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Abstract 

 The development of magnetically recoverable nanocomposites with high structural stability and surface 

functionality is crucial for catalytic and biocatalytic processes in aqueous environments. In this work, a Fe₃O₄/GO–PEG 

nanocomposite was synthesized via a co-precipitation route followed by PEG functionalization to improve dispersibility, 

chemical robustness, and reusability. Comprehensive characterization using XRD, FTIR, TEM, BET, VSM, DLS, TGA, 

and ICP–OES confirmed the formation of monodisperse Fe₃O₄ nanoparticles (7 - 15 nm) uniformly anchored on GO 

sheets. XRD and FTIR analyses verified the Fe–O–C coordination and amide (–CO–NH–) linkages, indicating successful 

PEG grafting. The nanocomposite exhibited a mesoporous structure (6 - 9 nm) with a high surface area (137.4 m²·g⁻¹) 

and retained superparamagnetic behavior (Mₛ = 55.8 emu·g⁻¹), enabling rapid magnetic separation. DLS and zeta potential 

measurements demonstrated that PEG-induced steric stabilization effectively suppressed aggregation and reduced Fe 

leaching by 53% under ultrasonic conditions. The synergistic effect of GO support and PEG coating provides enhanced 

colloidal stability, chemical durability, and magnetic recyclability, making the material a promising platform for 

ultrasonic-assisted delignification and enzyme immobilization. This study establishes a clear structure–stability–function 

correlation in Fe₃O₄/GO–PEG systems, elucidating the critical role of PEGylation in preserving magnetism while 

mitigating degradation during sonochemical and biocatalytic operations. 

 

Keywords: Fe₃O₄/GO–PEG nanocomposite, Coordination bonding, PEG functionalization, Magnetic stability, 
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Introduction 

 The design of stable and recyclable nanostructured 

catalysts has become a central goal in environmental and 

biochemical process engineering [1]. Magnetite (Fe₃O₄) 

nanoparticles possess high surface area, strong magnetic 

responsiveness, and redox activity, making them widely 

used as catalysts, supports, and separation agents in 

aqueous and ultrasonic-assisted reactions [2]. However, 

their intrinsic susceptibility to surface oxidation, 

aggregation and iron leaching often reduces catalytic 

efficiency and limits recyclability. Therefore, structural 

stabilization strategies are essential to preserve both 

magnetic functionality and catalytic performance during 

repeated operation [3]. 

  

 Graphene oxide (GO) provides an excellent 

platform for dispersing and anchoring Fe₃O₄ 

nanoparticles due to its two-dimensional structure, high 

surface area, and abundant oxygenated functional 

groups (–COOH, –OH and epoxide) [4]. These sites 

enable the formation of Fe–O–C coordination bonds, 

ensuring homogeneous particle distribution and 

improved interfacial adhesion [5]. Nevertheless, 

Fe₃O₄/GO composites often suffer from colloidal 

instability and partial Fe leaching in liquid 

environments, indicating the need for surface 

passivation [6]. 
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 To address these drawbacks, surface modification 

using hydrophilic polymers—particularly polyethylene 

glycol (PEG)—has proven effective in improving 

dispersion and long-term stability of nanocomposites 

[7,8]. PEG, a nonionic polymer with terminal hydroxyl 

or amine groups, forms hydration layers and covalent or 

coordinative bonds with oxygenated sites on Fe₃O₄ or 

GO surfaces [9]. This steric protection prevents 

magnetic dipole-induced aggregation and 

simultaneously enhances compatibility in aqueous or 

biocatalytic systems [10,11]. 

 Recent studies have shown that Fe₃O₄/GO–PEG 

composites exhibit remarkable reusability, reduced iron 

leaching, and superior stability under both sonochemical 

and oxidative conditions. PEGylation forms a thin 

protective layer (3 - 5 nm) that effectively suppresses 

Fe²⁺/Fe³⁺ oxidation–dissolution cycles while preserving 

the superparamagnetic nature of Fe₃O₄ [12]. Despite 

these advances, the underlying structure–property 

relationships governing the physicochemical stability 

and magnetic behavior of Fe₃O₄/GO–PEG 

nanocomposites remain insufficiently explored. A 

deeper understanding of the interactions among 

crystallinity, interfacial bonding, and surface chemistry 

is essential to optimize their performance in catalytic 

and enzyme immobilization systems [13]. Fe₃O₄/GO-

based composites, in general, are widely applied in 

catalytic and magnetically assisted processes because of 

their high surface area and tunable surface chemistry 

[14,15]. The presence of strong interfacial bonding and 

functionalized surfaces enhances their operational 

stability under both oxidative and ultrasonic 

environments. Moreover, PEG-modified magnetic 

composites have been consistently reported to display 

improved dispersion and chemical durability [16,17]. 

These hybrid systems integrate the magnetic 

responsiveness of Fe₃O₄ with the steric shielding effect 

of PEG, effectively minimizing aggregation and 

extending catalytic lifetime in aqueous or reactive media 

[18]. 

 In this study, Fe₃O₄/GO–PEG nanocomposites 

were synthesized via a co-precipitation method followed 

by PEG-assisted functionalization. Comprehensive 

characterization techniques, including XRD, FTIR, 

TEM, BET–BJH, VSM, DLS–zeta potential, TGA–

DTG and ICP–OES, were employed to elucidate their 

structure, morphology and stability. This work aims to 

establish a clear correlation between synthesis, 

structural features and stability behavior, thereby 

revealing the mechanism by which PEG-induced 

surface modification enhances magnetic retention, 

dispersion and resistance to Fe leaching. The resulting 

insights are expected to support future application of 

Fe₃O₄/GO–PEG as a recyclable catalyst and enzyme 

carrier in ultrasonic-assisted delignification and 

bioconversion processes. 

 

Materials and methods 

 Materials 

 Iron (III) chloride hexahydrate (FeCl₃·6H₂O, ≥ 

99%), iron (II) chloride tetrahydrate (FeCl₂·4H₂O, ≥ 

98%), sulfuric acid (H₂SO₄, ACS grade), ethanol (≥ 

99.8%) and single-layer graphene oxide (GO, > 95%) 

were purchased from Sigma-Aldrich (St. Louis, MO, 

USA). Amino-functionalized polyethylene glycol (PEG–

NH₂, Mw 6000), 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC·HCl, ≥ 98%), N-

hydroxysuccinimide (NHS, 98%), 2-(N-morpholino) 

ethanesulfonic acid (MES, ≥ 99%), and ammonium 

hydroxide (NH₄OH, 28%) were obtained from Merck 

(Darmstadt, Germany). Ultrapure water (resistivity ≥ 

18.2 MΩ·cm, 25 °C) from a Millipore Milli-Q system 

was used in all experiments.  

