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ABSTRACT: Pharmaceutical contaminants, such as cefuroxime, a widely used second-
generation cephalosporin, are frequently detected in wastewater due to incomplete removal during 
conventional treatment, posing risks to aquatic ecosystems and contributing to antimicrobial 
resistance. This study was carried out to green-synthesize and characterize magnetite (Fe3O4) 
nanoparticles using the aqueous leaf extract of Ocimum gratissimum (scent leaf) via co-
precipitation, and to evaluate their efficiency in adsorbing cefuroxime from aqueous solution. The 
nanoparticles were synthesized using iron (III) chloride and iron (II) sulfate precursors in the 
presence of the leaf extract, which served as a reducing and capping agent, and were characterized 
using UV-vis spectrophotometry, FTIR spectroscopy, XRD, and SEM-EDX. UV-vis analysis 
confirmed nanoparticle formation with a surface plasmon resonance peak at 265 nm, while FTIR 
identified phytochemical functional groups and an Fe−O stretching band at 713 cm−1, confirming 
the magnetite phase. XRD identified magnetite as the dominant crystalline phase (55.6% by 
weight) alongside minor hematite, quartz, and clinochlore, consistent with a poorly crystalline, 
uncalcined green-synthesis product, and SEM revealed irregular, densely packed agglomerates. 
Batch adsorption studies showed that cefuroxime removal was favoured under acidic conditions, 
with pH 2 selected as optimum, and equilibrium attained within 120 min. The adsorption kinetics 
followed the pseudo-second-order model (R2 = 0.999), while equilibrium data fitted the Langmuir 
isotherm (R2 = 0.996) better than the Freundlich isotherm (R2 = 0.972), indicating monolayer 
adsorption with a maximum capacity of 62.5 mg/g. An adsorbent dosage of 25 mg gave the highest 
removal efficiency (29.4%), and thermodynamic analysis revealed the adsorption process to be 
spontaneous, endothermic (ΔH° = +7.8 kJ/mol), and accompanied by increased randomness at the 
solid−liquid interface (ΔS° = +28.2 J/mol·K). These findings indicate the feasibility of Ocimum 

gratissimum as a low-cost, locally available green reducing agent for synthesizing magnetite 
nanoparticles with potential for the remediation of pharmaceutical pollutants from water. 

KEYWORDS: green synthesis, magnetite nanoparticles, Ocimum gratissimum, cefuroxime, 

adsorption isotherms 

INTRODUCTION 

Pharmaceutical contaminants in water bodies have become a critical global environmental 

concern. Antibiotics are particularly problematic because of their persistence and their contribution 

to the spread of antimicrobial resistance. Cefuroxime, a second-generation cephalosporin, is 
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frequently detected in wastewater effluents and surface waters as a result of extensive clinical use 

and incomplete removal during conventional treatment1−3. Conventional treatment processes, 

including coagulation and biological treatment, are generally inadequate for the complete removal 

of such recalcitrant compounds4. 

Adsorption has attracted considerable attention as a remediation technique because of its 

simplicity, high efficiency, and cost-effectiveness1,5, and nanotechnology has further enhanced 

adsorptive removal through the development of nano-adsorbents offering high surface area and 

abundant reactive sites. Magnetite nanoparticles (Fe3O4 NPs) are especially attractive adsorbents 

in this respect, combining high surface area with superparamagnetic behaviour that allows 

straightforward magnetic separation and surface functionalization6−8, and have been applied for 

antibiotic removal through both adsorption and degradation pathways8−10. However, the 

conventional chemical synthesis of magnetite nanoparticles typically involves hazardous reagents 

and substantial energy input. Green synthesis using plant extracts offers an alternative that 

eliminates toxic chemicals, proceeds under ambient conditions, and can enhance the 

biocompatibility of the resulting material, with plant phytochemicals serving as natural reducing 

and capping agents7,11,12. 

Ocimum gratissimum (scent leaf) is a plant widely available in Nigeria with a rich phytochemical 

composition dominated by phenolics and flavonoids13−17. It has previously been used to synthesize 

cobalt oxide, silver, and selenium nanoparticles, but its application for the green synthesis of 

magnetite nanoparticles remains unexplored. Formation of nanoparticles by this route is generally 

understood to proceed through phytochemical−metal complexation, reduction to form nuclei, 

particle growth, and stabilization through surface capping, with phenolic compounds and 

flavonoids primarily responsible for reduction and capping7,11,13; extract concentration, pH, 

temperature, reaction time, and iron-salt concentration are known to influence the resulting particle 

size, morphology, and properties18−20. 

