4.8 

was significantly different from the other pH 

values. Therefore, pH 4.8 was subsequently 

employed in the investigation of adsorption 

isotherms.  

 

3.3. The Influence of Concentration and 

Temperature on BSA Adsorption 

Figure 4 illustrates the dependence of adsorption 

capacity on BSA concentration and adsorption 

temperature. Noticeably, increased initial BSA 

concentration resulted in more BSA adsorbed on 

the adsorbent. With more BSA molecules present in 

the solution, more effective interaction of adsorbate

-adsorbent occurred, resulting in more protein being 

adsorbed [43]. The influence of adsorption 

temperature exhibited similar trend. The higher the 

adsorption temperature, the more BSA was 

adsorbed. This trend might indicate that the 

adsorption on both adsorbents was endothermic. 

Under optimal conditions of 1.75 mg/mL BSA 

concentration and a temperature of 50 °C, the 

adsorption capacity reached 34.84 mg/g for Fe3O4 

and significantly increased to 68.49 mg/g for Fe3O4-

GA. The analysis of variance was employed to 

further explore the influence of modification, BSA 

concentration, and temperature on the studied 

 

 

Figure 5. Fitting of experimental adsorption data to isotherm models (Langmuir, Freundlich, Tem-

kin, and Dubinin-Radushkevich) for BSA adsorption onto (a) Fe3O4 and (b) Fe3O4-GA at 50°C. 

 

a b 
 

Adsorbent qm Langmuir (mg/g) Temperature (°C) Reference 

Fe3O4-GA 68.49 50 This study 

Fe3O4 34.84 50 This study 

TiO2 44.40 40 [46] 

Hydroxyapatite 28.00 37 [47] 

Kaolinite 33.02 25 [48] 

Ionic liquid functionalized Fe3O4 36.80 25 [15] 

Citrate modified Fe3O4 83.00 25 [22] 

Table 5. Comparison of Langmuir qm for BSA on different adsorbents. 
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parameters, as presented in Table 2. It is evident 

that modification, initial BSA concentration, 

temperature, and their interactions are significant 

parameters to the adsorption capacity with 

confidence level of 95%, as indicated in the p 

values < 0.05. Furthermore, the LSD analysis 

(Tables S2–S3) confirmed that pairwise 

comparisons among all temperature and BSA 

concentration levels were significantly different.  

 

3.4. Isotherm Adsorption Study 

A deeper understanding of BSA adsorption on 

both adsorbents was sought through further 

isotherm study. This analysis involved the 

application of various isotherm models, including 

Langmuir, Freundlich, Temkin, and Dubinin-

Radushkevich (DR). The equations for these 

isotherm models are provided in Table 3, while the 

fitting results are shown in Table 4.  

The Langmuir isotherm model postulates that 

adsorption occurs at a single layer level on 

homogenous surfaces where all sites share 

equivalent adsorption energy. For the Langmuir 

model, qm is the Langmuir maximum adsorption 

capacity while KL stands for the Langmuir constant. 

It can be seen that the modification of Fe3O4 and 

higher adsorption temperature increased the 

maximum adsorption capacity. This denotes the 

effectiveness of surface modification where gallic 

acid can interact with BSA molecules via 

hydrophobic cavities [30] as well as hydrogen 

bonding [45]. The positive correlation between 

adsorption capacity and temperature indicates the 

endothermic nature of the adsorption process. 

Observing the Langmuir separation factor (RL), all 

the values lie between 0 to 1, which indicates a 

favorable adsorption process. Comparison of BSA 

adsorption in this study with the previous literature 

is presented in Table 5. Noticeably, the Fe3O4-GA 

gave a comparable result of BSA adsorption 

capacity compared to other modification methods, 

employing a simpler approach.  

The Freundlich model, which accounts for 

multilayer adsorption on heterogeneous surfaces 

characterized by varying adsorption energies, 

demonstrated an increase in the Freundlich constant 

(Kf) with both Fe3O4 modification and increasing 

temperature. This observation suggests a positive 

impact of surface modification and temperature on 

the adsorption of BSA. Moreover, by noting that the 

value of 1/n, which describes the intensity of the 

adsorption, lies between 0 to 1 in all variations. 