 

 Methods 

 Synthesis of Fe₃O₄ nanoparticles 

 Fe₃O₄ nanoparticles were synthesized using a 

modified co-precipitation method under nitrogen 

atmosphere. FeCl₃·6H₂O (3.25 g, 12 mmol) and 

FeCl₂·4H₂O (1.19 g, 6 mmol) were dissolved in 100 mL 

deionized water, purged with nitrogen for 15 min to 

prevent Fe²⁺ oxidation and heated to 80 ± 1 °C under 

stirring (500 rpm). A 28% NH₄OH solution was added 

dropwise (2 mL·min⁻¹) until pH reached 10.5 ± 0.1. The 

suspension was maintained for 1 h under N₂ to ensure 

complete precipitation. The resulting black precipitate 

was magnetically separated, washed with ethanol and 

deionized water until neutral pH, and vacuum-dried at 

60 °C for 12 h. 

 

The overall reaction can be expressed as: 

 

𝐹𝑒2+ + 2𝐹𝑒3+ + 8𝑂𝐻− →  𝐹𝑒3𝑂4 + 4𝐻2𝑂   (1) 

  



Trends Sci. 2026; 23(6): 12444   3 of 22 

 Synthesis of Fe₃O₄/GO nanocomposite 

 Graphene oxide (50 mg) was dispersed in 50 mL 

of deionized water via ultrasonication (40 kHz, 150 W, 

30 min; Branson 5800, USA) to obtain a stable colloidal 

suspension. The dispersion step facilitated complete 

exfoliation of GO sheets and uniform distribution within 

the aqueous phase. AFM analysis was not performed in 

this study; instead, the GO sheet dimensions were 

adopted from previously reported works synthesized 

under similar oxidation and exfoliation conditions [19-

21]. 

 Fe₃O₄ nanoparticles (100 mg, corresponding to a 

2:1 mass ratio to GO) were then added to the GO 

dispersion under continuous nitrogen flow. The mixture 

was mechanically stirred at 70 ± 2 °C for 2 h to promote 

electrostatic and coordinative interactions between 

Fe₃O₄ and the oxygen-containing functional groups of 

GO. During this process, Fe₃O₄ nanoparticles were 

anchored onto GO sheets through Fe–O–C coordination 

bonds, forming a homogeneous nanocomposite 

suspension. The resulting Fe₃O₄/GO nanocomposite was 

magnetically separated, rinsed three times with ethanol 

(30 mL each) to remove unbound particles and 

impurities, and subsequently dried at 60 °C under 

vacuum for 12 h to obtain a fine black powder ready for 

subsequent PEG functionalization. 

 

 Covalent PEGylation of Fe₃O₄/GO 

 The Fe₃O₄/GO composite (40 mg) was dispersed 

in 20 mL MES buffer (50 mM, pH 6.0) containing EDC 

(50 mM) and NHS (25 mM) for 30 min at 25 °C to 

activate carboxyl groups on GO. Amino-functionalized 

PEG (200 mg, Fe:GO:PEG ≈ 6:1:2) was then added and 

stirred for 24 h at 25 °C to form amide bonds between 

PEG–NH₂ and activated –COOH sites. The product was 

magnetically separated, thoroughly washed with 

deionized water, and freeze-dried (–80 °C, 24 h). 

Successful PEGylation was confirmed by FTIR (amide 

I and II bands at ~1,650 and 1,550 cm⁻¹) and TGA 

showing ~10 wt% increased organic fraction. 

 

 Characterization techniques 

 X-ray diffraction (XRD) 

 Phase identification and structural analysis of the 

synthesized materials were conducted using a Bruker 

D8 Advance X-ray diffractometer equipped with a 

LynxEye detector. The instrument operated with Cu-Kα 

radiation (λ = 1.5406 Å) generated at 40 kV and 40 mA. 

Diffraction data were collected in the 2θ range of 10° - 

80° at a step size of 0.02°. 

 The obtained peaks were indexed based on JCPDS 

standards to confirm the spinel Fe₃O₄ phase and 

investigate the structural influence of GO and PEG 

incorporation. Crystallite size (D) was calculated using 

the Scherrer Eq. (2). 

 

D =
K λ  

β cos θ
         (2) 

 

where D represents the mean crystallite size, K is the 

shape factor (0.9), λ is the X-ray wavelength, β is the 

line broadening at half the maximum intensity (FWHM) 

in radians and θ is the Bragg angle.  

 The Williamson-Hall analysis was employed to 

separate the contributions of crystallite size and lattice 

strain to peak broadening Eq. (3). 

 

β cos θ =
K λ  

D
+ 4𝜀 𝑠𝑖𝑛𝜃      (3) 

 

where ε represents the lattice strain. 

 

 Transmission electron microscopy (TEM)  

 The morphology and microstructure of the 

nanocomposites were examined using a JEOL JEM-

2100 transmission electron microscope operating at 200 

kV. Samples were prepared by dispersing the powder in 

ethanol, ultrasonicated for 10 min and drop-cast onto 

carbon-coated copper grids. TEM images provided 

direct evidence of Fe₃O₄ nanoparticle dispersion on GO 

sheets, the presence of PEG coating layers and the 

average particle size distribution, which were correlated 

with XRD-derived crystallite sizes. High-resolution 

TEM (HRTEM) micrographs and selected-area electron 

diffraction (SAED) patterns were used to confirm the 

spinel structure and crystallographic orientation of 

Fe₃O₄ nanoparticles. 

 

 Fourier-transform infrared spectroscopy (FTIR)  

 Fourier-transform infrared (FTIR) spectra were 

recorded using a Shimadzu IRTracer-100 spectrometer 

within the wavenumber range of 4,000 - 400 cm⁻¹ 

(resolution 4 cm⁻¹). The samples were prepared as KBr 

pellets and analyzed to identify characteristic functional 
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groups and confirm chemical bonding interactions 

between Fe₃O₄, GO and PEG. The presence of Fe–O, 

C=O and C–O–C stretching vibrations was used to 

verify the successful grafting of PEG onto the Fe₃O₄/GO 

surface. 

 

 Vibrating sample magnetometry (VSM)  

 Magnetic properties were investigated using a 

Lake Shore 7407 vibrating sample magnetometer at 

room temperature with an applied magnetic field up to 

± 10 kOe. The magnetization (M) versus field (H) 

curves were analyzed to determine the saturation 

magnetization (Ms), coercivity (Hc), and remanence 

(Mr). The data were used to evaluate the 

superparamagnetic behavior and the effect of GO and 

PEG modification on magnetic response, which is 

essential for catalyst recyclability. 