Several recent studies have investigated the removal of cefuroxime by other means: Ren et al.1 

reported pseudo-second-order kinetics and Langmuir-type adsorption (qm = 156.8 mg/g) using 

biochar derived from antibiotic mycelial residue, with an exothermic, spontaneous thermodynamic 

profile; Babarinde et al.5 obtained comparable behaviour (qm = 142.3 mg/g) using Blighia sapida 

leaf biochar; Sharma et al.9 reported similar kinetic and isotherm behaviour for ciprofloxacin on 

biochar−magnetite nanocomposites; and Wronski et al.2 and Zeghbib et al.3 demonstrated 
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electrochemical and photocatalytic cefuroxime removal, respectively. Despite the demonstrated 

versatility of Ocimum gratissimum for nanoparticle synthesis and the established effectiveness of 

magnetite nanoparticles for antibiotic removal, no study to date has reported the synthesis of 

magnetite nanoparticles using Ocimum gratissimum extract specifically for cefuroxime adsorption. 

The optimal synthesis conditions, the physicochemical properties of the resulting nanoparticles, 

and their adsorption behaviour toward cefuroxime therefore remain unestablished. 

The present study addresses this gap. It is scientifically motivated by the empirical data it provides 

on plant-mediated magnetite synthesis and pharmaceutical adsorption, environmentally motivated 

by its demonstration of an eco-friendly synthesis route free of hazardous chemicals, and 

economically motivated by its use of a low-cost, locally available Nigerian plant as an alternative 

to expensive imported adsorbents. Accordingly, this study aimed to synthesize and characterize 

magnetite nanoparticles using Ocimum gratissimum leaf extract and to evaluate their efficiency 

for the enhanced adsorption of cefuroxime from aqueous solution, through the following 

objectives: (i) to synthesize Fe3O4 nanoparticles via green co-precipitation using Ocimum 

gratissimum leaf extract; (ii) to characterize the synthesized nanoparticles by UV-vis 

spectrophotometry, FTIR spectroscopy, XRD, and SEM-EDX; (iii) to investigate the effects of 

pH, contact time, initial concentration, and adsorbent dosage on cefuroxime removal, and to 

determine the adsorption kinetics using pseudo-first-order and pseudo-second-order models; and 

(iv) to establish the adsorption isotherms using the Langmuir and Freundlich models and to 

evaluate the thermodynamic parameters (ΔG°, ΔH°, ΔS°) governing the adsorption mechanism. 

RESULTS AND DISCUSSION 

Characterization of the Green-Synthesized Fe3O4 Nanoparticles. The green-synthesized Fe3O4 

nanoparticles were characterized by UV-vis spectrophotometry, FTIR spectroscopy, XRD, and 

SEM-EDX to confirm nanoparticle formation, identify surface functional groups, determine phase 

composition, and examine morphology, before their evaluation as adsorbents for cefuroxime. 
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Figure 1. UV−vis spectrum of the green-synthesized Fe3O4 nanoparticles over 200−1000 nm. 

UV-vis spectrophotometric analysis of the green-synthesized Fe3O4 nanoparticles, carried out over 

200−1000 nm, showed a characteristic absorption peak at 265 nm (absorbance = 0.936), with 

additional turning points at 280, 320, 350, 940, and 965 nm and a gradual decrease in absorbance 

across the 400−800 nm region (Figure 1). This peak, attributable to the surface plasmon resonance 

characteristic of Fe3O4 nanoparticles, confirms nanoparticle formation. The broad nature of the 

absorption band is typical of green-synthesized nanoparticles and generally reflects the 

polydisperse nature of the particles and their capping by phytochemicals from the leaf extract, 

consistent with absorption peaks reported for other green-synthesized magnetite nanoparticles18,19. 

 
Figure 2. FTIR spectrum of the green-synthesized Fe3O4 nanoparticles with phase identification 

markers. 
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The FTIR spectrum of the synthesized Fe3O4 nanoparticles, recorded over 4000−650 cm−1, showed 

seven major absorption bands, the wavenumbers and tentative assignments of which are presented 

in Table 1. 

