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Abstract 

Pharmaceutical contamination of water bodies by antibiotics and anti-inflammatory drugs poses a 

growing environmental and public health concern, while, driving interest in low-cost, green-

synthesized adsorbents. In this study, iron oxide (Fe₃O₄/Fe₂O₃) nanoparticles were synthesized via 

a green co-precipitation route using a combined extract and residue (template) of rice husk and 

orange peel, designated as RHOPTNPs, and evaluated for the removal of ciprofloxacin and 

ibuprofen from aqueous solution. Spectroscopic and microscopic characterization confirmed the 

formation of capped, cubic magnetite (Fe₃O₄) nanoparticles with a BET surface area of 846.28 m² 

g⁻¹ and a pore volume of 0.6582 cm³ g⁻¹. Batch adsorption experiments showed a maximum 

ciprofloxacin removal efficiency of 99.45% under optimized conditions that include; a dose of 80 

mg, 40-minute contact time, pH 7, and a temperature of 320 K, while ibuprofen removal reached 

up to 92.21% under the same optimized conditions. Equilibrium and kinetic data fitted well to the 

Langmuir isotherm and pseudo-second-order kinetic models, thus, indicating a monolayer, 

chemisorption-driven adsorption. Thermodynamic analysis showed a spontaneous process that 

was endothermic and exothermic for ciprofloxacin and ibuprofen, respectively. RHOPTNPs 

retained good performance over repeated adsorption–desorption cycles and were effective in 

treating real hospital and domestic wastewater, hence, establishing their potential as a sustainable, 

low-cost adsorbent for pharmaceutical contaminants present in water.     

Keywords: Green synthesis; iron oxide nanoparticles; agricultural waste valorization; 

ciprofloxacin; ibuprofen; adsorption; rice husk; orange peel; pharmaceutical contaminants 
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1.0 Introduction 

Pharmaceutical residues in aquatic environments have emerged as important contaminants of 

concern because of their continuous release and biological activity at low concentrations. 

Antibiotics such as ciprofloxacin (CIP) and non-steroidal anti-inflammatory drugs such as 

ibuprofen (IBU) have been detected in wastewater, surface water, and groundwater, primarily due 

to domestic and hospital discharges, incomplete removal during conventional wastewater 

treatment, and inappropriate disposal of pharmaceutical products. Their abundant organic 

compositions have classified them under persistent organic pollutants (POPs) that may contribute 

to antimicrobial resistance, ecological disturbances, and potential risks to human health [1]. 

Conventional wastewater treatment processes, including coagulation-flocculation, chlorination, 

and biological treatment, are not basically designed for the efficient removal of pharmaceutical 

micropollutants. Hence, adsorption has attracted considerable interest because of its operational 

simplicity, versatility, and potential cost-effectiveness [2]. Iron oxide nanoparticles (IONPs) are 

particularly promising owing to their high specific surface area, tunable surface chemistry, and, 

for magnetic phases, the potential for straightforward magnetic recovery from treated water [2, 3]. 

The conventional synthesis of nanoparticles may involve hazardous chemicals, high energy 

requirements, and undesirable by-products. Green synthesis using plant-derived phytochemicals 

has been extensively studied and found to offer a more sustainable alternative, while the 

conversion of agricultural residues into functional nanomaterials may provide additional benefits 

through waste valorization and resource recovery [4-7]. In addition, recent studies have 

demonstrated the  relative capabilities of rice husk- and citrus-derived materials for the synthesis 

of iron-based nanoparticles and pharmaceutical waste adsorption, thereby, highlighting the 

relevance of agricultural residues as sustainable nanoparticle precursors. 

Despite these advances, most reported green synthesis routes have relied primarily on plant 

extracts as reducing, stabilizing, or capping agents [4]. The simultaneous use of combined 

agricultural-waste extracts and their retained insoluble biomass as a structural template has 

comparatively received less attention.  Such a template-assisted route may influence nucleation 

and particle growth while introducing biomass-derived functional groups and modifying the 

surface and textural characteristics of the resulting nanomaterial. In addition, the practical 

application of nanoparticle-based adsorbents is often limited by difficulties in recovering and 
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regenerating the spent material and by the progressive loss of adsorption performance during 

repeated use. Magnetic iron oxide nanoparticles offer a direct solution to this limitation, as their 

magnetic responsiveness allows the spent adsorbent to be rapidly separated from treated water 

using an external magnet, rather than by filtration or centrifugation, thereby simplifying recovery 

and enabling repeated regeneration and reuse.   

In this study, iron oxide nanoparticles were synthesized using a combined rice husk-orange peel 

aqueous extract with the retained biomass residue serving as a natural structural template. The 

resulting material, designated as RHOPTNPs, was characterized by using various scientific 

methods to check its light absorption, chemical bonds, particle size, shape, crystal structure, 

surface area, and weight changes when heated. Its adsorption performance toward CIP and IBU 

was systematically evaluated under varying adsorbent dosage, contact time, solution pH, initial 

pharmaceutical concentration, and temperature. Equilibrium, kinetic, and thermodynamic models 

were applied to elucidate the adsorption behaviour. The regeneration and reuse performance of 

RHOPTNPs over successive adsorption–desorption cycles, together with its performance in real 

hospital and domestic wastewater, was also evaluated to assess its practical applicability.  

The study therefore aimed to develop and evaluate a waste-derived, template-assisted iron oxide 

nanomaterial for pharmaceutical-contaminant removal and to establish the relationships between 

its physicochemical properties and adsorption performance. 

2.1 Materials and Reagents 

Rice husk and orange peel were collected as agricultural waste and employed as biomass 

precursors and natural templates. Rice husk was obtained from a local rice milling factory in the 

Mando area of Kaduna metropolis, while orange peel was collected from the fruits market at Bakin 

Dogo, also within Kaduna metropolis. Both materials were transported to the laboratory in labelled 

polythene bags, rinsed thoroughly with distilled water to remove impurities, dried under ambient 

conditions, ground using an electric blender, and sieved through a 60 mm mesh to obtain fine 

particles suitable for nanoparticle synthesis [3].Iron (II) chloride tetrahydrate (FeCl₂·4H₂O)  and 

iron (III) chloride hexahydrate (FeCl₃·6H₂O)  that served as Fe²⁺ and Fe³⁺ precursors, respectively, 

were purchased from Merck, and Sodium hydroxide (NaOH)   purchased from Loba Chemie was 

used for pH adjustment and precipitation. Hydrochloric acid (HCl, 37%; Merck), sodium nitrate 

(NaNO₃; M = 85.00 g mol⁻¹; Suvchem), and nitric acid (HNO₃, 70%; Alpha Chemika) were 
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employed for point of zero charge (pHₚzc) determination. Ciprofloxacin intravenous infusion BP 

of 200 mg/100 mL solution concentration, and ibuprofen tablets (200 mg; Ranbaxy) were selected 

as model pharmaceutical contaminants. Deionized water was used throughout, and all reagents 

were of analytical grade and applied without further purification.   