 

 Dynamic light scattering (DLS) and zeta 

potential  

 The hydrodynamic diameter and zeta potential of 

Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites were 

measured using a Zetasizer Nano ZS (Malvern 

Instruments, UK) at 25 °C. Each sample (0.1 mg mL⁻¹) 

was dispersed in deionized water and ultrasonicated 

(100 W, 10 min) prior to measurement. The results were 

obtained as the average of three replicates. The DLS 

analysis provided the mean particle size distribution, 

while the zeta potential indicated the surface charge and 

colloidal stability in aqueous suspension. 

 

 Brunauer–emmett–teller (BET) and Barrett–

joyner–halenda (BJH) analyses  

 The specific surface area, pore volume, and pore 

size distribution were determined using N₂ adsorption–

desorption isotherms measured at 77 K on a 

Quantachrome NOVA 2200e surface area analyzer. 

Samples were degassed under vacuum at 150 °C for 6 h 

before measurement. The BET model was used to 

determine the surface area, while the BJH method was 

applied to evaluate the pore structure and confirm the 

mesoporosity characteristics. These results were used to 

correlate textural parameters with catalytic and enzyme 

immobilization potential. 

 

  

 Thermogravimetric and derivative 

thermogravimetric analysis (TGA–DTG)  

 Thermal stability and compositional analysis were 

performed using a Mettler Toledo TGA/DSC 1 analyzer 

under N₂ atmosphere. Approximately 10 mg of sample 

was heated from 30 to 800 °C at a rate of 10 °C·min⁻¹. 

 The TGA and DTG curves were used to determine 

the decomposition stages, total organic content, and 

thermal stability of the composites. Weight loss steps 

were correlated with moisture removal, oxidation of GO 

functional groups, and PEG degradation, confirming 

successful polymer incorporation and enhanced thermal 

endurance. 

 

 Iron leaching test (ICP–OES)  

 The iron leaching stability of Fe₃O₄/GO and 

Fe₃O₄/GO–PEG nanocomposites was evaluated using 

Inductively Coupled Plasma–Optical Emission 

Spectroscopy (ICP–OES, Agilent 5110, USA). 

Approximately 50 mg of catalyst was dispersed in 100 

mL of deionized water and subjected to ultrasonication 

(250 W, 30 min, 50 °C). The sonication parameters (250 

W, 30 min, 50 °C) were determined through internal 

optimization experiments to achieve homogeneous 

dispersion and stable cavitation without overheating or 

causing structural degradation. Lower power (<200 W) 

resulted in incomplete particle dispersion, whereas 

higher power (>300 W) induced partial aggregation and 

increased Fe dissolution. Therefore, the selected 

parameters provided optimal energy input for assessing 

Fe leaching behavior under representative ultrasonic 

pretreatment conditions. 

 After sonication, the suspension was magnetically 

separated, and the supernatant was analyzed for Fe 

concentration using ICP–OES at a wavelength of 

238.204 nm. The Fe concentration (ppm) was used to 

quantify the leaching percentage and evaluate the 

structural integrity and chemical resistance of the 

nanocomposites under ultrasonic exposure. 

 

 Quality control and reproducibility 

 All experimental procedures were conducted in 

triplicate to ensure reproducibility, and the measurement 

uncertainty for all analytical data was maintained within 

± 5%. The obtained results represent the mean values of 

three independent trials with standard deviations below 
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5%, confirming the reliability and consistency of the 

experimental methodology. 

 

Results and discussion 

 Structural and morphological characterization 

of Fe₃O₄/GO-PEG nanocomposite 

 X-ray diffraction analysis 

 The crystalline structure of the synthesized 

Fe₃O₄/GO–PEG nanocomposite was examined by X-ray 

diffraction (XRD); the diffractogram is shown in Figure 

1. Diffraction peaks at 2θ = 30.1°, 35.6°, 43.3°, 53.6°, 

57.1° and 62.6° correspond to the (220), (311), (400), 

(422), (511) and (440) planes of magnetite (Fe₃O₄), 

consistent with the cubic inverse spinel (ICDD PDF No. 

19-0629). A peak at 26.5° assigned to the (002) plane 

confirms the presence of graphene oxide (ICDD PDF 

No. 41-1487). No peaks attributable to maghemite (γ-

Fe₂O₃) or hematite (α-Fe₂O₃) were observed, indicating 

high phase purity and the effectiveness of nitrogen 

protection during synthesis [22-24].

 

 

Figure 1 XRD patterns of the Fe₃O₄/GO-PEG nanocomposite. 

 

 

 A small positive shift in Fe₃O₄ peak positions 

(average Δ2θ ≈ + 0.15°) and a reduced d-spacing 

indicate mild lattice contraction, likely induced by 

interfacial strain and charge transfer between Fe₃O₄ and 

GO oxygenated sites. The refined lattice parameter (a = 

8.376 Å) is slightly smaller than standard Fe₃O₄ (a = 

8.396 Å), corresponding to ~ 0.24% contraction and 

consistent with Fe–O–C interfacial interactions [25]. 

Peak broadening was quantified using the Scherrer 

equation and Williamson–Hall analysis after 

instrumental correction with a Si standard (NIST SRM 

640c) [26]. The average crystallite size is 7.6 ± 0.3 nm 

and the microstrain ε ≈ 3.2×10⁻³. The presence of GO 

and PEG likely constrained crystal growth through 

spatial confinement and steric stabilization during 

nucleation [27]. 

 Rietveld refinement confirms the dominance of 

the Fe₃O₄ phase (94.3 wt%) with minor surface 

oxidation to γ-Fe₂O₃ (2.8 wt%) and ~2.9 wt% 

amorphous carbonaceous content ascribed to GO–PEG. 

Refinement quality factors (Rwp = 8.2%, χ² = 1.26) 

indicate a good fit between the experimental and 

simulated patterns. The observed low oxidation level—

substantially lower than values reported for uncoated 

Fe₃O₄ (8 - 15 wt%)—supports the protective role of the 

GO–PEG coating in preserving phase stability. The 

refined structural and microstructural parameters are 

summarized in Table 1 and quantitatively confirm 

uniform nanoscale crystallinity, slight lattice 

contraction, and high phase purity for the Fe₃O₄/GO–

PEG nanocomposite [28].
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Table 1 Structural parameters derived from Rietveld refinement of Fe₃O₄/GO–PEG nanocomposite. 