Table 1. FTIR Peak Assignments for the Synthesized Fe3O4 Nanoparticles 

Wavenumber (cm−1) Assignment Source 

3420 O−H stretching phenolic compounds, flavonoids 

2951 C−H stretching aliphatic groups 

2247 overtone/combination band aromatic C−H (flavonoids) 

2024 overtone/combination band aromatic ring vibrations 

1655 C=O stretching carboxyl groups, amides (protein capping) 

1319 C−O−H bending alcohols, phenols 

713 Fe−O stretching magnetite (Fe3O4) 

The broad band at 3420 cm−1 indicates hydroxyl groups from phenolics and flavonoids, which are 

responsible for the reduction of Fe3+ and Fe2+ ions during nanoparticle formation, while the band 

at 713 cm−1 is characteristic of Fe−O stretching vibrations in magnetite, confirming successful 

formation of the Fe3O4 phase. The bands at 1655 and 1319 cm−1 indicate that phytochemicals from 

the Ocimum gratissimum extract acted as capping agents on the nanoparticle surface, preventing 

agglomeration and conferring colloidal stability, consistent with previous reports on plant-

mediated synthesis of magnetite nanoparticles13,18,21. Together, these results confirm both the 

Fe−O bond signature of magnetite and the presence of a phytochemical capping layer derived from 

the leaf extract. 

 
Figure 3. XRD diffractogram of the green-synthesized Fe3O4 nanoparticles with phase 

identification markers. 
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The crystallographic composition of the synthesized nanoparticles was examined by powder XRD 

over 2θ = 5−70°. Peak-search analysis identified one resolvable diffraction feature, at 2θ = 

22.4(3)°, corresponding to a d-spacing of 3.96(5) Å (Table 2). 

Table 2. XRD Peak Parameters of the Synthesized Fe3O4 Nanoparticles 

2θ (deg) d-spacing (Å) height (counts) fwhm (deg) apparent size (Å) 

22.4(3) 3.96(5) 35(2) 12.9(5) 6.5(2) 

Phase search-matching of this feature against the PDF-4 Minerals 2026 database identified 

overlapping contributions from four candidate phases: magnetite, hematite, clinochlore, and quartz 

(Table 3). 

Table 3. XRD Phase Identification and Quantitative Phase Composition of the Synthesized Fe3O4 

Nanoparticles 

Phase Formula space group figure of merit weight fraction (%) 

Magnetite Fe3O4 Fd-3m:2 (No. 227) 3.450 55.6(15) 

Hematite Fe2O3 R-3c:H (No. 167) 3.010 25.5(12) 

clinochlore Al−Fe−Mg silicate (chlorite group) − 2.222 6.9(4) 

quartz SiO2 P3221 (No. 154) 1.478 12.0(6) 

 

Figure 4. XRD quantitative phase composition (weight fraction) of the synthesized Fe3O4 

nanoparticles. 

Magnetite was identified as the majority crystalline phase (55.6 wt %), confirming that the 

intended phase was formed. The pattern also revealed hematite (25.5 wt %), a secondary iron oxide 

phase that commonly arises from partial surface oxidation of magnetite nanoparticles on exposure 
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to air, particularly given the high surface-to-volume ratio of nanoscale particles, together with 

minor clinochlore (6.9 wt %) and quartz (12.0 wt %), attributable to trace mineral impurities 

introduced either from the plant leaf extract or from the precursor salts and glassware used during 

synthesis; their presence is corroborated by the EDX detection of aluminium, silicon, and 

magnesium in the same sample. Notably, the diffractogram consisted of a single broad, low-

intensity peak (fwhm = 12.9°) rather than the sharp, well-resolved (220), (311), (400), (511), and 

(440) reflections typically reported for well-crystallized magnetite referenced against JCPDS Card 

No. 19-0629. The correspondingly small apparent size (6.5 Å) calculated from this broad feature 

is well below a physically realistic single-domain magnetite crystallite and is better interpreted as 

an indicator of poor long-range crystalline order than as a literal crystallite dimension. This is 

consistent with a room-temperature, uncalcined green co-precipitation route, in which capping 

phytochemicals already evidenced by the FTIR bands discussed above coat the growing nuclei and 

restrict crystallite growth and ordering. Broad, weakly crystalline XRD signatures of this kind are 

commonly reported for green-synthesized magnetite nanoparticles obtained without a post-

synthesis calcination or annealing step and are generally associated with smaller, more reactive 

particles offering a comparatively higher surface area, a property favorable for adsorption 

applications. Overall, the XRD results confirm magnetite as the dominant phase but reveal a poorly 

crystalline, mixed-phase material rather than a single-phase, highly crystalline product. 

