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Abstract
This study evaluated the potential of biosorbents derived from Raphia farinifera inflorescence for the removal of atra-
zine from water. Raw (RFI-RAW), cellulose (RFI-C), nanocellulose (RFI-NCC), and xanthated nanocellulose (RFI-NCC-Xan) 
biosorbents were prepared and characterized using FTIR, SEM, and BET analyses. Batch adsorption experiments were 
conducted under varying conditions of pH, adsorbent dosage, initial concentration, contact time, and temperature. RFI-
NCC-Xan achieved a maximum removal efficiency of 99.71% at pH 6, 40 °C, and an optimum contact time of 80 min, while 
RFI-C exhibited the highest adsorption capacity under Langmuir isotherm fitting (qₘ = 99.78 mg/g). Non-linear isotherm 
models provided superior fits compared with linear forms, with R2 values of 0.942–0.996 and RMSE < 0.012, confirm-
ing the suitability of Langmuir and Sips models. Kinetic data were best described by the pseudo-second-order model, 
with calculated and experimental adsorption capacities in close agreement (qₑ,exp = 9.82 mg/g; qₑ,calc = 9.74 mg/g for 
RFI-NCC-Xan). Thermodynamic evaluation from both linear and non-linear Van’t Hoff analysis indicated that the adsorp-
tion was spontaneous (ΔG° =  − 1.34 to − 6.27 kJ mol−1 at 298 K) and endothermic, with ΔH° values ranging from + 94.7 
to + 185.3 kJ·mol−1 depending on the biosorbent. Non-linear analysis provided more consistent ΔH° and ΔS° estimates, 
confirming the energetic favorability and entropy-driven nature of the process. Regeneration studies showed that RFI-
NCC-Xan retained 81.59% efficiency after three cycles using 0.1 M NaOH, highlighting its stability and reusability. Appli-
cation to real wastewater from Aninri, Enugu State, Nigeria, demonstrated > 93% atrazine removal during both dry and 
wet seasons. These findings establish Raphia farinifera-based biosorbents as cost-effective, renewable materials with 
strong potential for agricultural water treatment and sustainable herbicide remediation.
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1  Introduction

Herbicide pollution remains a persistent environmental concern due to its toxicity, resistance to degradation, and 
potential to bioaccumulate, causing severe ecological and health impacts. In Nigeria and other developing countries, 
the increasing application of herbicides has led to contamination of soil, surface water, and groundwater, raising pub-
lic health risks. Atrazine, a chlorinated triazine herbicide widely applied to control weeds, has been reported to leach 
into soil and aquifers, resulting in contamination that disrupts plant growth, biodiversity, and aquatic ecosystems 
[1–3]. Atrazine residues may further enter the food chain through affected water bodies, posing additional risks to 
human health [4]. Several treatment methods, including chemical precipitation, ion exchange, reverse osmosis, and 
electrocoagulation, have been applied to remove herbicides from contaminated water. However, these methods are 
often expensive, energy intensive, and less effective at low pollutant concentrations [5, 6]. Adsorption has emerged 
as one of the most reliable and environmentally benign alternatives, offering scalability, cost-effectiveness, and 
compatibility with natural biosorbents [7, 8].

Recent research in agricultural waste valorization has focused on converting low-value residues into functional 
biosorbents. Biomass such as banana peels, sawdust, rice husks, coconut shells, populus nigra and sugarcane bagasse 
has demonstrated promising adsorption capacities due to the abundance of hydroxyl, carboxyl, and phenolic groups 
in their lignocellulosic matrices [8–10]. Despite these advances, certain agro-residues remain underexplored. The 
inflorescence of Raphia farinifera, a palm species common across tropical Africa, is one such material. While its fibrous 
sheath is used in crafts and local construction, the inflorescence is often discarded. Given its cellulose- and lignin-
rich composition, this biomass offers strong potential for biosorbent development [11]. The aim of this study was 
to valorize Raphia farinifera inflorescence through extraction, modification, and characterization of cellulose-based 
biosorbents, and to evaluate their potential for atrazine removal from water. Adsorption performance was investi-
gated under varying operational conditions, and the mechanism was assessed using kinetic models (pseudo-first-
order, pseudo-second-order, and intra-particle diffusion), equilibrium isotherms (Langmuir, Freundlich, and Temkin), 
and thermodynamic parameters (ΔH°, ΔS°, ΔG°). Comprehensive material characterization was performed using 
Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD), Scanning Electron Microscopy coupled with 
Energy Dispersive Spectroscopy (SEM–EDS), Brunauer–Emmett–Teller (BET) surface analysis, and Thermogravimetric 
Analysis (TGA) [12, 13].