Based on this, we can infer that the adsorption of 

BSA was favorable. The Temkin isotherm model 

posits that the heat of adsorption is a function of 

temperature, and the number of adsorbate 

molecules diminishes linearly with the increase of 

surface coverage of the adsorbate [49]. In the 

Temkin isotherm, the α value represents the 

maximum binding energy. The higher the 

temperature increases for both adsorbents, the 

higher α values that were obtained, confirming the 

endothermic nature of the adsorption [50]. The DR 

model, predicated on the Polanyi potential (ε) and a 

Gaussian distribution of adsorption energies on 

heterogeneous surfaces [44], demonstrated a 

positive correlation between temperature and 

maximum adsorption capacity (qs) for both 

adsorbents. Furthermore, the modified adsorbent 

exhibited a greater qs value. This finding aligns 

with the results from the previous isotherm 

adsorption models analysis. The aptness of the 

experimental data with the isotherm adsorption 

model can now be determined based on the χ2 value 

and the data-model fitting (Figure 5). The Langmuir 

isotherm model exhibited the low chi-squared (χ2) 

value, suggesting it was the best fit for the data in 

this study, as also shown in Figure 5. This result is 

 

 

T (°C) 
Fe3O4 Fe3O4-GA 

∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol K) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol K) 

30 -59.85 

47.35 352.87 

-60.05 

73.73 442.39 40 -62.66 -65.53 

50 -66.94 -68.85 

Table 6. Thermodynamics parameter of BSA adsorption onto Fe3O4 and Fe3O4-GA at different 

temperatures. 
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in accordance with the previously reported studies 

[51]-[53], that reported a monolayer nature of 

protein adsorption.  

 

3.5. Adsorption Thermodynamics 

Thermodynamic parameters (Table 6) revealed 

that BSA adsorption was a spontaneous process, as 

demonstrated by the negative Gibbs free energy and 

positive entropy values. Furthermore, the degree of 

spontaneity increased with higher adsorption 

temperatures. In addition, adsorption of BSA was 

endothermic, indicated by positive enthalpy value. 

Moreover, observing the values of enthalpy can 

illustrate the nature of adsorption. It is known that 

the physisorption process results in enthalpy below 

40 kJ/mol, and chemisorption at values of 80–400 

kJ/mol. The enthalpy value between ~50–70 kJ/mol 

might indicate a stronger bond such as hydrogen 

bonds [54]. ΔG° values provide a means of 

classifying adsorption. Values between 0 and -20 

kJ/mol indicate physisorption, while values between 

-80 and -400 kJ/mol suggest chemisorption. The 

ΔG° values in this study indicate that BSA 

adsorption is a combination of chemisorption and 

physisorption [55].  

Figure 6 illustrates the potential bonding 

mechanisms between Fe3O4-BSA and Fe3O4-GA-

BSA. BSA can bind directly to Fe3O4 through 

electrostatic interactions and coordination bonds, 

either monodentate or bidentate [56]. In contrast, 

gallic acid, which is bound to Fe3O4 via hydrogen 

bonding [57], facilitates stronger protein bonds 

through both hydrogen and hydrophobic 

interactions [58]. This may be due to the presence 

of stronger bonds, compared to the electrostatic 

interactions, contributing to the increased 

adsorption enthalpy observed in Fe3O4-GA-BSA. 

relative to Fe3O4-BSA.  

 

4. CONCLUSIONS 

 

In this study, Fe3O4 nanoparticles were 

successfully modified using gallic acid for BSA 

adsorption. FTIR analysis confirmed the 

modification, which resulted in a substantial 

increase in adsorption capacity, reaching 68.49 mg/

g compared to 34.84 mg/g for unmodified Fe3O4 at 

50 °C. Furthermore, adsorption capacity was 

significantly influenced by surface modification, 

adsorption temperature, and initial BSA 

concentration. The Langmuir model was identified 

as the most appropriate, indicating monolayer 

adsorption of BSA. Thermodynamic analysis 

revealed that the adsorption of BSA onto both 

Fe3O4 and Fe3O4-GA was endothermic, as shown 

by positive enthalpy change (ΔH° > 0). The process 

was also spontaneous, demonstrated by the negative 

Gibbs free energy values (ΔG° < 0) and positive 

 

 

Figure 6. Schematic illustration of interactions between (a) Fe3O4-BSA (a) and (b) Fe3O4-GA-BSA.  
 

a 

b 
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entropy change (ΔS° > 0), indicating increased 

randomness with surface modification and higher 

temperatures.     
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