(a) 310× (b) 400× (c) 500× 

Figure 5. SEM micrographs of the green-synthesized Fe3O4 nanoparticles at (a) 310×, (b) 400×, and 
(c) 500× magnification. 



8 

The surface morphology of the synthesized nanoparticles was examined by SEM at three 

magnifications (310×, 400×, and 500×; Figure 5a−c) under an accelerating voltage of 15 kV in 

point/backscatter detection mode, at a chamber pressure of 1 Pa and working distances of 

7.044−7.088 mm. The micrographs showed densely packed, irregularly shaped particle 

agglomerates of varying size distributed across the imaged fields of view (200−867 μm); discrete, 

well-separated single particles were not resolved at the magnifications used. This morphology is 

consistent with the poor crystallinity indicated by XRD and with the known tendency of magnetic 

nanoparticles capped with plant biomolecules to cluster through magnetic dipole−dipole attraction 

and hydrogen bonding between surface-bound phytochemicals; the magnifications employed were 

adequate to resolve micron-scale agglomerate morphology but not to resolve individual 

nanoparticle grains, a limitation of the SEM analysis as performed. 

 

Figure 6. EDX spectrum of the green-synthesized Fe3O4 nanoparticles. 

Energy-dispersive X-ray (EDX) elemental analysis carried out on the same sample is summarized 

in Table 4. 

Table 4. EDX Elemental Composition of the Synthesized Fe3O4 Nanoparticles 

element atomic no. atomic conc. (%) weight conc. (%) 

iron (Fe) 26 76.91 81.17 

zinc (Zn) 30 3.52 4.34 

manganese (Mn) 25 2.41 2.50 

magnesium (Mg) 12 4.27 1.96 

nickel (Ni) 28 1.63 1.81 

chromium (Cr) 24 1.56 1.54 

phosphorus (P) 15 2.22 1.30 

aluminum (Al) 13 2.44 1.24 
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element atomic no. atomic conc. (%) weight conc. (%) 

zirconium (Zr) 40 0.67 1.16 

silicon (Si) 14 1.73 0.92 

copper (Cu) 29 0.71 0.85 

sulfur (S) 16 1.28 0.78 

chlorine (Cl) 17 0.65 0.43 

EDX confirmed iron as the overwhelmingly dominant element (81.17 wt %), consistent with 

successful synthesis of an iron oxide-based nanomaterial. The trace elements detected (zinc, 

manganese, magnesium, nickel, chromium, phosphorus, aluminium, zirconium, silicon, copper, 

sulphur, and chlorine) are attributable to phytochemical residues and mineral trace impurities, in 

agreement with the minor clinochlore and quartz phases identified by XRD, while the absence of 

calcium, potassium, silver, tin, and titanium indicates no major contamination from these common 

sources. Taken together, the UV-vis, FTIR, XRD, and SEM-EDX results confirm the formation of 

a magnetite-dominant, phytochemical-capped, nanocrystalline iron oxide material with minor 

coexisting mineral phases, consistent with a green co-precipitation synthesis route using Ocimum 

gratissimum leaf extract. 

 

Figure 7. UV−vis spectrum of cefuroxime solution showing λmax at 295 nm. 

Calibration Curve and λmax of Cefuroxime. The UV-vis spectrum of cefuroxime solution, 

recorded over 200−400 nm, showed a wavelength of maximum absorption (λmax) at 295 nm, 

consistent with the conjugated chromophore of the cephalosporin ring system typical of second-
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generation cephalosporins. A calibration curve was constructed at this wavelength using standard 

solutions of 5−40 mg/L (Figure 8). 

 
Figure 8. Calibration curve of cefuroxime at 295 nm. 

The calibration equation obtained was C = A/0.0242 (R2 = 0.995), where C is the concentration 

(mg/L), and A is the absorbance at 295 nm. The high linearity of this calibration confirmed its 

suitability for reliable quantification of residual cefuroxime concentrations throughout the 

adsorption experiments, and it was applied to calculate all equilibrium and residual concentrations 

reported below. 