Parameter Observed Value Standard Fe₃O₄ Δ (%) Interpretation 

Lattice parameter, a (Å) 8.376 ± 0.003 8.396 –0.24 Lattice contraction 

Crystallite size (nm) 7.6 ± 0.3 - - Nanoscale Fe₃O₄ domains 

Microstrain (ε ×10⁻³) 3.2 - - Interfacial lattice distortion 

Phase composition (wt%) 
Fe₃O₄: 94.3 / γ-Fe₂O₃: 2.8 / 

Amorphous: 2.9 
- - High phase purity 

 

 Transmission electron microscopy analysis 

 Transmission electron microscopy (TEM) 

provided direct morphological evidence of nanoparticle 

distribution and interfacial interactions among Fe₃O₄, 

GO and PEG components. As shown in Figure 2, 

spherical Fe₃O₄ nanoparticles with diameters ranging 

from 7 - 15 nm are uniformly anchored on GO sheets. 

This size range corresponds well with the crystallite size 

obtained from Scherrer and Williamson–Hall analyses 

(~7.6 nm), confirming that the nanoparticles are 

primarily monocrystalline [29]. Minor local clustering is 

observed, which can be attributed to weak magnetic 

dipole–dipole and van der Waals attractions rather than 

actual sintering, since the primary particle boundaries 

remain intact. Such limited aggregation is typical for 

magnetic nanomaterials and does not compromise 

nanoscale uniformity [30].

 

 

 
Figure 2 TEM image of Fe₃O₄/GO–PEG nanocomposite showing uniformly distributed spherical Fe₃O₄ nanoparticles (7 

- 15 nm) anchored on graphene oxide sheets. 

 

 

 The homogeneous dispersion of Fe₃O₄ 

nanoparticles is facilitated by oxygenated functional 

groups on GO (–COOH, –OH and C–O–C), which act 

as active nucleation and anchoring sites for Fe²⁺/Fe³⁺ 

ions during co-precipitation. These groups promote 

coordination and electrostatic interactions, leading to 

the formation of Fe–O–C linkages that inhibit 

uncontrolled growth and aggregation. The wrinkled 

morphology of GO, evident in Figure 3, results from 

oxidation-induced defects that introduce local curvature 

and strain, providing additional anchoring sites for 

nanoparticle attachment. This structural feature 

enhances surface area and promotes strong interfacial 

adhesion between Fe₃O₄ and GO [31,32].
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Figure 3 TEM image of wrinkled graphene oxide morphology with surface-anchored Fe₃O₄ nanoparticles, highlighting 

sheet flexibility and nanoparticle adhesion. 

 

 The interfacial attachment between Fe₃O₄ and GO 

likely involves multiple bonding mechanisms. 

Coordination bonding occurs between Fe³⁺ ions and 

oxygenated groups (–COO⁻, –O–) on GO, producing 

stable Fe–O–C linkages. In addition, π–d orbital 

hybridization between Fe₃O₄ and the π-system of GO 

may enhance charge transfer across the interface. For the 

PEG-functionalized system, crosslinking occurs 

through amide bond formation between GO–COOH and 

NH₂-terminated PEG chains, providing additional 

interfacial flexibility and stability [33]. 

 The effect of PEG modification is clearly observed 

when comparing Figures 4(a) - 4(b). In Figure 4(a), a 

faint amorphous halo (~3 - 5 nm thick) surrounding 

Fe₃O₄ nanoparticles indicates the presence of a PEG 

coating. This diffuse contrast, originating from the 

polymer’s low electron density, provides direct visual 

evidence of PEG encapsulation. The PEG shell forms a 

hydrated steric barrier that reduces magnetic dipole 

interactions and prevents nanoparticle agglomeration, 

thereby improving colloidal stability in aqueous media. 

Conversely, the unmodified Fe₃O₄/GO sample (Figure 

4(b)) lacks this halo and exhibits denser nanoparticle 

clustering, confirming that PEG is essential for 

suppressing magnetic aggregation.
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Figure 4 (a) TEM image showing amorphous PEG “halo” surrounding Fe₃O₄ nanoparticles on GO (indicating polymer 

coating). (b) TEM image of Fe₃O₄/GO without PEG coating, showing denser aggregation and absence of halo contrast. 

 

This morphological comparison highlights the 

dual role of PEG as both a steric stabilizer and surface 

modifier. PEG chains establish hydrophilic interfaces 

and impart long-range repulsive forces, maintaining 

uniform dispersion without altering the crystalline 

nature of Fe₃O₄ or the layered morphology of GO. These 

TEM observations, consistent with XRD and BET 

results, confirm that PEG functionalization preserves 

nanoscale integrity, uniform particle distribution, and 

robust interfacial compatibility—key attributes for 

catalytic and enzyme-immobilization applications [34]. 

 Although scanning electron microscopy (SEM) 

was not conducted, the surface morphology inferred 

from TEM and BET–BJH analyses indicates that Fe₃O₄ 

nanoparticles are uniformly distributed over the 

wrinkled GO surface with minimal aggregation. This 

nanoscale architecture corresponds well with the 

mesoporous texture and homogeneous surface area 

derived from BET analysis. Similar morphologies have 

been reported for Fe₃O₄/GO–PEG nanostructures 

stabilized by polymeric modifiers [35,36], reinforcing 

that PEG functionalization enhances interfacial 

adhesion, smooth surface coverage, and stable 

dispersion in aqueous systems. 

 

 Fourier transform infrared spectroscopy 

analysis 

 Fourier-transform infrared (FTIR) spectroscopy 

was employed to verify interfacial interactions among 

Fe₃O₄, graphene oxide (GO), and polyethylene glycol 

(PEG), and to confirm successful surface 

functionalization of the Fe₃O₄/GO–PEG nanocomposite 

[37,38]. The FTIR spectra of Fe₃O₄, Fe₃O₄/GO and 

Fe₃O₄/GO–PEG are presented in Figure 5, while the key 

vibrational assignments and spectral shifts are 

summarized in Tables 2 and 3.
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Figure 5 FTIR Spectra of Fe₃O₄, Fe₃O₄/GO, and Fe₃O₄/GO-PEG Nanocomposites. 