Domestic wastewater samples were collected from three areas of Kaduna metropolis, and the 

selection is based on population density, as indicated in Figure 1. Samples were obtained using 

clean 1-L glass bottles at three source points along the drainage channels and transported to the 

laboratory in ice-bath containers for analysis. 

On the other hand, hospital wastewater samples were collected from three healthcare facilities 

within Kaduna metropolis, as also indicated in Figure 1, Samples were similarly taken directly 

from discharge points using clean 1-L glass bottles and immediately transported to the laboratory 

in ice-bath containers for analysis. 
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Figure 1: Map showing the sampling locations  
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2.2 Green Synthesis of Rice Husk–Orange Peel Templated Nanoparticles 

Rice husk and orange peel were thoroughly washed with deionized water, sun-dried, pulverized 

separately and sieved. Equal masses were combined in a 1:1 ratio. Thirty grams of the mixture was 

dispersed in 200 mL of deionized water, heated at 40 °C for 15 min under continuous stirring at 

500 rpm, and allowed to still for 4 h. The suspension was filtered through muslin cloth, and the 

retained fine biomass residues acted as a natural templating matrix during nanoparticle formation. 

A 50 mL solution of Fe²⁺/Fe³⁺ salts having molar ratio of 1:2 was gradually added to the extract–

residue suspension under continuous stirring. The pH was adjusted to 11 using 1.0 M NaOH, and 

the mixture was stirred for 1 h at 500 rpm. Nanoparticle formation was indicated by the appearance 

of a dark blackish-brown colour. The product was recovered via centrifugation, washed four times 

with deionized water and once with ethanol, then dried at 130 °C for 24 h. The dried material was 

stored in an airtight container and designated RHOPTNPs (rice husk–orange peel templated 

nanoparticles). 

2.3 Characterisation of RHOPTNPs 

The physicochemical properties of RHOPTNPs were characterized using complementary 

analytical techniques. UV–visible spectroscopy in a range of 200–800 nm was employed to assess 

optical absorption characteristics. FTIR spectroscopy (4000–400 cm⁻¹) was used to identify 

functional groups associated with phytochemicals and nanoparticle stabilization. 

Hydrodynamic particle size and polydispersity index were determined by dynamic light scattering 

(DLS). Surface morphology and elemental composition were examined using scanning electron 

microscopy coupled with energy-dispersive X-ray spectroscopy (SEM–EDS). 

Crystalline phase and structural characteristics were analysed by X-ray diffraction (XRD) over a 

2θ range of 10–80°, with average crystallite size estimated using the Scherrer equation where 

applicable. 

Textural properties were determined from nitrogen adsorption–desorption measurements. Specific 

surface area was calculated using the Brunauer–Emmett–Teller (BET) method, while pore volume 

and pore-size distribution were derived from adsorption isotherms. The Langmuir surface area was 

also calculated for comparison [8]. 
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Thermal stability and decomposition behaviour were evaluated by thermogravimetric analysis 

(TGA) under a controlled atmosphere at a specified heating rate (10°C min⁻¹) across the designated 

temperature range. 

2.4 Batch Adsorption Experiments 

Batch adsorption studies were conducted to evaluate the effects of adsorbent dosage, contact time, 

initial concentration, and solution pH on the removal of ciprofloxacin and ibuprofen by 

RHOPTNPs. All experiments were performed in triplicate. 

2.4.1 Effect of Adsorbent Dosage and Contact Time 

Fifty millilitres of ciprofloxacin or ibuprofen solution, having a concentration of 6.0 mg L⁻¹, and 

neutral pH were contacted with RHOPTNPs at dosages of ranging between 20–100 mg. 

Suspensions were agitated at 200 rpm in a temperature-controlled water-bath shaker. Aliquots 

were withdrawn at 5-min intervals over 40 min, filtered, and analysed spectrophotometrically. The 

dosage and contact time yielding maximum removal efficiency were selected as optimal 

conditions. 

2.4.2 Effect of Initial Adsorbate Concentration 

Solutions of ciprofloxacin and ibuprofen of concentration ranging between 2–10 mg L⁻¹ were 

treated with RHOPTNPs with their optimized parameters. Residual concentrations were 

determined spectrophotometrically. 

2.4.3 Effect of Solution pH 

Pharmaceutical solutions were adjusted to pH ranging between 3–11 using 1.0 M HCl or NaOH 

(distinct from the 0.1 M HNO₃ used for the point-of-zero-charge titration in Section 2.5, which 

follows the salt-addition method of reference [9], then treated with RHOPTNPs under optimized 

conditions. Residual concentrations were measured spectrophotometrically, and the pH yielding 

maximum removal efficiency was identified as optimal. 

Equilibrium adsorption capacity (qₑ) and removal efficiency (R%) were calculated using Equations 

1 and 2, respectively: 
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𝑞௘ = (஼0−஼೐)௏௠        (1) 

 ܴ(%) = ஼0−஼೐஼0 × 100       (2) 

where and are the initial and equilibrium concentrations (mg L⁻¹), respectively; is solution volume 

(L); and  is adsorbent mass (g). 

2.4.4 Effect of Temperature 

The effect of temperature on ciprofloxacin and ibuprofen removal by RHOPTNPs was investigated 

over the range 300–320 K, with the adsorbate solutions held at their respective optimized 

parameters and agitated at 200 rpm in a temperature-controlled water-bath shaker. Residual 

concentrations were determined spectrophotometrically and used to calculate qe and R (%) by 

using Eqs. (1) and (2). The resulting equilibrium data were also used for the thermodynamic 

analysis described in Section 2.8. 

2.5 Point of Zero Charge 

The point of zero charge (pHₚzc) of RHOPTNPs was determined using the salt addition method 

[9]. 0.2 g of RHOPTNPs was added to 40 mL NaNO₃ solutions (0.05 and 0.10 M). The initial pH 

(pHᵢ) was adjusted between 2 and 11 using 0.1 M HNO₃ or NaOH. Suspensions were agitated at 

200 rpm for 24 h, equilibrated, and the final pH (pHf) was measured. Δܪ݌ = ௙ܪ݌ − ௜ܪ݌       (3) 

 

A plot of ΔpH versus pHᵢ was used to determine pHₚzc at the intersection with ΔpH = 0. 

2.6 Adsorption Isotherm Models 

Equilibrium data were fitted to Langmuir, Freundlich, and Temkin isotherm models. 