Effect of pH. The effect of pH on cefuroxime adsorption was investigated over pH 2, 4, 6, 8, and 

10 (C0 = 49.9 mg/L, adsorbent dosage = 25 mg, volume = 50 mL, contact time = 120 min, 

temperature = 25 °C); the results are presented in Table 5 and Figure 9. 

Table 5. Effect of pH on Cefuroxime Adsorption 

pH Absorbance Ce (mg/L) removal (%) qe (mg/g) 

2 0.945 34.4 31.1 31.2 

4 1.018 37.0 25.9 25.8 

6 1.072 39.0 21.9 21.8 

8 1.098 39.9 20.1 20.0 

10 1.115 40.5 19.0 18.9 
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Figure 9. Effect of pH on cefuroxime removal efficiency and adsorption capacity. 

Maximum removal (31.1%) was recorded at pH 2, decreasing progressively to a minimum of 

19.0% at pH 10; pH 2 was therefore selected as the optimum pH for all subsequent experiments. 

The decline in removal with increasing pH may be attributed to electrostatic repulsion between the 

adsorbent surface and the cefuroxime molecule under alkaline conditions, as well as to changes in 

the ionization state of both the adsorbent surface and the cefuroxime molecule as pH increases. 

Effect of Contact Time and Adsorption Kinetics. The effect of contact time was studied at pH 

2 (C0 = 50.1 mg/L, adsorbent dosage = 25 mg, volume = 50 mL, temperature = 25 °C) over 5, 15, 

30, 60, and 120 min; results are presented in Table 6 and Figure 10. 

Table 6. Effect of Contact Time on Cefuroxime Adsorption 

time (min) Absorbance Ct (mg/L) removal (%) qt (mg/g) 

5 1.102 40.1 20.0 20.0 

15 0.990 36.0 28.1 28.2 

30 0.908 33.0 34.1 34.2 

60 0.845 30.7 38.7 38.8 

120 0.818 29.7 40.7 40.8 
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Figure 10. Effect of contact time on cefuroxime adsorption capacity. 

Adsorption capacity increased from 20.0 mg/g at 5 min to 40.8 mg/g at 120 min, beyond which no 

further appreciable increase was recorded; equilibrium was therefore taken as attained at 120 min, 

with rapid adsorption occurring within the first 30 min followed by a more gradual approach to 

equilibrium. The contact-time data were fitted to the pseudo-first-order and pseudo-second-order 

kinetic models (Figure 11); the derived kinetic parameters are summarized in Table 7. 

 
(a) pseudo-first-order 

 
(b) pseudo-second-order 

Figure 11. (a) Pseudo-first-order and (b) pseudo-second-order kinetic plots for cefuroxime 
adsorption. 
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Table 7. Kinetic Parameters for Cefuroxime Adsorption 

Model Parameter Value 

pseudo-first-order k1 (min−1) 0.040 

pseudo-first-order qe (mg/g) 28.5 

pseudo-first-order R2 1.000 

pseudo-second-order k2 (g/mg·min) 0.0035 

pseudo-second-order qe (mg/g) 42.2 

pseudo-second-order R2 0.999 

Although the pseudo-first-order model returned a nominally higher R2 (1.000), its fitted 

equilibrium capacity (qe = 28.5 mg/g) diverges from the experimental value (40.8 mg/g), whereas 

the pseudo-second-order model, with an equally strong fit (R2 = 0.999), gives a fitted capacity 

(42.2 mg/g) close to the experimental value. The pseudo-second-order model is therefore judged 

to describe the kinetics more reliably, suggesting that chemisorption likely involving valence 

forces through the sharing or exchange of electrons between the adsorbent surface and the 

cefuroxime molecule is the rate-limiting step in the adsorption process. 

Effect of Initial Concentration and Adsorption Isotherms. The effect of initial cefuroxime 

concentration was investigated at pH 2 (25 mg adsorbent, 120 min contact time, 25 °C) over 10, 

20, 30, 40, and 50 mg/L; results are presented in Table 8 and Figure 12. 

Table 8. Effect of Initial Concentration on Cefuroxime Adsorption 

C0 (mg/L) Absorbance Ce (mg/L) qe (mg/g) removal (%) 

10.2 0.281 1.8 16.8 82.4 

20.0 0.550 4.2 31.6 79.0 

30.3 0.833 8.5 43.6 72.0 

40.0 1.100 14.2 51.6 64.5 

50.1 1.378 20.1 60.0 59.9 
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Figure 12. Effect of initial concentration on adsorption capacity. 