This work demonstrates, for the first time, the use of Raphia farinifera inflorescence as a biosorbent for herbicide 
remediation. By integrating adsorption modeling with structural and physicochemical characterization, the study 
provides a detailed understanding of the material’s potential as a sustainable adsorbent. Beyond its scientific rel-
evance, this research contributes to the United Nations Sustainable Development Goal 6 (Clean Water and Sanitation), 
while also supporting circular economy initiatives and resource recovery strategies.

Earlier studies have reported atrazine adsorption capacities of 18.6 mg/g for coconut husk [14], 24.5 mg/g for 
rice husk biochar [15], and 32.7 mg/g for modified sugarcane bagasse [16] Advanced adsorbents such as activated 
carbon and carbon nanotube composites can reach capacities of 40–60 mg/g, but their preparation requires high 
energy input and costly chemical treatments [11]. The biosorbent derived from Raphia farinifera inflorescence Fig. 1 
offers comparable performance, while utilizing a readily available and underused biomass with minimal processing. 
This balance between effectiveness and sustainability underscores its potential for scalable herbicide remediation 
in regions where low-cost solutions are critical.

2 � Materials and methods

2.1 � Sample collection and preparation

The inflorescence waste of Raphia farinifera, as shown in Fig. 1, was obtained from cultivated Raphia palm planta-
tions in Mbu-Amon, Isi-Uzo Local Government Area, Enugu State, Nigeria (coordinates: 6.71° N, 7.52° E). Collection 
was conducted in compliance with local and national guidelines regulating the use of plant materials for research 
purposes. The study adhered to the ethical standards of Enugu State University of Science and Technology (ESUT) and 
the National Environmental Standards and Regulations Enforcement Agency (NESREA) guidelines for non-endangered 



Vol.:(0123456789)

Discover Environment           (2025) 3:252  | https://doi.org/10.1007/s44274-025-00463-9 
	 Research

species. Prior to collection, written permission was obtained from the local landowners, and the community author-
ity granted consent for sampling within their cultivated plantations. Since Raphia farinifera is widely cultivated and 
not listed as a wild or endangered species under IUCN guidelines, no special governmental licence was required.

The plant materials were taxonomically identified and authenticated at the Department of Applied Biology and 
Biotechnology, Enugu State University of Science and Technology (ESUT), where a voucher specimen was deposited 
for reference. The inflorescences were harvested during the peak season when waste biomass was abundant. Samples 
were thoroughly washed with deionized water to remove dirt, dust, and soluble impurities, then air-dried at ambient 
temperature for two weeks (14 days). The dried biomass was ground into fine powder using a mechanical grinder and 
sieved through a 1 mm mesh to obtain uniform particle size for subsequent treatments.

2.1.1 � Preparation of activated raphia (RFi‑Act)

The powdered RFi was impregnated with a 1:1 (w/v) solution of zinc chloride (ZnCl₂) for 24 h and then carbonized in a 
muffle furnace at 500 °C for 2 h under limited air supply. The carbonized product was cooled, washed repeatedly with 
deionized water until neutral pH was attained, and oven-dried at 105 °C. This procedure follows established activation 
methods reported by Wang et al., [17].