 

 The spectrum of pristine Fe₃O₄ exhibits a 

characteristic Fe–O stretching vibration near 540 cm⁻¹, 

typical of the spinel lattice structure. Two broad 

absorption bands at 3,290 cm⁻¹ (O–H stretching) and 

1,635 cm⁻¹ (H–O–H bending) correspond to surface 

hydroxyls and adsorbed water molecules, confirming 

the hydrated surface of magnetite [39]. Upon 

hybridization with GO, new absorption bands emerge, 

and notable frequency shifts occur. The Fe–O vibration 

redshifts from 540 to ~470 cm⁻¹, indicating the 

formation of interfacial Fe–O–C coordination bonds 

between Fe₃O₄ and GO oxygenated groups. Additional 

peaks at 1,625 cm⁻¹ (C=C stretching) and 1,060 cm⁻¹ 

(C–O–C stretching) confirm the incorporation of GO’s 

functional moieties into the composite. The substantial 

Fe–O shift (Δν ≈ –70 cm⁻¹), which exceeds the typical 

physisorption range (5 - 15 cm⁻¹), evidences strong 

chemical coupling at the Fe₃O₄/GO interface—

consistent with the lattice contraction observed in XRD 

analysis [6].

 

Table 2 Comparative FTIR peak positions of Fe₃O₄, Fe₃O₄/GO, and Fe₃O₄/GO–PEG nanocomposites. 

Functional 

group/Vibration 

Fe₃O₄ 

(cm⁻¹) 

Fe₃O₄/GO 

(cm⁻¹) 

Fe₃O₄/GO–PEG 

(cm⁻¹) 
Assignment/ Structuralchange 

Fe–O stretching 540 470 467 
Redshift → Fe–O–C coordination bond 

formation 

O–H stretching 3,290 3,316 3,343 Blueshift → Strengthened H-bonding network 

H–O–H bending 1,635 1,625 - 
Reduced intensity → dehydration after GO 

incorporation 

C=C stretching - 1,625 1,651 Slight shift → Amide I / conjugation with C=O 

C–O–C stretching - 1,060 1,055 Stable → Retained GO epoxy/alkoxy groups 

CH₂ stretching - - 2,918, 2,851 New → PEG incorporation 

N–H bending - - 1,557 New → Amide II (PEG–NH₂ coupling) 
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 After PEG modification, two new absorption 

bands at 2,918 and 2,851 cm⁻¹ (CH₂ 

asymmetric/symmetric stretching) confirm the 

introduction of PEG chains. The amide I (1,651 cm⁻¹) 

and amide II (1,557 cm⁻¹) bands verify covalent linkage 

between GO carboxyl groups and PEG–NH₂, mediated 

by EDC/NHS coupling chemistry. A slight Fe–O shift 

from 470 to ~467 cm⁻¹ suggests additional coordination 

between surface Fe atoms and PEG oxygen atoms, 

indicating PEG’s role as a mild surface passivator 

enhancing chemical and structural stability [40].

 

Table 3 Key vibrational shifts and chemical interpretations. 

Structural transition Observed shift (cm⁻¹) Interpretation 

Fe–O: 540 → 470 → 467 Large redshift (–73) 
Formation of Fe–O–C bonds between Fe₃O₄ and 

GO/PEG 

O–H: 3290 → 3343 Blueshift (+53) Formation of extended H-bonding with PEG hydroxyls 

C=O (GO): 1,730 → disappears Band loss 
Carboxyl groups are consumed in amide bond 

formation 

CH₂ and Amide (PEG): New 2918, 

2851, 1651, 1557 
- Covalent PEG attachment confirmed 

C–O–C (GO): Stable 1060 → 1055 Slight shift GO structure retained; partial interaction with PEG 

 

 These progressive spectral transformations reveal 

a stepwise structural evolution from Fe₃O₄ → Fe₃O₄/GO 

→ Fe₃O₄/GO–PEG, driven by both coordination and 

covalent bonding mechanisms. The Fe–O redshift 

confirms Fe–O–C linkage formation, while the 

emergence of amide and CH₂ vibrations verifies 

successful PEGylation. Additionally, the O–H blueshift 

(+47 cm⁻¹) suggests a reinforced hydrogen-bonding 

network involving Fe₃O₄ surface hydroxyls, GO oxygen 

functionalities and PEG hydroxyl groups [9]. 

 This multilevel bonding framework enhances 

structural integrity, hydrophilicity, and dispersion 

stability, correlating directly with the improved 

colloidal behavior and reduced Fe leaching observed in 

DLS and ICP–OES analyses. Collectively, these results 

demonstrate that the Fe₃O₄/GO–PEG nanocomposite 

integrates Fe–O–C coordination, covalent amide 

linkages, and hydrogen-bond interactions, resulting in 

superior interfacial cohesion and magnetic 

recyclability—key attributes for catalytic and enzyme 

immobilization applications [41]. 

 

 BET surface area and porosity 

 The N₂ adsorption–desorption isotherms of 

Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites are 

shown in Figure 6(a). Both materials exhibit Type IV 

isotherms with H₃ hysteresis loops, according to IUPAC 

classification, indicating the presence of mesoporous 

structures formed by slit-shaped pores originating from 

stacked graphene oxide layers and interparticle voids 

among Fe₃O₄ nanoparticles [42].
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Figure 6 (a) N₂ adsorption–desorption isotherms and (b) BJH pore size distribution curves of Fe₃O₄/GO and Fe₃O₄/GO–

PEG nanocomposites. 

 

 For the Fe₃O₄/GO sample, the adsorption branch 

shows a steep increase at relative pressure (P/P₀) >0.4, 

followed by a broad hysteresis loop, confirming the 

mesoporous nature of the composite associated with 

capillary condensation. After PEG modification, the 

Fe₃O₄/GO–PEG nanocomposite displays a similar 

isotherm profile but with slightly reduced adsorbed 

volume. This decrease suggests that PEG molecules 

partially occupy or block pore channels while 

maintaining the overall mesoporous structure [43]. 

 As summarized in Table 4, the BET surface area 

of Fe₃O₄/GO is 152.8 m²·g⁻¹, which decreases slightly to 

137.4 m²·g⁻¹ after PEG functionalization. Similarly, the 

total pore volume (Vₚ) drops from 0.276 to 0.247 

cm³·g⁻¹, while the average pore diameter (Dₚ) shifts 

marginally from 7.15 to 6.82 nm. These reductions can 

be attributed to partial surface coverage by PEG chains, 

which introduce steric hindrance and limit N₂ adsorption 

without collapsing the mesoporous framework [44].

 

Table 4 BET and BJH parameters of Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites. 