Langmuir model (monolayer adsorption): 

஼೐௤೐ = 1௤max௄ಽ + ஼೐௤max       (4) 

Separation factor: 
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 ܴ௅ = 11+௄ಽ஼0       (5) 

Freundlich model (heterogeneous surfaces): 

 log 𝑞௘ = logܭி + 1௡ log ௘ܥ     (6) 

Temkin model (adsorbate–adsorbent interactions): 𝑞௘ = ்ܤ ln ்ܭ + ்ܤ ln ௘ܥ      (7) 

with ்ܤ = ோ்௕೅        (8) 

Model suitability was assessed using R² values and consistency with experimental data. 

2.7 Adsorption Kinetic Models 

Kinetics were evaluated using pseudo-first-order, pseudo-second-order, intraparticle diffusion, 

and Elovich models. 

Pseudo-first-order: ln(𝑞௘ − 𝑞௧) = ln 𝑞௘ − ݐ1݇      (9) 

 

Pseudo-second-order: 

௧௤೟ = 1௞2௤೐2 + ௧௤೐        (10) 

 

Initial adsorption rate: ℎ = ݇2𝑞௘2        (11) 

Intraparticle diffusion (Weber–Morris model): 𝑞௧ = ݇௜ௗ1/2ݐ + ܥ       (12) [10]. 

Elovich model: 
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𝑞௧ = 1ఉ ln(ߚߙ) + 1ఉ ln ݐ       (13)  

 

where qe and qt are the amounts of ciprofloxacin or ibuprofen adsorbed (mg g⁻¹) at equilibrium 

and at time t (min), respectively; k1 (min⁻¹) and k2 (g mg⁻¹ min⁻¹) are the pseudo-first-order and 

pseudo-second-order rate constants, respectively; h (mg g⁻¹ min⁻¹) is the initial adsorption rate; kid 

(mg g⁻¹ min⁻¹ᐟ²) is the intraparticle diffusion rate constant and C (mg g⁻¹) is the intercept related 

to boundary-layer thickness; and α (mg g⁻¹ min⁻¹) and β (g mg⁻¹) are the initial adsorption rate and 

desorption-related constants of the Elovich model, respectively. 

Model validity was assessed using R² values and agreement with experimental data. 

2.8 Adsorption Thermodynamics 

Thermodynamic parameters were evaluated at 300–320 K. Gibbs free energy change: Δܩ∘ = −ܴܶ lnܭ௖       (14) 

 

Van’t Hoff equation: 

 ln ௖ܭ = − Δு∘ோ் + Δௌ∘ோ      (15) 

 

Negative ΔG° values indicated spontaneous adsorption, while ΔH° and ΔS° provided insights into 

adsorption nature and interfacial randomness. 

     2.9 Adsorbent Reusability 

RHOPTNPs were regenerated and reused through successive adsorption–desorption cycles under 

optimized conditions. Adsorption performance retention was used to assess regeneration 

efficiency and stability, following approaches similar to Fe/Ni-MOF systems [11].  

2.10 Application to Real Wastewater Samples 

Domestic and hospital wastewater samples were collected, refrigerated, and analysed. 

Ciprofloxacin and ibuprofen concentrations were determined using calibration curves. Samples 

were treated with RHOPTNPs under optimized conditions, and removal efficiency was calculated, 
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as previously explained using Eq. (2). Results were compared with synthetic solutions to assess 

matrix effects. 

3.0 Results and Discussion 

3.1 Characterisation of RHOPTNPs 

3.1.1 UV-Vis analysis  

Formation of RHOPTNPs was first indicated by a colour change of the reaction mixture from 

brown to blackish-brown upon addition of the iron precursors and alkaline treatment, and 

confirmed by UV–Vis spectroscopy (Fig. 1). There was a visible distinct absorption band at ~305 

nm that could be attributable to electronic transitions in the iron oxide phase and surface-bound 

phytochemicals from the rice husk–orange peel extract. This is found to be consistent with 

previously reported green-synthesized iron oxide nanoparticles [12]. 

 

 

Figure 1. UV-Vis spectrum of RHOPTNPs 

3.1.2 FTIR Analysis 

The FTIR spectrum of RHOPTNPs, as shown in Fig. 2 exhibited absorption bands corresponding 

to both biomass-derived functional groups and the iron oxide phase. The bands observed at 3615–

3876 cm⁻¹ were assigned to O–H stretching vibrations of hydroxyl groups, while the band at 1498 
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cm⁻¹ was attributed to aromatic C=C stretching associated with lignin- and polyphenol-derived 

structures. The absorption bands within 1073–1170 cm⁻¹ were assigned to C–O stretching 

vibrations of oxygen-containing organic groups. A band at approximately 708 cm⁻¹ was attributed 

to Fe–O vibrations, thus, providing evidence for the formation of the iron oxide phase. 

The coexistence of organic and Fe–O bands indicated that rice husk–orange peel constituents 

remained associated with the nanoparticle surface, which is consistent with a capping/stabilizing 

role and with FTIR features reported for phytochemically synthesized iron oxide nanoparticles [6]. 

 

Figure 2. FTIR spectrum of RHOPTNPs 

3.1.3. DLS Analysis 

Dynamic light scattering (DLS) analysis, shown in Fig. 3 and Fig. 4 revealed that RHOPTNPs 

possessed an average hydrodynamic diameter of 76.24 nm with a polydispersity index (PDI) of 

0.411, indicative of a moderately polydisperse population. This size distribution is comparable to 

other green-synthesized iron oxide nanomaterials prepared from agricultural biomass extracts [3, 

12]. The incorporation of the residual biomass template, together with the combined rice husk–

orange peel extract, likely influenced nanoparticle nucleation and growth, resulting in slightly 

larger hydrodynamic dimensions. The observed increase in size may also be attributed to surface-

bound phytochemicals and hydrated organic layers associated with the biomass template, which 

contribute to particle stabilization and steric hindrance in aqueous suspension [4, 6]. Similar effects 

have been reported in other phytochemical-mediated syntheses, where organic capping layers 

increase the apparent hydrodynamic diameter relative to crystallite sizes determined by XRD or 

SEM [7, 13]. 
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Figure 3. Particle size distribution of RHOPTNPs by Volume 

  

Figure 4. Particle size distribution of RHOPTNPs by intensity 

3.1.4. SEM–EDS Analysis 

SEM micrographs of RHOPTNPs (Fig. 5), obtained at magnifications of 8000–10,000×, revealed 

an irregular and agglomerated morphology. The observed aggregation is consistent with the 

tendency of nanoscale metal oxide particles to undergo interparticle interactions, particularly in 

the presence of surface-bound biomolecules derived from plant materials. 
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The EDS spectrum (Fig. 6) confirmed Fe, O and C as the major elemental constituents (77.85, 

20.02 and 3.22 wt%, respectively), consistent with an iron oxide phase bearing residual organic 

matter from the rice husk–orange peel extract and residue on the nanoparticle surface. 