2.1.2 � Xanthate modification (RFi‑NCC‑Xan)

RFi was first alkalized by soaking 20 g of RFi in 200 mL of 10% NaOH for 1 h at room temperature. The alkali-treated 
sample was filtered and then reacted with 20 mL of carbon disulfide (CS₂) under continuous stirring for 3 h at 30 °C. The 
xanthate-modified biomass was washed, dried at 60 °C, and stored in airtight containers. The xanthation procedure is 
consistent with procedure described by Reis et al., [18] for xanthan-functionalized biosorbents.

2.1.3 � Extraction of cellulose (RFi‑C)

Cellulose was extracted using sequential alkali and bleaching treatments as reported by Agboeze et al., [19]. RFI was 
treated with 2% (w/v) NaOH at 80 °C for 4 h to remove hemicellulose. The residue was bleached with 1.7% NaClO₂ in pH 

Fig. 1   Raphia farinifera palm 
tree with its inflorescence
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4.8 acetate buffer at 75 °C for 3 h. The process was repeated until a white fibrous residue (cellulose) was obtained, as per 
Rao et.al., [20].

2.1.4 � Microcrystalline cellulose (RFi‑MCC) production

RFi-C was hydrolyzed using 2.5 N hydrochloric acid at 80 °C for 30 min under constant stirring. The resulting suspension 
was filtered and washed to neutrality, followed by oven-drying at 60 °C. The procedure is consistent with the method 
described by Getachew, et al. [21] and Agboeze, et. al. [22], for MCC production [5, 21].

2.1.5 � Nanocrystalline cellulose (RFi‑NCC) production

RFi-MCC was subjected to sulfuric acid hydrolysis (64% H₂SO₄, 10 mL/g of MCC) at 45 °C for 1 h. The suspension was 
quenched with cold deionized water, centrifuged at 10,000 rpm, and dialyzed until neutral. The final NCC was sonicated 
for 10 min and freeze-dried. The procedure is consistent with the method described by Das, et al. (2020) for NCC produc-
tion [23].

2.1.6 � Isolation of raphia lignin (RFi‑Lignin)

Lignin was isolated from RFi biomass through acid precipitation. The biomass was first dewaxed using a 2:1 mixture of 
toluene and ethanol, followed by alkali extraction with 1 M NaOH at 90 °C for 3 h. The resulting solution was filtered and 
acidified to pH 2 using 6 N HCl. The precipitated lignin was then collected by centrifugation, thoroughly washed, and 
dried at 60 °C. The procedure is consistent with the method described by Agboeze, et al., (2022) [5].

2.2 � Proximate composition analysis

Proximate analyses were carried out to determine the moisture content, volatile matter, ash content, and fixed carbon 
of all biosorbents following AOAC (2019) standard methods.

	 I.	 Moisture content was determined by oven drying samples at 105 °C until constant weight.
	 II.	 Ash content was determined by incinerating samples in a muffle furnace at 600 °C for 6 h.
	 III.	 Volatile matter was calculated after heating the sample at 950 °C for 7 min.
	 IV.	 Fixed carbon was computed by difference.

2.3 � Physicochemical characterization

2.3.1 � pH and bulk density

The pH of a 1% (w/v) biosorbent water slurry was measured using a digital pH meter after stirring for 30 min. Bulk density 
was evaluated by packing a known mass of sample into a graduated cylinder and calculating the weight-to-volume ratio.

2.3.2 � BET surface area and porosity

Nitrogen adsorption–desorption isotherms were recorded at 77 K using a Micromeritics ASAP 2020 analyzer. The BET 
surface area, total pore volume, and average pore diameter were calculated from the isotherms using the BJH method 
for pore distribution. The isotherm type and hysteresis loop were classified according to IUPAC guidelines in Thommes 
et al., [24].

2.3.3 � FTIR spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was carried out using a Shimadzu IRTracer-100 in the range of 
4000–400 cm−1 to identify functional groups present in each biosorbent.
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2.3.4 � X‑ray diffraction (XRD)

Crystallinity was evaluated using XRD (Rigaku Miniflex II) with Cu-Kα radiation (λ = 1.5406 Å), operating at 30 kV and 
15 mA. The 2θ scan range was from 5° to 80°, with a step size of 0.02°. Crystallinity Index (CrI) was calculated using 
the Segal method.