Adsorption capacity increased with initial concentration, from 16.8 to 60.0 mg/g, reflecting the 

greater concentration gradient available to drive cefuroxime molecules toward the adsorbent 

surface at higher initial concentrations, even as percentage removal declined as available active 

sites became progressively saturated. The equilibrium data were fitted to the Langmuir and 

Freundlich isotherm models (Figure 13); the derived isotherm parameters are summarized in Table 

9. 

 
(a) Langmuir 

 
(b) Freundlich 

Figure 13. (a) Langmuir and (b) Freundlich isotherm plots for cefuroxime adsorption. 
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Table 9. Isotherm Parameters for Cefuroxime Adsorption 

Model Parameter Value 

Langmuir qm (mg/g) 62.5 

Langmuir KL (L/mg) 0.078 

Langmuir R2 0.996 

Freundlich KF (mg/g) 12.5 

Freundlich N 2.65 

Freundlich R2 0.972 

The Langmuir model provided a markedly better fit (R2 = 0.996) than the Freundlich model (R2 = 

0.972), indicating that adsorption predominantly occurred as a monolayer on a surface of 

essentially uniform, energetically equivalent sites rather than by multilayer adsorption on a 

heterogeneous surface. The Langmuir maximum adsorption capacity (qm = 62.5 mg/g) is 

consistent with the highest experimental qe values obtained in the concentration series. The 

Langmuir separation factor (RL), calculated at the highest initial concentration tested (C0 = 50.1 

mg/L), was 0.20; lying between 0 and 1, this confirms that the adsorption of cefuroxime onto the 

synthesized Fe3O4 nanoparticles is favourable. 

Effect of Adsorbent Dosage. The effect of adsorbent dosage was studied at pH 2 (50 mg/L 

cefuroxime, 120 min contact time, 25 °C) over 10, 25, 50, and 100 mg; results are presented in 

Table 10 and Figure 14. 

Table 10. Effect of Adsorbent Dosage on Cefuroxime Adsorption 

dosage (mg) Absorbance Ce (mg/L) removal (%) qe (mg/g) 

10 0.983 35.7 28.6 71.5 

25 0.971 35.3 29.4 29.4 

50 0.990 36.0 28.0 14.0 

100 0.993 36.1 27.9 7.0 
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Figure 14. Effect of adsorbent dosage on removal efficiency and adsorption capacity. 

Percentage removal remained relatively constant (27.9−29.4%) across the dosage range tested, 

with the highest value observed at 25 mg, while adsorption capacity decreased sharply from 71.5 

mg/g at 10 mg to 7.0 mg/g at 100 mg. This is attributable to the fixed pool of cefuroxime molecules 

being distributed across an increasing mass of adsorbent, reducing the effective quantity adsorbed 

per unit mass, as well as to potential particle aggregation at higher adsorbent loadings, which 

would reduce the surface area available per unit mass. A dosage of 25 mg was therefore selected 

as optimum, balancing removal efficiency against adsorbent material use. 

Effect of Temperature and Thermodynamic Parameters. The effect of temperature was 

investigated at pH 2 (25 mg adsorbent, 50 mg/L cefuroxime, 120 min contact time) over 25, 35, 

and 45 °C; results are presented in Table 11 and Figure 15. 

Table 11. Effect of Temperature on Cefuroxime Adsorption 

temp (°C) temp (K) Absorbance Ce (mg/L) removal (%) qe (mg/g) 

25 298 0.825 30.0 40.0 40.0 

35 308 0.801 29.1 41.8 41.8 

45 318 0.778 28.3 43.4 43.4 
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Figure 15. Effect of temperature on adsorption capacity. 

Adsorption capacity increased modestly with temperature, from 40.0 mg/g at 25 °C to 43.4 mg/g 

at 45 °C. Thermodynamic parameters, derived from a van't Hoff plot of ln Kd against 1/T (Figure 

16), are summarized in Table 12. 

 
Figure 16. van't Hoff plot (ln Kd vs 1/T) for cefuroxime adsorption. 