 

Figure 5. SEM micrographs of RHOPTNPs at magnifications of 10 000×, 9000× and 8000×

 

Figure 6. EDS spectrum of RHOPTNPs 

3.1.5. XRD Analysis 

The XRD pattern of RHOPTNPs (Fig. 7) exhibited characteristic diffraction peaks at 2θ = 30.25° 

(220), 35.64° (311), 57.33° (511), and 62.96° (440), consistent with the characteristic reflections      
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of magnetite ( Fe₃O₄). The observed reflections showed good agreement with PDF/JCPDS No. 01-

075-0449, confirming the formation of a cubic spinel structure with space group Fd3̅m (No. 227). 

Because magnetite (Fe₃O₄) and maghemite (γ-Fe₂O₃) share closely related cubic spinel structures 

and nearly indistinguishable XRD reflections, this pattern is best described as a magnetite-

consistent cubic iron oxide phase, as XRD alone cannot conclusively rule out a maghemite or 

mixed-phase composition. The mean crystallite size, calculated using the Debye–Scherrer 

equation from the most intense (311) reflection at 2θ = 35.64°, was 77.16 nm. This value was 

comparable to the DLS-derived Z-average hydrodynamic diameter of 76.24 nm, but larger than 

the 20–35 nm particle dimensions observed by SEM. The differences reflect the distinct length 

scales measured by the three techniques: XRD estimates coherent crystalline domains, DLS 

measures the hydrated hydrodynamic diameter of dispersed particles, and SEM provides the 

physical dimensions of individual particles. The relatively high PDI (0.411) further indicates 

particle-size heterogeneity, which may contribute to the differences among the measured 

dimensions. The sharp and intense diffraction peaks indicate good crystallinity of the magnetite-

consistent iron oxide phase, whereas the less-defined background features may be associated with 

amorphous biomass-derived components retained on the nanoparticle surface. In conjunction with 

the surface functional groups identified by FTIR, the crystalline and surface characteristics of 

RHOPTNPs provide structural features that may contribute to their interaction with and adsorption 

of pharmaceutical contaminants [14-17]. 

 

Figure 7. XRD diffractograph of RHOPTNPs matched against reference pattern (Iron Oxide; 01-

075-0449) 
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3.1.6. BET Surface Area and Porosity Analysis 

The BET analysis showed that RHOPTNPs exhibited a specific surface area of 846.28 m² g⁻¹, 

indicating a highly developed surface suitable for adsorption. The Langmuir surface area was 

estimated at 160.54 m² g⁻¹, further demonstrating the availability of adsorption sites on the 

RHOPTNPs surface. 

RHOPTNPs also recorded the highest total pore volume (0.658 cm³ g⁻¹), suggesting a well-

developed porous structure that may facilitate the diffusion and retention of pharmaceutical 

molecules. The adsorption–desorption isotherm (Fig. 8) was classified as Type II, with adsorption 

occurring over a relative pressure range of approximately 0.05–0.85 (P/P₀) and approaching 

saturation at P/P₀ ≈ 0.90. This profile indicates multilayer adsorption on a surface with limited 

microporosity and/or macroporous characteristics 

Together with the surface functional groups identified by FTIR, this high surface area, Langmuir 

surface area and pore volume indicate favourable textural characteristics for adsorbing 

ciprofloxacin and ibuprofen from aqueous media. 

 

Figure 8. N₂ adsorption-desorption isotherm (BET) of RHOPTNPs 
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Table 1. BET surface area and porosity data for RHOPTNPs 

Nanopartic

le 

BET surface 

area (m² g⁻¹) 

Langmuir 

surface area (m² 

g⁻¹) 

Pore 

volume 

(cm³ g⁻¹) 

Isotherm 

type 

Condensation 

range 

RHOPTNPs 846.28 160.54 0.6582 Type II 0.05–0.85 

 

3.1.7. Thermogravimetric Analysis 

The TGA profile of RHOPTNPs (Fig. 9) showed an initial weight loss of approximately 0.30% 

between 0 and 98 °C, attributable to the removal of physically adsorbed moisture. A pronounced 

mass loss of 29.50% occurred between 250 and 330 °C, which can be associated with the thermal 

degradation of biomass-derived organic constituents, including hydroxyl-containing compounds, 

polyphenols, and other phytochemicals retained from the rice husk–orange peel extract and residue 

template. 

Above approximately 330 °C, no substantial further mass loss occurred up to 600 °C, confirming 

good thermal stability of the remaining inorganic phase. Together, these results indicate that 

RHOPTNPs comprise a thermally stable magnetite core carrying a substantial fraction of surface-

bound biomass-derived organic matter, which may contribute additional functional groups 

relevant to pharmaceutical adsorption. 
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Figure 9. TGA curves of the synthesized iron oxide nanoparticles, including RHOPTNPs  

3.2 Result of Batch Adsorption for the Removal of Ciprofloxacin and Ibuprofen from water 

3.2.1 Effect of Adsorbent Dose and Contact Time on Pharmaceutical Removal by 

RHOPTNPs  

The effects of adsorbent dose and contact time on the removal of ciprofloxacin and ibuprofen by 

RHOPTNPs were systematically evaluated under identical experimental conditions (initial 

concentration 6 mg L⁻¹, pH 7.0, 27 °C, agitation speed 200 rpm) (Fig. 10). 

Ciprofloxacin removal efficiency increased progressively with both adsorbent dose and contact 

time, reaching a maximum of 88.93% at a dose of 80 mg and a contact time of 40 min. The 

enhancement in removal with increasing dosage can be attributed to the greater number of active 

adsorption sites and the correspondingly larger surface area available for interaction, while the 

time-dependent increase reflects progressive interaction between ciprofloxacin molecules and the 

RHOPTNP surface as the system approached equilibrium. Beyond 80 mg, no substantial further 

improvement was observed, suggesting that this dosage already provided sufficient accessible 

binding sites to accommodate the ciprofloxacin present in solution, consistent with trends reported 

elsewhere for biomass-derived adsorbents [18, 19]. 