Sample 
BET Surface area 

(m²·g⁻¹) 

Total pore volume 

(cm³·g⁻¹) 

Average pore 

diameter (nm) 
Pore type (BJH) 

Fe₃O₄/GO 152.8 0.276 7.15 Mesoporous (H₃) 

Fe₃O₄/GO–PEG 137.4 0.247 6.82 Mesoporous (H₃) 

 

The BJH pore size distribution curves (Figure 

6(b)) show a narrow mesopore range of 6 - 9 nm, 

confirming that both composites retain a uniform 

mesoporous texture suitable for catalytic and enzyme 

immobilization applications. The slight shift toward 

smaller average pore diameters after PEG incorporation 

is consistent with partial pore coverage and possible 

expansion of the GO interlayer spacing due to flexible 

PEG chains [45]. Overall, PEG modification provides a 

balance between structural stability, mesoporosity, and 

surface accessibility—three key parameters determining 

catalytic and functional performance. Although PEG 

slightly decreases surface area and pore volume, it 

effectively preserves mesoporosity and enhances 

stability, making Fe₃O₄/GO–PEG nanocomposites well-

suited for catalytic and enzyme immobilization 

processes [46]. 
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 Magnetic properties (VSM) 

 The magnetic hysteresis loops of Fe₃O₄, 

Fe₃O₄/GO, and Fe₃O₄/GO–PEG nanocomposites are 

shown in Figure 7. All samples exhibit typical 

superparamagnetic behavior, characterized by S-shaped 

magnetization curves with negligible coercivity (Hc < 

50 Oe) and remanence (Mr ≈ 0). This superparamagnetic 

nature allows easy magnetization and demagnetization, 

a crucial property for recyclable nanocatalysts [47].

 

 

Figure 7 Magnetic hysteresis loops of Fe₃O₄, Fe₃O₄/GO, and Fe₃O₄/GO–PEG nanocomposites measured at 298 K. 

 

 The saturation magnetization (Mₛ) values 

summarized in Table 5 reveal a systematic decrease 

upon surface modification. Pure Fe₃O₄ displays the 

highest Mₛ of 65.3 emu·g⁻¹, which decreases to 60.2 

emu·g⁻¹ after GO incorporation and further to 55.8 

emu·g⁻¹ following PEG functionalization. This 

reduction arises from the introduction of nonmagnetic 

GO and PEG components, which increase the total mass 

of the composite without contributing to its magnetic 

moment. Despite this decrease, the Fe₃O₄/GO–PEG 

nanocomposite retains sufficient magnetic strength for 

rapid magnetic separation (<10 s) using a standard Nd–

Fe–B magnet [48].

 

Table 5 Magnetic parameters derived from VSM measurements. 

Sample Mₛ (emu·g⁻¹) Mr (emu·g⁻¹) Hc (Oe) Magnetic behavior 

Fe₃O₄ 65.3 0.78 46.1 Superparamagnetic 

Fe₃O₄/GO 60.2 0.65 42.5 Superparamagnetic 

Fe₃O₄/GO–PEG 55.8 0.61 40.8 Superparamagnetic 
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 The preserved magnetic hysteresis shape and low 

coercivity indicate that PEG functionalization does not 

disrupt the Fe₃O₄ spinel lattice or its superparamagnetic 

character, consistent with XRD and FTIR analyses. 

Furthermore, the PEG coating improves colloidal 

stability and reusability of the nanocomposite in 

aqueous and ultrasonic environments by mitigating 

magnetic aggregation and oxidation [49]. Overall, these 

results confirm that PEG modification introduces a 

nonmagnetic but stabilizing interface that balances 

magnetic responsiveness with improved durability and 

dispersion—key properties for magnetically 

recoverable nanocatalysts. 

 

 Dynamic Light Scattering (DLS) and zeta 

potential analysis 

 The hydrodynamic diameter and surface charge of 

Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites were 

analyzed to evaluate their colloidal behavior in aqueous 

suspension (Figures 8(a) - 8(b)). As shown in Figure 

8(a), the particle size distribution shifts toward a larger 

average hydrodynamic diameter after PEG 

modification—from 185 ± 8 nm for Fe₃O₄/GO to 220 ± 

10 nm for Fe₃O₄/GO–PEG. This increase reflects the 

formation of a hydrated PEG shell surrounding the 

nanocomposite surface, which enlarges the apparent 

particle diameter due to solvation and steric expansion 

[50]. In addition, the polydispersity index (PDI) 

decreases from 0.21 to 0.18, indicating narrower size 

distribution and improved dispersion uniformity. 

 Meanwhile, Figure 8(b) presents the 

corresponding zeta potential (ζ) values, showing a shift 

from –22.4 mV for Fe₃O₄/GO to –8.3 mV for 

Fe₃O₄/GO–PEG. The reduced magnitude of surface 

charge arises from partial masking of oxygenated 

groups (–COOH, –OH) on GO by the PEG chains. 

Although the absolute ζ value decreases, overall 

colloidal stability improves significantly, attributed to 

the steric hindrance provided by PEG’s flexible ether 

and hydroxyl groups [51].

 

 

Figure 8 (a) Particle size distribution and (b) zeta potential of Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites. 

 

 According to the extended DLVO theory, the 

steric repulsion introduced by PEG chains counteracts 

the attractive van der Waals forces, resulting in a net 

positive interaction potential that prevents particle 

aggregation. Visually, the Fe₃O₄/GO–PEG dispersion 

remained stable for more than seven days, whereas 

Fe₃O₄/GO showed noticeable sedimentation within 24 h 

[52]. These findings confirm that PEG functionalization 

introduces a dominant steric stabilization mechanism 

that overrides electrostatic effects, ensuring long-term 

colloidal stability, which is essential for liquid-phase 

catalytic and enzymatic applications. PEG modification 

simultaneously increases the hydrodynamic diameter 

and decreases the magnitude of the surface charge, 
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thereby transitioning from electrostatic to steric 

stabilization and improving dispersion durability in 

aqueous media [53]. 

 

 Thermal stability (TGA-DTG Analysis) 

 Thermogravimetric (TGA) and derivative 

thermogravimetric (DTG) analyses were performed to 

assess the thermal stability, organic content, and 

decomposition profile of Fe₃O₄/GO and Fe₃O₄/GO–PEG 

nanocomposites. The combined TGA–DTG curves, 

presented in Figure 9, reveal distinct multi-step weight 

loss behavior typical of organic–inorganic hybrid 

systems. As observed in the figure, the Fe₃O₄/GO–PEG 

sample exhibits three decomposition stages, whereas 

Fe₃O₄/GO undergoes two primary weight-loss events 

[54].

 

 

Figure 9 TGA–DTG curves of Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites. 