Table 12. Thermodynamic Parameters for Cefuroxime Adsorption 

temp (K) Kd ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (J/mol·K) 

298 1.33 −0.71   

308 1.44 −0.92 +7.8 +28.2 

318 1.53 −1.12   
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The positive value of ΔH° (+7.8 kJ/mol) confirms that the adsorption process is endothermic, 

consistent with the observed increase in qe with rising temperature, while the positive ΔS° (+28.2 

J/mol·K) suggests increased randomness at the solid−liquid interface during adsorption potentially 

reflecting the release of previously adsorbed water molecules from the adsorbent surface as 

cefuroxime molecules are adsorbed, together with some structural rearrangement of the 

phytochemical capping layer. The negative ΔG° values obtained at all three temperatures confirm 

that the adsorption process is spontaneous, with spontaneity increasing (ΔG° becoming more 

negative) as temperature rises, in agreement with the endothermic nature of the process. 

CONCLUSION 

Magnetite nanoparticles were synthesized using Ocimum gratissimum leaf extract via a green co-

precipitation route, demonstrating the feasibility of this locally available plant as a green reducing 

and capping agent. UV-vis, FTIR, XRD, and SEM-EDX characterization confirmed the formation 

of a magnetite-dominant (55.6 wt %), phytochemical-capped, nanocrystalline iron oxide material 

with minor coexisting hematite, quartz, and clinochlore phases and an irregular, agglomerated 

morphology, consistent with an uncalcined, room-temperature green-synthesis route; this 

characterization profile offers a plausible explanation for the modest adsorption capacity obtained 

and highlights improved crystallinity and reduced agglomeration as directions for enhancing 

performance in future work. 

The synthesized nanoparticles were effective in adsorbing cefuroxime from aqueous solution, with 

removal favored under acidic conditions (optimum pH 2) and equilibrium attained within 120 min. 

The adsorption process was best described by pseudo-second-order kinetics and the Langmuir 

isotherm model (qm = 62.5 mg/g), and was characterized as spontaneous and endothermic (ΔH° = 

+7.8 kJ/mol, ΔS° = +28.2 J/mol·K), with an adsorbent dosage of 25 mg giving the highest removal 

efficiency (29.4%). These findings provide empirical data on the adsorption kinetics, isotherms, 

and thermodynamics of cefuroxime removal by a plant-mediated nano adsorbent and support the 

development of an eco-friendly, low-cost route to pharmaceutical-pollutant remediation from 

water. Future work should explore post-synthesis calcination or surface functionalization to 

improve crystallinity and reduce agglomeration, adsorbent reusability and regeneration, 

continuous-flow column studies, complementary characterization by TEM, VSM, and XPS, and 

toxicity and biocompatibility assessment before field-scale application. 
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EXPERIMENTAL METHODS 

Materials. All chemicals used in this study were of analytical grade and were used without further 

purification, including iron (III) chloride hexahydrate (FeCl3·6H2O), iron (II) sulfate heptahydrate 

(FeSO4·7H2O), sodium hydroxide (NaOH), hydrochloric acid (HCl), cefuroxime sodium 

(C16H16N4Na8S), ethanol (C2H5OH), and distilled water. Equipment used included an analytical 

balance, a magnetic stirrer with hot plate, a pH meter, an oven, a centrifuge, a UV-vis 

spectrophotometer, an FTIR spectrometer, an X-ray diffractometer, a scanning electron 

microscope, an orbital shaker, and a permanent neodymium magnet for nanoparticle separation. 

Fresh, healthy, disease-free leaves of Ocimum gratissimum were collected from Kaduna State, 

Nigeria, and authenticated by a botanist, with a voucher specimen deposited. 

Preparation of Ocimum Gratissimum Leaf Extract. Fresh leaves were washed, air-dried for 

7−10 days, ground to a fine powder, and sieved (0.5 mm). Twenty grams of the powder was added 

to 200 mL of distilled water, heated at 60 °C for 30 min with stirring, cooled, and filtered through 

Whatman No. 1 filter paper. The filtrate was stored at 4 °C before use13. 