A similar trend was observed for ibuprofen, with removal efficiency increasing with both dose and 

contact time to a maximum of 92.21% at 60 mg and 35 min. As with ciprofloxacin, the 

improvement with increasing dosage is consistent with greater adsorption site availability; 

however, the absence of proportional gains beyond 60 mg is likely attributable to particle 

aggregation and the resultant overlap of active sites at higher adsorbent loadings, which effectively 

reduces the surface area accessible per unit mass [20]. The observed time-dependent behaviour is 

consistent with progressive diffusion of ibuprofen molecules into the pore structure of 

RHOPTNPs, with equilibrium attained at approximately 35 min. Comparable contact-time-

dependent adsorption behaviour for ibuprofen has previously been reported for magnetic and 

carbon-based nanomaterials [21, 22]. 
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The comparatively high removal efficiencies obtained for both pharmaceuticals are consistent with 

the favourable surface properties of RHOPTNPs, including their high pore volume and the 

biomass-derived functional groups identified through BET and FTIR analyses. These 

characteristics enhance the accessibility of adsorption sites and promote strong adsorbate–

adsorbent interactions, thereby supporting efficient contaminant uptake. 

 The optimum removal conditions were an 80 mg adsorbent dose and 40 min contact time, which 

gave 88.93% ciprofloxacin removal, and a 60 mg adsorbent dose and 35 min contact time, which 

gave 92.21% ibuprofen removal. These findings underscore the potential of RHOPTNPs as an 

effective, waste-derived nanomaterial for the removal of pharmaceutical contaminants from 

aqueous systems. 

 

Figure 10. Effect of adsorbent dosage and shaking time on the removal of ciprofloxacin and 

ibuprofen 

3.2.2 Effect of Solution pH and Point of Zero Charge on Pharmaceutical Adsorption 

The point of zero charge (pHpzc) of RHOPTNPs was determined to be 7.0 ± 0.1 (Fig. 11), 

indicating that the nanoparticle surface is positively charged below this pH and negatively charged 

above it, consistent with the salt-addition method [9].For ciproflox 

acin, the optimum adsorption was observed at pH 7 (Fig. 12), coinciding with the pHpzc and 

yielding approximately 75% removal efficiency. At this pH, ciprofloxacin exists predominantly in 

its zwitterionic form, enabling electrostatic attraction to be complemented by hydrogen bonding 

and π–π interactions with aromatic and phenolic moieties on the RHOPTNP surface. Removal 
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efficiency declined at higher pH values, reflecting reduced electrostatic affinity as the surface 

became increasingly negative. 

For ibuprofen, adsorption efficiency was strongly pH-dependent, increasing from acidic conditions 

and reaching a maximum of 74% at pH 9. Ibuprofen, with a pKa of 5.2, exists mainly in its anionic 

form above this pH. Since RHOPTNPs are negatively charged above pHpzc, the relatively high 

removal observed at pH 7–9 suggests that electrostatic interactions alone do not govern adsorption. 

Instead, additional mechanisms such as hydrogen bonding, surface complexation, and 

hydrophobic interactions involving biomass-derived functional groups likely contribute to uptake. 

Similar pH-dependent behaviour has been reported for ibuprofen adsorption using magnetic and 

carbon-based adsorbents [23-25]. 

The results demonstrate that solution pH is a critical parameter controlling adsorption 

performance. Ciprofloxacin removal was maximized at neutral pH (7.0), coinciding with the 

pHpzc, while ibuprofen removal was favoured under slightly alkaline conditions (pH 9). These 

findings highlight the importance of tailoring adsorption conditions to the physicochemical 

properties of both the adsorbent and the pharmaceutical contaminant. 

 

Figure 11. Point of zero charge (pHpzc) of RHOPTNPs 
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Figure 12. Effect of solution pH on the adsorption of ciprofloxacin and ibuprofen  

3.2.3 Effect of Initial Adsorbate Concentration 

The influence of initial adsorbate concentration on the adsorption of ciprofloxacin and ibuprofen 

by RHOPTNPs was examined over the range of 2–10 mg L⁻¹ under optimized conditions (Fig. 13). 

For ciprofloxacin, experiments conducted with 80 mg RHOPTNPs, 40 min contact time, pH 7.0, 

and room temperature showed removal efficiency increasing steadily with concentration, reaching 

a maximum of 94.86% at 10 mg L⁻¹. This corresponds to a Langmuir adsorption capacity () of 9.34 

mg g⁻¹, which is lower than the 51.2 mg g⁻¹ reported for rice husk-derived IONPs [26] and 27.8 

mg g⁻¹ for orange peel-derived IONPs [27]. Although the capacity is modest, RHOPTNPs 

achieved high removal efficiency at environmentally relevant concentrations, underscoring their 

practical applicability. The enhanced uptake is attributed to the concentration gradient between the 

aqueous phase and the RHOPTNP surface, which promotes mass transfer and diffusion of 

ciprofloxacin molecules to available adsorption sites [28].For ibuprofen 

, adsorption was evaluated using 60 mg RHOPTNPs and 35 min contact time. Removal efficiency 

remained relatively stable across the tested concentration range, with a Langmuir of 112.36 mg g⁻¹. 

This value is substantially higher than the 35.4 mg g⁻¹ reported for Fe₃O₄-activated carbon 

composites [29] and 42.7 mg g⁻¹ for magnetized biochar [30], highlighting the superior adsorption 

capacity of RHOPTNPs for ibuprofen. The stable performance suggests that sufficient active sites 
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were available relative to the ibuprofen concentration, ensuring consistent uptake. At higher 

concentrations, competition among ibuprofen molecules for adsorption sites may become more 

pronounced, potentially leading to surface saturation and reduced efficiency [31].Collectivey,R 

HOPTNPs demonstrated high adsorption efficiency for ciprofloxacin at low concentrations and 

exceptional capacity for ibuprofen, outperforming several benchmark adsorbents. These 

quantitative comparisons emphasize both the strengths and limitations of RHOPTNPs, confirming 

their suitability as a sustainable nanomaterial for pharmaceutical contaminant removal. 

 

Figure 13. Effect of initial adsorbate concentration on the removal of ciprofloxacin ibuprofen  

3.2.4 Effect of Temperature on Ciprofloxacin and Ibuprofen Adsorption  

The effect of temperature on the adsorption of ciprofloxacin and ibuprofen by RHOPTNPs was 

investigated over the range of 300–320 K under the respective optimized experimental conditions 

(Fig. 14). Ciprofloxacin removal increased progressively with increasing temperature, reaching a 

maximum removal efficiency of 99.45% at 320 K. The enhanced adsorption at elevated 

temperatures suggests that the process is thermally favoured and may exhibit an endothermic 

character. Increased temperature can enhance the mobility and diffusion of ciprofloxacin 

molecules in solution, thereby facilitating mass transfer and interaction with available adsorption 

sites on RHOPTNPs [32, 33]. In addition, the removal of weakly bound water molecules from the 
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adsorbent surface at higher temperatures may improve the accessibility of active sites. Similar 

temperature-dependent increases in ciprofloxacin adsorption have been reported for iron oxide-

based and other nanoparticle adsorbents [18, 34]. 