2.3.5 � Scanning electron microscopy (SEM/EDX)

Surface morphology and elemental composition were analyzed using SEM (JEOL JSM-6480LV) equipped with Energy 
Dispersive X-ray Spectroscopy (EDX). Samples were gold-coated prior to imaging.

2.3.6 � Thermogravimetric analysis (TGA)

TGA was performed using a PerkinElmer TGA 4000 under a nitrogen atmosphere from 25 °C to 600 °C at a heating 
rate of 10 °C/min to evaluate thermal stability and decomposition behavior.

2.4 � Batch adsorption experiments

All batch adsorption studies were conducted in 50 mL Erlenmeyer flasks containing 50 mL of atrazine solution at an 
initial concentration of 10 mg/L according to Chukwudi-Mmadu et. al., [1]. The adsorbents RFI-RAW, RFI-C, RFI-NCC, 
and RFI-NCC-Xan were used in to evaluate adsorption performance. Each flask was agitated at 150 rpm using a digital 
orbital shaker and the temperature was maintained at 30 °C. After the designated contact time, temperature, dos-
age, pH, and concentration, the suspensions were filtered through Whatman No. 1 filter paper and residual atrazine 
concentrations were analyzed using a UV/VIS 1800 PC spectrophotometer at λ_max = 222 nm. For benchmarking, 
adsorption capacity of RFi biosorbents was compared with literature-reported adsorbents (e.g., rice husk, coconut 
shell, banana peel) under similar conditions.

2.4.1 � Effect of pH

The influence of solution pH on adsorption was investigated at pH values of 3, 5, 7, and 9. The pH was adjusted using 
0.1 M NaOH or 0.1 M HCl and confirmed using a calibrated pH meter. A fixed dose of 0.6 g of each adsorbent was 
added to 50 mL of atrazine solution (10 mg/L) in individual flasks. The mixtures were agitated for 20 min followed by 
filtration and spectrophotometric analysis.

2.4.2 � Effect of adsorbent dosage

To study the effect of adsorbent dosage on atrazine removal, varying dosage of each biosorbent (0.1, 0.2, 0.4, and 
0.6 g) were added to 50 mL of 10 mg/L atrazine solution. The experiments were conducted at fixed pH 4 (previously 
determined to be near optimal) and a contact time of 20 min. After agitation and filtration, residual concentrations 
were determined. A similar approach was also applied to activated carbon from calabash for atrazine removal [1].

2.4.3 � Effect of initial concentration

The impact of atrazine initial concentration was studied using prepared solutions with concentrations of 2.0, 4.0, 
6.0, 8.0, and 10.0 mg/L. Each concentration was treated with 0.6 g of biosorbent under optimal pH 4 and agitated 
for 20 min. post-treatment, the solutions were filtered and the atrazine remaining in the supernatant was quantified 
spectrophotometrically.
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2.4.4 � Effect of contact time

The batch experiments for analyzing the effect of time on removal of atrazine ions were performed at contact times 
of 10, 20, 30, 40, 50, 60 and 80 min. A constant adsorbent dosage of 0.6 g was used with 50 mL of atrazine solution 
(10 mg/L) maintained at 30 °C and pH 4. After each time interval, the mixtures were filtered and the residual atrazine 
concentration was determined.

2.4.5 � Effect of temperature

Atrazine adsorption was studied at 25–45 °C to evaluate thermodynamic behavior. Each test used 0.6 g biosorbent 
in 50 mL of 10 mg/L atrazine at pH 4, shaken for 20 min at 150 rpm in a thermostatic water bath. Post-treatment 
solutions were filtered and analyzed at 257 nm spectrophotometrically.