Green Synthesis of Magnetite Nanoparticles. An iron-salt solution was prepared by dissolving 

FeCl3·6H2O (0.02 mol) and FeSO4·7H2O (0.01 mol) in 100 mL of distilled water. The solution 

was heated to 70 °C with stirring, and 50 mL of the leaf extract was added dropwise. The pH was 

adjusted to 9−10 with 1 M NaOH, and the mixture was stirred at 70 °C for 60 min. The resulting 

magnetite nanoparticles were separated using a permanent neodymium magnet placed against the 

wall of the reaction vessel, allowing the supernatant to be decanted; a ferrite magnet may be used 

as a lower-cost alternative. The collected nanoparticles were washed several times with distilled 

water and ethanol to remove unbound phytochemicals and impurities, dried in an oven at 60 °C 

for 12 h, and ground to a fine powder18−20. Extract concentration (5−25% v/v), pH (7−11), 

temperature (50−90 °C), reaction time (30−90 min), and iron-salt concentration (0.05−0.4 M) were 

varied to determine the optimal synthesis conditions. A schematic of the overall methodology is 

presented in Figure 17. 
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Figure 17. Flow chart of the experimental methodology. 

Characterization of Nanoparticles. The synthesized nanoparticles were characterized as follows. 

UV-vis spectrophotometry: nanoparticles dispersed in distilled water were scanned over 200−800 

nm to confirm nanoparticle formation13,18. FTIR spectroscopy: dried nanoparticles mixed with KBr 

(1:100) were pressed into pellets and scanned over 4000−400 cm−1 to identify surface functional 

groups13,18,21. XRD analysis: samples were scanned over 2θ = 20−80° using Cu Kα radiation, and 

crystallite size was estimated using the Debye−Scherrer equation: 

D = Kλ/(β cos θ) 

where D is the crystallite size, K is the shape factor, λ is the X-ray wavelength, β is the full width 

at half-maximum of the diffraction peak, and θ is the diffraction angle13,18. SEM analysis: gold-

coated nanoparticles were examined at various magnifications to assess morphology and size 

distribution18,20. 

Batch Adsorption Experiments. A stock cefuroxime solution (1000 mg/L) was prepared by 

dissolving 100 mg of cefuroxime in 100 mL of distilled water, and working solutions (10−100 
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mg/L) were prepared by dilution; concentrations were determined by UV-vis spectrophotometry 

at the wavelength of maximum absorption (λmax). In the general adsorption procedure, 25 mg of 

nanoparticles was added to 50 mL of cefuroxime solution in a conical flask and agitated at 150 

rpm; the nanoparticles were then separated using a magnet, and the residual concentration was 

determined by UV-vis spectrophotometry. All experiments were carried out in triplicate. 

Adsorption capacity (qe) and percentage removal (%R) were calculated as: 

qe = (C0 − Ce) V/m     %R = [(C0 − Ce)/C0] × 100 

where C0 and Ce are the initial and equilibrium cefuroxime concentrations (mg/L), V is the 

solution volume (L), and m is the adsorbent mass (g)1,5. The effect of solution pH was investigated 

over pH 2−10 (50 mg/L cefuroxime, 25 mg adsorbent, 120 min contact time); the effect of contact 

time was investigated over 5−180 min at the optimum pH; the effect of initial concentration was 

investigated over 10−100 mg/L at the optimum pH and equilibrium time; the effect of adsorbent 

dosage was investigated over 10−100 mg at the optimum pH and equilibrium time (50 mg/L 

cefuroxime); and the effect of temperature was investigated at 25, 35, and 45 °C for the 

thermodynamic studies. 

Adsorption Kinetics, Isotherms, and Thermodynamics. Adsorption kinetics were evaluated 

using the pseudo-first-order, pseudo-second-order, and intraparticle diffusion models: 

log (qe − qt) = log qe − (k1/2.303) t 

t/qt = 1/(k2qe2) + (1/qe) t 

qt = kidt1/2 + C 

Equilibrium data were fitted to the Langmuir and Freundlich isotherm models: 

Ce/qe = 1/(qmKL) + Ce/qm 

log qe = log KF + (1/n) log Ce 

Thermodynamic parameters were determined from the distribution coefficient (Kd = qe/Ce), the 

Gibbs free energy relation (ΔG° = −RT ln Kd), and the van't Hoff equation: 

ln Kd = ΔS°/R − ΔH°/RT 

with ΔH° and ΔS° obtained from the slope and intercept, respectively, of a plot of ln Kd against 

1/T1,5,10,22. 

Data Analysis. Results are expressed as mean ± standard deviation of triplicate measurements. 

Statistical analysis was performed using Microsoft Excel and OriginPro 2021, and the goodness 

of model fit was evaluated using the coefficient of determination (R2), root mean square error 

(RMSE), and chi-square (χ2) tests. 
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