In contrast, ibuprofen adsorption decreased with increasing temperature, declining from 

approximately 80.15% at 300 K to 53.83% at 320 K (Fig. 14). This trend indicates that ibuprofen 

adsorption onto RHOPTNPs is favoured at lower temperatures and is consistent with an 

exothermic adsorption process. At elevated temperatures, increased molecular mobility may 

weaken adsorbate–adsorbent interactions and promote desorption, thereby reducing the net 

absorption of ibuprofen. Similar temperature-dependent reductions in ibuprofen adsorption have 

been reported for other adsorbent systems [35, 36]. The contrasting behaviour observed for 

ciprofloxacin and ibuprofen may be attributed to differences in their physicochemical properties 

and interactions with the surface functional groups of RHOPTNPs. 

Generally, temperature exerted a significant but contrasting influence on the adsorption of the two 

pharmaceuticals. Higher temperatures enhanced ciprofloxacin removal, with optimum 

performance observed at 320 K, whereas ibuprofen adsorption was favoured at 300 K. These 

findings demonstrate that the adsorption behaviour of RHOPTNPs is strongly dependent on the 

nature of the adsorbate and its interaction with the nanoparticle surface. 

 

Figure 14. Effect of temperature on the adsorption of ciprofloxacin and ibuprofen  
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3.2.5 Thermodynamic Studies of Ciprofloxacin and Ibuprofen Adsorption by RHOPTNPs 

The thermodynamic parameters for the adsorption of ciprofloxacin and ibuprofen onto 

RHOPTNPs are presented in Table 2. The two pharmaceuticals exhibited distinct thermodynamic 

behaviours. For ciprofloxacin, the negative ΔG values obtained across the investigated temperature 

range indicate that adsorption was spontaneous and thermodynamically favourable. The increasing 

magnitude of ΔG with temperature, together with the positive ΔH value (87.95 kJ/mol), indicates 

that ciprofloxacin adsorption was enhanced at elevated temperatures and was therefore 

endothermic. The positive ΔS value (313.88 J/mol K) suggests increased randomness at the solid–

liquid interface, possibly associated with the release of previously adsorbed water molecules and 

molecular rearrangement during adsorption. The relatively high ΔH value further suggests the 

contribution of strong adsorbate–adsorbent interactions. Similar spontaneous and endothermic 

behaviour has been reported for ciprofloxacin adsorption using iron-based and magnetic 

adsorbents [18, 37, 38]. 

In contrast, ibuprofen adsorption onto RHOPTNPs exhibited negative ΔG values but a negative 

ΔH value (−38.49 kJ/mol), indicating a spontaneous and exothermic process. The decrease in the 

magnitude of ΔG with increasing temperature suggests that adsorption became less favourable at 

elevated temperatures, consistent with the decrease in ibuprofen removal observed in the 

temperature study. The negative ΔS value (−109.08 J/mol K) indicates a decrease in interfacial 

randomness, which may result from the formation of relatively ordered ibuprofen–RHOPTNP 

surface complexes. The thermodynamic behaviour suggests that ibuprofen adsorption is governed 

by a combination of surface interactions, including electrostatic attraction, hydrogen bonding and 

other specific interactions.  

Generally, the contrasting thermodynamic profiles demonstrate the adsorbate-dependent nature of 

RHOPTNPs. Ciprofloxacin adsorption was spontaneous and endothermic, whereas ibuprofen 

adsorption was spontaneous and exothermic. These differences can be attributed to the distinct 

molecular structures, ionization characteristics and interactions of the two pharmaceuticals with 

the functionalized iron oxide surface. The results further confirm the suitability of RHOPTNPs for 

the adsorption-based removal of both pharmaceuticals from aqueous media. 

Table 2. Thermodynamic Parameters for the Adsorption of Ciprofloxacin and Ibuprofen  
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3.3 Reusability of RHOPTNPs for Ciprofloxacin and Ibuprofen Removal 

The reusability of RHOPTNPs was evaluated through four successive adsorption–desorption 

cycles for the removal of ciprofloxacin and ibuprofen. RHOPTNPs demonstrated good 

regeneration performance for ciprofloxacin, with the removal efficiency decreasing from 82.16% 

in the first cycle to 75.90% in the fourth cycle, representing an absolute reduction of 6.26 

percentage points, or approximately 7.62% relative to the initial removal efficiency. For ibuprofen, 

the removal efficiency decreased from 97.45% in the first cycle to 64.44% in the fourth cycle, 

corresponding to an absolute reduction of 33.01 percentage points and a relative decline of 

approximately 33.87%. The more pronounced decline observed for ibuprofen suggests greater loss 

of adsorption performance during repeated regeneration compared with ciprofloxacin. This 

reduction may be associated with incomplete desorption of the adsorbed pharmaceuticals, residual 

Adsorbent Pollutant 
Temperature 

(K) 

ΔG 
(kJ mol⁻¹) 

ΔH 
(kJ mol⁻¹) 

ΔS 
(J mol⁻¹ K⁻¹) 

RHOPTN

Ps 

Ciprofloxac

in 
300 −6.21 87.85 313.88 

  305 −7.78   

  310 −9.35   

  315 −10.92   

  320 −12.49    

RHOPTN

Ps 
Ibuprofen 300 −5.76 −38.49 −109.08 

  305 −5.22   

  310 −4.67   

  315 −4.13   

  320 −3.58   
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molecules occupying active adsorption sites, and possible alteration or loss of accessible surface 

sites during successive adsorption–desorption cycles [18].The relativel 

y small reduction in ciprofloxacin removal indicates that RHOPTNPs retain a substantial 

proportion of their adsorption performance after repeated regeneration. In contrast, the larger 

decline observed for ibuprofen indicates a greater reduction in adsorption capacity over successive 

cycles. Nevertheless, the adsorbent retained 92.38% of its initial ciprofloxacin removal efficiency 

and 66.13% of its initial ibuprofen removal efficiency after the fourth cycle. In addition, the 

magnetic nature of RHOPTNPs facilitates their rapid separation and recovery from treated water, 

which is advantageous for repeated batch adsorption operations. The observed reusability is 

consistent with the potential of magnetic iron-based adsorbents and nanocomposites for repeated 

pharmaceutical removal applications [18, 39]. 