2.5 � Adsorption modeling

2.5.1 � Kinetic models

Kinetic modeling was carried out using the pseudo-first-order (PFO) and pseudo-second-order (PSO) models as pro-
posed by Lagergren [25] and further applied to adsorption systems by Ho and McKay [26]. Equilibrium adsorption 
was analyzed using Langmuir, Freundlich, Temkin, and Dubinin–Radushkevich (D–R) isotherms, following standard 
approaches reported by Foo and Hameed [27]. The models are given by:

(a). PFO: log
(

qe − qt
)

= logqe −
k1

2.303
t

(b). PSO: t
qt
=

1

k2q
2
e

+
t

qe

2.5.2 � Isotherm models

Equilibrium data were analyzed using both linear and nonlinear forms of Langmuir, Freundlich, Temkin, and Dubinin-
Radushkevich (D-R) models [27]. The equations include:

(a). Langmuir:qe =
qmaxKLCe

1+KLCe

(b). Freundlich: qe = KFC
1
∕n

e

(c). Temkin: qe = BlnACe

(d). D-R: qe = qs exp(−B ∈2 with ∈= RTIn
(

1 + 1∕Ce

)

2.5.3 � Thermodynamic studies

Thermodynamic parameters, including Gibbs free energy change (ΔG°), enthalpy (ΔH°), and entropy (ΔS°), were 
evaluated to understand the feasibility and energetic nature of atrazine adsorption. The Gibbs free energy change 
was calculated using: (a). Gibbs free energy change: ΔG◦ = −RTInKc . (b). Enthalpy and entropy: InKc =

ΔS◦

R
−

ΔH◦

RT

where Kc = Cad∕Ce , R is the gas constant (8.314 J/mol·K) and T is the absolute temperature in Kelvin. ΔG° values were 
determined at different temperatures, while ΔH° and ΔS° were estimated from the slope and intercept of the van’t 
Hoff plots, respectively. Both linear regression and non-linear curve fitting approaches were applied, with non-linear 
analysis providing more consistent ΔH° and ΔS° estimates. All experiments were performed in triplicate, and results 
are presented as mean ± standard deviation. Model fitting and parameter estimation were conducted using OriginPro 
2022 and Excel Solver.

2.6 � Desorption and regeneration studies

Desorption and regeneration studies assessed biosorbent reusability post-atrazine adsorption. Eluents (0.1 M HCl, 
0.1 M NaOH, 50% ethanol) disrupted atrazine -biosorbent interactions. After adsorption, biosorbents were eluted, 
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agitated for 20 min, filtered, and atrazine desorbed was quantified at 257 nm. Desorption efficiency (%) was calculated 
to evaluate regeneration potential using:

where Cd is the amount of atrazine desorbed (mg) and Ca is the amount of atrazine initially adsorbed (mg).
For regeneration studies, the (bio) sorbents were washed, dried at 60 °C, and reused for three consecutive adsorp-

tion–desorption cycles using (best) performing eluent. Adsorption capacity was monitored after each cycle to assess 
the stability and reusability of the biosorbents.

2.7 � Estimation of greenhouse gas emissions

Life cycle inventory data for reagents, water, and energy used in biosorbent preparation were obtained from Ecoin-
vent 3.6 via OpenLCA (v1.10.3), using 1 kg of biosorbent as the functional unit. Emissions were reported as kg CO₂-eq/
kg (GWP100, IPCC 2013). Transport emissions were excluded; sensitivity analysis assessed energy input impact.

2.8 � Techno‑economic evaluation

Cost analysis was performed using a bottom-up approach that considered raw materials, utilities, labor, equipment 
depreciation, and waste management. Cost data were based on local market prices in Enugu, Nigeria, as of 2024. 
The unit production cost of the biosorbent was calculated using:

Revenue projections were estimated from potential application in atrazine contaminated water treatment, removal 
efficiency from prior experiments. Payback period, net present value (NPV), and benefit–cost ratio (BCR) were esti-
mated under various market scenarios.