 

 The first weight-loss stage (30 - 150 °C) 

corresponds to the removal of physisorbed and 

interlayer water molecules. Both samples show a minor 

mass loss (< 6%), indicating low surface moisture. The 

second stage (150 - 350 °C) is attributed to the thermal 

decomposition of oxygen-containing functional groups 

(–OH, –COOH, and C=O) on the GO surface. This 

process involves the decarboxylation, dehydroxylation, 

and partial reduction of GO, resulting in the evolution of 

CO₂ and CO. In Fe₃O₄/GO–PEG, a distinct third stage 

(350 - 550 °C) appears, corresponding to the 

degradation of PEG chains through cleavage of C–O–C 

and C–H bonds in the polymer backbone. Beyond 600 

°C, both samples exhibit negligible mass loss, 

confirming the formation of a thermally stable Fe₃O₄ 

spinel residue that remains intact up to 800 °C [55]. 

 The DTG profiles exhibit characteristic peaks that 

identify maximum decomposition rates (Tₘₐₓ). 

Fe₃O₄/GO shows two DTG peaks at 125 °C (water 

desorption) and 325 °C (oxidation of GO). In contrast, 

Fe₃O₄/GO–PEG exhibits three distinct peaks at 120, 330 

and 435 °C, corresponding to the sequential loss of 

water, decomposition of GO functional groups, and 

degradation of PEG chains, respectively. The 

emergence of the high-temperature DTG peak (Tₘₐₓ ≈ 

435 °C) is a clear signature of PEG’s thermal 

decomposition, confirming its covalent incorporation 

and stable interaction with the Fe₃O₄/GO matrix [56]. 
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 The slightly higher decomposition onset 

temperature (~340 °C) and the presence of the high-Tₘₐₓ 

DTG peak (~435 °C) suggest that PEG chains are not 

merely physically adsorbed but chemically bonded via 

Fe–O–C coordination and amide linkages, as evidenced 

by FTIR analysis. Such strong interfacial bonding 

enhances the overall thermal stability and cohesion of 

the composite matrix [57]. 

 At temperatures exceeding 600 °C, the retained 

mass (> 75%) corresponds to the Fe₃O₄ crystalline 

residue, indicating the excellent thermal endurance of 

the magnetic core, even after repeated ultrasonic and 

enzymatic processing cycles. These findings are 

consistent with BET results (slightly reduced surface 

area due to partial pore filling by PEG) and ICP–OES 

data (reduced Fe leaching), collectively confirming that 

PEG acts as an interfacial stabilizer — improving both 

the chemical robustness and hydrophilic dispersion of 

the Fe₃O₄/GO–PEG nanocomposite. 

 

 Fe leaching resistance (ICP–OES) 

 The chemical stability and reusability of 

Fe₃O₄/GO and Fe₃O₄/GO–PEG nanocomposites under 

ultrasonic conditions were evaluated through iron 

leaching tests using inductively coupled plasma–optical 

emission spectroscopy (ICP–OES). The Fe 

concentration in the supernatant was quantified after 

sonication at 250 W for 30 min at 50 °C, and the results 

are summarized in Figures 10(a) - 10(b). 

 As illustrated in Figure 10(a), Fe₃O₄/GO 

exhibited a dissolved iron concentration of 6.0 ± 0.3 

ppm, while Fe₃O₄/GO–PEG showed a significantly 

lower value of 2.8 ± 0.2 ppm—representing an 

approximate 53% reduction in Fe leaching after PEG 

modification. This improvement is attributed to the 

formation of a hydrated PEG barrier layer that envelops 

both Fe₃O₄ nanoparticles and GO sheets, minimizing 

solvent-induced oxidation and dissolution during 

ultrasonic exposure [58].  

 In the unmodified Fe₃O₄/GO composite, ultrasonic 

cavitation generates microjets and localized heating, 

promoting Fe²⁺/Fe³⁺ oxidation–reduction cycles and 

partial detachment of nanoparticles from the GO matrix. 

The PEG coating mitigates these effects by stabilizing 

Fe–O–C interfacial linkages and reducing interfacial 

friction, thereby enhancing mechanical and chemical 

resistance under high-energy sonication [59].

 

 

Figure 10 (a) Fe leaching resistance of Fe₃O₄/GO and (b) Fe₃O₄/GO–PEG nanocomposites measured by ICP–OES. 

 

 The reusability test over 5 consecutive sonication 

cycles (Figure 10(b)) further demonstrates the 

durability of the PEG-modified system. Fe₃O₄/GO 

exhibited a continuous increase in Fe concentration—

from 6.0 ppm (cycle 1) to 11.9 ppm (cycle 5)—

indicating progressive structural degradation and Fe 

dissolution due to cavitation fatigue [60]. In contrast, 

Fe₃O₄/GO–PEG maintained low Fe concentrations 

throughout the cycles, increasing only from 2.8 to 4.8 
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ppm, corresponding to roughly a 60% reduction in 

cumulative Fe release compared to Fe₃O₄/GO. 

 This sustained low Fe dissolution confirms that 

PEG functionalization significantly improves long-term 

chemical stability and reusability, effectively preventing 

nanoparticle agglomeration, shielding Fe active sites 

from oxidation, and preserving magnetic integrity under 

repeated ultrasonic conditions. 

 

 Schematic Illustration and mechanistic 

interpretation of Fe₃O₄/GO–PEG Stabilization 

 The stabilization of Fe₃O₄ nanoparticles within the 

GO–PEG matrix results from the synergistic action of 

Fe–O–C coordination, hydrogen bonding, and steric 

protection, which collectively maintain structural, 

magnetic, and colloidal integrity under ultrasonic 

conditions. The mechanism is conceptually illustrated in 

Figure 11.

 

 
Figure 11 Schematic illustration of the stabilization mechanism in Fe₃O₄/GO–PEG nanocomposite. 

 

 During co-precipitation, oxygen-containing 

functional groups on graphene oxide (–COOH, –OH, 

and –C–O–C) coordinate with Fe²⁺/Fe³⁺ ions, forming 

Fe–O–C linkages that firmly anchor Fe₃O₄ nanoparticles 

on the GO surface. The wrinkled morphology and high 

aspect ratio of GO introduce mechanical interlocking 

points, enhancing load distribution and preventing 

nanoparticle migration or aggregation [61]. 

 Polyethylene glycol (PEG) chains subsequently 

adsorb onto Fe₃O₄ and GO through hydrogen bonding 

and weak coordination with surface oxygen atoms. 