The results generally demonstrate that RHOPTNPs can be regenerated and reused over multiple 

adsorption cycles, although their regeneration stability is substantially higher for ciprofloxacin 

than for ibuprofen. After four cycles, RHOPTNPs retained approximately 92.38% and 66.13% of 

their initial removal efficiencies for ciprofloxacin and ibuprofen, respectively. Thus, while the 

adsorbent exhibits good recyclability for ciprofloxacin, the pronounced decline in ibuprofen 

removal suggests that further optimization of the regeneration procedure may be necessary to 

maintain its adsorption performance during repeated use. The combination of reusability and 

magnetic recoverability nevertheless supports the potential application of RHOPTNPs as a 

recoverable adsorbent for pharmaceutical-contaminated water. 
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Figure 15: Result of the reusability of the synthesized Adsorbent 

3.4 Adsorption Isotherms of Ciprofloxacin and Ibuprofen on RHOPTNPs 

The equilibrium adsorption of ciprofloxacin and ibuprofen onto RHOPTNPs was evaluated using 

the Langmuir, Freundlich and Temkin isotherm models (Table 3). For ciprofloxacin, the Langmuir 

model gave the highest correlation coefficient (R2=0.9179), compared with 0.8896 for both the 

Freundlich and Temkin models, indicating that the Langmuir model provided the best description 

of the equilibrium data. The calculated maximum adsorption capacity (qm) was 9.34 mg g⁻¹, with 

a Langmuir affinity constant (KL) of 0.689 L mg⁻¹. The separation factor (RL=0.0193) was within 

the favourable range of (0<RL<1), confirming favourable adsorption of ciprofloxacin onto 

RHOPTNPs, consistent with previous reports of favourable pharmaceutical adsorption using iron-

based and biomass-derived adsorbents [18, 40]. 

For ibuprofen, the Langmuir model exhibited an excellent fit (R2=0.9929), higher than those 

obtained for the Freundlich (R2=0.9678) and Temkin (R2=0.9678) models. The Langmuir 

maximum adsorption capacity was 112.36 mg g⁻¹, with (KL=0.0561) L mg⁻¹ and (RL=0.0561), 

confirming favourable adsorption. The relatively high (qm) demonstrates the substantial adsorption 

capacity of RHOPTNPs towards ibuprofen. This value compares favourably with adsorption 

capacities reported for several iron-based and nanostructured adsorbents, indicating the 

effectiveness of RHOPTNPs for ibuprofen removal [21, 29, 41]. 
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The Freundlich model also indicated favourable adsorption of ibuprofen, with (n=1.05) and 

(R2=0.9678), while the Temkin model showed a similarly strong correlation ((R2=0.9678)). 

However, the higher (R2) obtained for the Langmuir model suggests that monolayer adsorption on 

relatively homogeneous active sites provides the most appropriate representation of the 

equilibrium behaviour. The good Temkin fit further suggests that adsorbate–adsorbent interactions 

and variations in adsorption energy may also contribute to the process [42]. 

 The isotherm analysis demonstrates that RHOPTNPs exhibit favourable adsorption towards both 

ciprofloxacin and ibuprofen, with the equilibrium data better described by the Langmuir model. 

The substantially higher adsorption capacity observed for ibuprofen may be associated with the 

surface characteristics of RHOPTNPs, including their surface functional groups, pore structure 

and biomass-derived surface components. Similar influences of surface area, particle 

characteristics and functional groups on pharmaceutical adsorption have been reported previously 

([43, 44]). The low (RL) values further confirm the favourable nature of the adsorption process and 

support the potential application of RHOPTNPs for the removal of pharmaceutical contaminants 

from aqueous media. 

Table 3. Adsorption isotherm parameters for ciprofloxacin and ibuprofen adsorption  

Isotherm 

Model 
Parameter 

Ciprofloxaci

n 

Ibuprof

en 

Langmuir  (mg g⁻¹) 9.337 112.360 

  (L mg⁻¹) 0.689 0.056 

  0.019 0.056 

  0.918 0.993 

Freundlich  2.207 0.951 

  0.453 1.051 

  (mg g⁻¹ (L mg⁻¹)¹/ⁿ) 2.777 5.936 
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Isotherm 

Model 
Parameter 

Ciprofloxaci

n 

Ibuprof

en 

  0.890 0.968 

Temkin  0.864 0.951 

  1.434 1.781 

  (L g⁻¹) 4.201 5.936 

  (L mol⁻¹) 2868.5 2673.2 

  0.890 0.968 

 

3.5 Kinetic Studies of Ciprofloxacin and Ibuprofen Adsorption Using RHOPTNPs 

The adsorption kinetics of ciprofloxacin and ibuprofen onto RHOPTNPs were evaluated using 

pseudo-first-order, pseudo-second-order, intraparticle diffusion, and Elovich models (Table 4). 

For ciprofloxacin, the pseudo-first-order model showed a poor fit, with an (R2) value of 0.44193 

and a negative (k1) value (−0.00030 min⁻¹), indicating that this model inadequately describes the 

adsorption process. In contrast, the pseudo-second-order model provided a better fit (R2=0.91244), 

with an equilibrium adsorption capacity (qe) of 3.08 mg/g and (k2) of 0.08120 g/mg min. This 

suggests that the adsorption rate is predominantly associated with interactions between the 

adsorbate and active sites on RHOPTNPs [31, 45]. 

The intraparticle diffusion model gave a relatively poor fit for ciprofloxacin (R2=0.44422), 

suggesting that intraparticle diffusion alone was not the controlling rate-limiting mechanism. The 

Elovich model also showed a weak fit (R2=0.37838), although its parameters indicate the presence 

of heterogeneous adsorption sites. Overall, the kinetic behaviour of ciprofloxacin on RHOPTNPs 

is best represented by the pseudo-second-order model, indicating a predominantly chemisorption-

controlled process. 
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For ibuprofen, the pseudo-second-order model also provided the best kinetic description, with 

(R2=0.98642), (qe=3.58) mg/g and (k2=0.06592) g/mg min. The relatively high (R2) and positive 

(k2) value indicate strong agreement between the experimental data and the pseudo-second-order 

model. The pseudo-first-order model gave a lower (R2) of 0.66676, while the intraparticle diffusion 

and Elovich models produced (R2) values of 0.77727 and 0.84607, respectively. These results 

indicate that although diffusion and surface heterogeneity contribute to the adsorption process, 

they do not adequately describe the overall adsorption kinetics. 

The pseudo-second-order model therefore best describes the adsorption of both ciprofloxacin and 

ibuprofen onto RHOPTNPs. The results suggest that surface interactions between the 

pharmaceutical molecules and the active sites of RHOPTNPs play a major role in controlling the 

adsorption rate, consistent with the chemisorption mechanism proposed for heterogeneous 

adsorbent surfaces [46, 47]. 