2.9 � Statistical analysis

All experiments were performed in triplicate, and results are reported as mean ± standard deviation. Statistical sig-
nificance of differences between treatments (e.g., pH, dosage, concentration, and contact time) was assessed using 
one-way analysis of variance (ANOVA) with a significance threshold of p < 0.05. Regression analysis was conducted to 
evaluate the fit of kinetic and isotherm models, with model performance assessed using correlation coefficients (R2) 
and error functions such as chi-square (χ2) and root mean square error (RMSE). Statistical analyses were performed 
using OriginPro 2022 (OriginLab, USA).

Desorptionefficiency(%) =

(

Cd

Ca

)

× 100

Unit Cost (USD∕kg) =
TotalCostofInputs(USD)

MassofBiosorbentProduced(kg)

Table 1   Proximate and 
physicochemical properties of 
RFi-based biosorbents

Parameter RFi-raw RFi-act RFi-NCC-xan

Moisture content (%) 6.32 5.45 4.98
Ash content (%) 12.10 14.30 10.70
Fixed carbon (%) 17.20 24.60 28.50
pH 6.4 6.7 5.9
Bulk density (g/cm3) 0.43 0.52 0.47
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3 � Results and discussion

3.1 � Proximate and physicochemical properties of RFi‑based biosorbents

Proximate and physicochemical analyses were carried out to evaluate the suitability of Raphia farinifera inflorescence 
(RFi) and its derivatives as biosorbents. The results for moisture content, ash content, fixed carbon, pH, and bulk density 
are presented in Table 1 and Fig. 2. The Fig. 1 below also show grouped of compared moisture content, ash content, 
fixed carbon, pH, and bulk density across RFi-Raw, RFi-Act, and RFi-NCC-Xan. It demonstrates: 1. Progressive reduction 
in moisture post-modification. 2. Enhanced fixed carbon in chemically treated samples. 3. Improved bulk density and 
alkalinity in RFi-Act.

3.1.1 � Moisture content

Moisture content in biosorbents influences their stability and shelf life as reported by Steiger et al., [28]. RFi-NCC-Xan 
exhibited the lowest moisture content of 4.98%, followed by RFi-Act with 5.45% and 6.32% of RFi-Raw. The decrease in 
moisture content after activation and xanthate modification suggests reduction in hydrophilic sites or stronger hydro-
gen bonding that inhibits water uptake. Low moisture enhances thermal stability and improves handling particularly 
for powdered biosorbents. Similar trends have been reported in acid and base treated bamboo and sugarcane bagasse 
biosorbents [28, 29].

3.1.2 � Ash content

Ash content represents the inorganic residue left after combustion which may influence the adsorbents porosity and 
fixed carbon content. RFi-Act showed the highest ash content of 14.3%, likely due to the presence of residual zinc or 
mineral content introduced during chemical activation. RFi-NCC-Xan had a lower ash content of 10.7% than the 12.1% of 
raw sample, possibly due to surface cleaning during chemical grafting. High ash levels, although not necessarily harm-
ful has been reported to reduce surface homogeneity. The ash content in this study falls within the range reported for 
activated agricultural waste such as cocoa pod husks and rice husks [30–32].

3.1.3 � Fixed carbon

Fixed carbon content reflects the proportion of carbon available for adsorption after volatile and ash removal. RFi-NCC-
Xan had the highest fixed carbon of 28.5%, followed by 4.6% RFi-Act and 17.2% RFi-Raw. The increase in fixed carbon 

Fig. 2   Proximate and phys-
icochemical properties of RFi 
biosorbents
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after chemical modifications indicates enhanced carbonaceous structure which contributes significantly to adsorptive 
performance due to its affinity for organic and inorganic pollutants. A high fixed carbon value corresponds to increased 
micropore formation and surface reactivity [31].