These polymeric chains form a hydrated steric layer that 

minimizes magnetic dipole interactions and van der 

Waals attraction, thereby suppressing nanoparticle 

agglomeration. In addition, PEG’s ether and hydroxyl 

groups facilitate water-mediated solvation, ensuring 

long-term dispersion stability [62]. 

 The PEG layer also acts as a diffusion barrier 

against oxygen and hydroxyl radicals generated during 

ultrasonication, effectively reducing Fe²⁺/Fe³⁺ oxidation 

and Fe-leaching reactions—consistent with ICP–OES 

data showing ~53% lower Fe release in Fe₃O₄/GO–PEG 

compared to unmodified Fe₃O₄/GO. Overall, these 

interactions establish a hierarchical stabilization 

network consisting of: 

 1) Fe–O–C coordination bonds ensure robust 

chemical anchoring, 

 2) hydrogen bonding links PEG chains with GO 

and Fe₃O₄ surfaces, and  

 3) steric repulsion from PEG provides physical 

separation and hydration. 
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 This tri-level stabilization maintains the 

superparamagnetic behavior, thermal resistance, and 

aqueous dispersibility of the nanocomposite, as 

demonstrated by VSM, TGA, and DLS analyses. The 

schematic representation in Figure 11 conceptually 

integrates these phenomena, linking structural chemistry 

to the experimentally observed physicochemical 

performance. 

 

  

 

 Comparative evaluation with reported Fe₃O₄-

based nanocomposites 

 To validate the performance and structural 

advantages of the synthesized Fe₃O₄/GO–PEG 

nanocomposite, its key physicochemical and magnetic 

properties were compared with related Fe₃O₄-based 

systems, including Fe₃O₄/GO, Fe₃O₄@ZIF, and 

Fe₃O₄/GO–PVP composites. The comparison 

summarized in Table 6 highlights the distinct balance 

between surface area, magnetic response and Fe-

retention stability achieved by the Fe₃O₄/GO–PEG 

system under ultrasonic conditions.

 

Table 6 Comparative physicochemical and magnetic properties of Fe₃O₄-based nanocomposites from recent studies. 

Material system 
Surface area 

(m² g⁻¹) 

Particle 

Size (nm) 
Mₛ (emu g⁻¹) 

Fe-Retention/ 

Stability 
Notable features Reference 

Fe₃O₄/GO–PEG 112.4 7 - 15 55.8 

High (≈ 53 % less Fe 

leaching under 

sonication) 

High magnetic stability; PEG steric 

protection; strong Fe–O–C bonding 
(This work) 

Fe₃O₄/GO 135.0 10 - 20 63.2 

Moderate; Fe leaching 

under aqueous 

sonication 

Good dispersion but limited 

oxidation resistance 
[63] 

Fe₃O₄@ZIF 150.2 15 - 25 47.5 

Moderate; ZIF shell 

partially decomposes 

under ultrasound 

High surface area, lower magnetic 

response 
[64] 

Fe₃O₄/GO–PVP 102.3 12 - 18 52.0 High 
PVP forms thin shell but less stable 

> 60 °C 
[2] 

 

 

 As shown in Table 6, the Fe₃O₄/GO–PEG 

nanocomposite demonstrates a balanced 

physicochemical profile, combining moderate surface 

area (≈112 m²·g⁻¹) with strong magnetic responsiveness 

(Mₛ = 55.8 emu·g⁻¹) and superior Fe-retention stability 

(~ 53% less Fe leaching than Fe₃O₄/GO). While 

Fe₃O₄@ZIF exhibits higher surface area due to its 

microporous framework, it suffers from lower 

magnetization and partial decomposition under 

ultrasonication. Conversely, PEG-functionalized 

composites—including this work—maintain magnetic 

integrity and resist oxidative degradation, underscoring 

the advantage of polymer-induced steric stabilization. 

 Collectively, these comparative findings confirm 

that PEG functionalization introduces a synergistic 

stabilization mechanism combining Fe–O–C 

coordination, hydrogen bonding, and hydrated steric 

shielding. This interaction network effectively prevents 

nanoparticle aggregation, enhances dispersion stability, 

and preserves magnetic recovery efficiency. 

Consequently, Fe₃O₄/GO–PEG represents a versatile, 

magnetically recoverable and aqueous-stable 

nanoplatform, exhibiting high structural integrity and 

reusability in both ultrasonic-assisted delignification 

and biocatalytic processes. 

 

Conclusions 

 The Fe₃O₄/GO–PEG nanocomposite was 

successfully synthesized via a co-precipitation route 

followed by PEG-assisted surface functionalization, 

producing a magnetically recoverable, hydrophilic, and 

structurally stable hybrid nanomaterial. Comprehensive 

characterization confirmed the coexistence of 

crystalline Fe₃O₄ and GO phases, along with the 

effective chemical incorporation of PEG on the 

composite surface. 
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 XRD analysis verified the retention of the inverse 

spinel structure of Fe₃O₄ with slight lattice contraction 

(Δa ≈ –0.24%), indicating interfacial strain and Fe–O–C 

coordination bonding with GO. TEM observations 

showed uniformly distributed Fe₃O₄ nanoparticles (7 - 

15 nm) anchored on wrinkled GO sheets, while FTIR 

spectra evidenced Fe–O–C coordination, amide linkage 

formation, and hydrogen-bond interactions among 

Fe₃O₄, GO, and PEG. BET–BJH analyses revealed that 

PEG incorporation slightly decreased surface area and 

pore volume but preserved the mesoporous architecture, 

favorable for catalytic and enzyme immobilization 

functions. 

 Magnetic characterization (VSM) confirmed 

superparamagnetic behavior with a saturation 

magnetization of 55.8 emu·g⁻¹, ensuring efficient 

magnetic separability. DLS and zeta potential 

measurements demonstrated that PEG functionalization 

imparted steric stabilization, enhancing colloidal 

stability (ζ = –8.3 mV, stable > 7 days). Thermal and 

chemical stability were also markedly improved, 

evidenced by a higher decomposition onset temperature 

in TGA and approximately 53% reduction in Fe 

leaching (ICP–OES). 

 Overall, the Fe₃O₄/GO–PEG nanocomposite 

exhibits a synergistic combination of crystallinity, 

mesoporosity, magnetic responsiveness, and aqueous 

durability. These integrated properties position it as a 

promising candidate for recyclable catalytic systems in 

ultrasonic-assisted delignification and as a robust carrier 

for cellulase immobilization in SHF or SSF bioethanol 

production. The established structure–property 

correlation provides a fundamental basis for advancing 

the design of magnetically recoverable nanocomposites 

with optimized physicochemical and catalytic 

performance in future studies.  
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