Table 4. Kinetic model parameters for the adsorption of ciprofloxacin and ibuprofen  

Kinetic Model Parameter 
Ciprofloxac

in 

Ibuprof

en 

Pseudo-First-Order  (mg g⁻¹) 2.598 5.402 

  (min⁻¹) −0.00030 
−0.0001

8 

  0.442 0.667 

Pseudo-Second-

Order 
 (mg g⁻¹) 3.083 3.581 

  9.503 12.823 

  (g mg⁻¹ min⁻¹) 0.081 0.057 

  0.912 0.986 
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Kinetic Model Parameter 
Ciprofloxac

in 

Ibuprof

en 

Intraparticle 

Diffusion 
 (mg g⁻¹ min¹/²) 0.177 0.313 

  (mg g⁻¹) 1.371 1.430 

  0.444 0.777 

Elovich  (mg g⁻¹ min⁻¹) 68.436 2.833 

  (g mg⁻¹) 2.995 1.835 

  0.378 0.864 

 

3.6 Application to Real Wastewater 

The occurrence of ciprofloxacin and ibuprofen in selected hospital and domestic wastewater 

samples from Kaduna metropolis was investigated, followed by adsorption treatment using 

RHOPTNPs. The results are presented in Tables 5 and 6. 

In hospital wastewater, ciprofloxacin concentrations ranged from 1.31 to 1.89 mg L⁻¹. Treatment 

with RHOPTNPs resulted in removal efficiencies of 80.95%, 82.44%, and 84.09% for BDTH, 

YSDH, and PHCBR, respectively, demonstrating effective removal of ciprofloxacin from complex 

hospital wastewater matrices. The slightly lower removal efficiencies compared with controlled 

batch experiments may be associated with the presence of competing dissolved organic and 

inorganic constituents in real wastewater, which can occupy or interfere with available adsorption 

sites. Similar applications of iron-based nanomaterials for ciprofloxacin-contaminated wastewater 

have demonstrated the potential of adsorption-based processes, particularly when combined with 

oxidative treatment mechanisms [48-50]. 

Ibuprofen concentrations in hospital wastewater ranged from 0.78 to 1.44 mg L⁻¹. RHOPTNPs 

achieved high removal efficiencies of 86.80%, 96.15%, and 96.19% for BDTH, YSDH, and 
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PHCBR, respectively. The consistently high removal of ibuprofen suggests favourable interactions 

between ibuprofen molecules and the active surface sites of RHOPTNPs. The adsorption 

behaviour may be influenced by electrostatic interactions, hydrogen bonding, and other surface 

interactions associated with the iron oxide surface and biomass-derived functional groups [51]. 

These results support the potential application of plant-mediated iron oxide nanoparticles for 

pharmaceutical removal from hospital wastewater, although issues relating to nanoparticle 

stability, regeneration, and post-treatment management require further consideration [51-53]. 

In domestic wastewater, ciprofloxacin concentrations ranged from 0.91 to 1.51 mg L⁻¹ across the 

sampled locations. RHOPTNPs achieved removal efficiencies of 94.50%, 86.09%, and 84.31% 

for Samples A, B, and C, respectively. Similarly, ibuprofen concentrations ranged from 0.68 to 

1.30 mg L⁻¹, with removal efficiencies of 97.05%, 93.07%, and 93.85%, respectively. The results 

demonstrate that RHOPTNPs maintained substantial adsorption performance in real domestic 

wastewater, with ibuprofen generally showing higher removal than ciprofloxacin. 

The detected pharmaceutical concentrations differed from values reported for urban wastewater in 

other regions, which may reflect differences in pharmaceutical consumption, wastewater sources, 

disposal practices, and treatment infrastructure [54]. The occurrence of ciprofloxacin and 

ibuprofen in untreated wastewater is environmentally significant because of their persistence and 

potential ecological effects, including the contribution of antibiotic residues to antimicrobial 

resistance [54-56]. Consequently, the high removal efficiencies obtained in this study indicate that 

RHOPTNPs have potential as a low-cost, biomass-derived adsorbent for reducing pharmaceutical 

residues in hospital and domestic wastewater. 
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Table 5. Occurrence of ciprofloxacin and ibuprofen in hospital wastewater and their removal by 

RHOPTNPs 

Sn Sample 
Initial CIP Conc. 

(mg/L) 

CIP Removal 

(%) 

Initial IBU Conc. 

(mg/L) 

IBU Removal 

(%) 

1 BDTH 1.89 80.95 1.44 86.80 

2 YSDH 1.31 82.44 0.78 96.15 

3 PHCBR 1.32 84.09 1.05 96.19 

Table 6. Occurrence of ciprofloxacin and ibuprofen in domestic wastewater and their removal by 

RHOPTNPs 

S

n 

Samp

le 

Initial CIP Conc. 

(mg/L) 

CIP Removal 

(%) 

Initial IBU Conc. 

(mg/L) 

IBU Removal 

(%) 

1 A 0.91 94.50 0.68 97.05 

2 B 1.51 86.09 1.30 93.07 

3 C 1.02 84.31 1.14 93.85 

4.0 Conclusion 

Iron oxide nanoparticles  were successfully green-synthesized using a combined rice husk-orange 

peel extract and residue template (RHOPTNPs) and characterized by UV-Vis, FTIR, DLS, SEM-

EDS, XRD, BET, and TGA analyses, confirming the formation of a phytochemically capped, 

cubic iron oxide nanostructure with an average particle size of 76.24 nm and a high BET surface 

area of 846.28 m²/g. RHOPTNPs demonstrated strong performance as an adsorbent for the 

removal of ciprofloxacin (up to 99.45% removal) and ibuprofen (up to 84% removal) from aqueous 

solution under optimized batch conditions. Adsorption of both pharmaceuticals was best described 

by the Langmuir isotherm and pseudo-second-order kinetics, indicating chemisorption-dominated, 

monolayer uptake; ciprofloxacin adsorption was spontaneous and endothermic, while ibuprofen 

adsorption was spontaneous and exothermic. RHOPTNPs retained good removal performance 

across repeated adsorption cycles and effectively removed both pharmaceuticals from real hospital 

and domestic wastewater. These findings support RHOPTNPs, derived from low-cost, readily 
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available agrowaste, as a promising, sustainable, and reusable adsorbent for the remediation of 

pharmaceutically contaminated water, warranting further investigation at pilot and field scale. The 

mechanistic interpretations proposed here (electrostatic attraction, hydrogen bonding, π–π 

interactions, and pore-filling) are inferred from pH-dependence, FTIR, and thermodynamic data 

rather than confirmed by direct spectroscopic evidence; future work incorporating zeta potential 

measurements, pre- and post-adsorption FTIR or XPS analysis, and pilot-scale trials would help 

to substantiate the proposed adsorption mechanism and support scale-up. 
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