3.1.4 � pH

The surface pH of biosorbents can affect their ion exchange behavior and interaction with charged species. RFi-Act 
exhibited a slightly 6.7 alkaline pH attributed to basic surface oxides introduced during activation. RFi-NCC-Xan was 
mildly acidic with 5.9 pH which is typical of biosorbents modified with sulfur containing groups like xanthate. Surface 
acidity is beneficial for adsorbing cations via electrostatic attraction and complexation. These findings agree with those 
of Singh et al. [33], who reported that acidic and moderately neutral pH enhances the affinity of biosorbents for divalent 
metal ions such as Pb2+ and Cd2+ [33].

3.1.5 � Bulk density

Bulk density reflects the compactness of biosorbents and strongly influences reactor design, packing efficiency, and 
mass transfer in both batch and fixed-bed applications. Among the studied materials, RFi-Act showed the highest 
bulk density (0.52 g/cm3), followed by RFi-NCC-Xan (0.47 g/cm3) and RFi-RAW (0.43 g/cm3). The increase in RFi-Act is 
attributed to matrix shrinkage and densification induced by activation, while the moderate rise in RFi-NCC-Xan results 
from cross-linking during xanthate grafting, which reduces porosity slightly. The higher bulk densities observed for 
RFi-Act and RFi-NCC-Xan coincided with an increase in fixed carbon content and lower moisture, as also indicated by 
proximate analysis. These structural modifications enhance mechanical strength and provide a more stable sorbent 
matrix. Singh et al. [33] and Tsai et al., [31] reported that biosorbents with higher bulk density are better suited for 
continuous systems due to their improved handling and resistance to attrition. Similar trends were recently reported 
for modified biochars and nanocellulose composites in pesticide and dye adsorption, where densification improved 
adsorption kinetics and extended material lifespan [34–36]. Functionally, higher fixed carbon increases the propor-
tion of aromatic domains that provide stable sorption sites for hydrophobic molecules such as atrazine. Higher bulk 
density supports tighter bed packing and enhanced flow dynamics in column systems, while lower moisture improves 
shelf life and operational stability. These traits explain the improved adsorption kinetics and regeneration behavior 
of RFi-Act and RFi-NCC-Xan in subsequent sections of this study. Practical applications further highlight their value. 
RFi-NCC-Xan, with xanthate-derived dithiocarbonate (− OCS₂−) groups, is particularly effective for binding heavy 
metal cations (Pb2+, Cd2+, Cu2+, Cr6+), offering dual functionality for herbicide and metal-contaminated effluents 
[18]. RFi-Act, with its enhanced microporosity and acidic surface groups, shows potential for simultaneous removal 
of dyes and metals in multicomponent industrial wastewaters [29]. Such features align with the requirements of 

Fig. 3   show the FTIR spectra 
of various Raphia farinifera-
derived biosorbents show-
ing characteristic functional 
groups. The O–H, C = O, C–H, 
C–O, and C–S vibrations 
indicate successful chemical 
modification and removal of 
lignin/hemicellulose in cel-
lulose derivatives. Xanthate-
specific bands observed in 
RFi-NCC-Xan confirm sulfur 
group grafting. These spectral 
differences validate the 
chemical diversity introduced 
through processing methods
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real-world applications, including point-of-use water treatment in rural settings and industrial effluent management 
in agrochemical, textile, and mining sectors.

3.2 � Fourier Transform infrared (FTIR) spectral analysis

FTIR spectroscopy was employed to characterize the functional groups present in raw and chemically modified 
forms of Raphia farinifera biosorbents, namely RFi-Raw, RFi-C (cellulose), RFi-Act (activated), RFi-NCC (nanocrystal-
line cellulose), RFi-NCC-Xan (xanthated nanocellulose), RFi-MCC (microcrystalline cellulose), and RFi-Lignin shown 
in Fig. 3. Distinct spectral variations confirm structural modifications and introduction of new functionalities after 
each treatment step.

The spectrum of RFi-Raw displayed broad O–H stretching at 3422 cm−1, C–H stretching at 2342 cm−1, and a peak 
at 1644 cm−1 attributable to aromatic C = C stretching, consistent with lignocellulosic matrices. Peaks at 1054 and 
780 cm−1 reflected C–O stretching and aromatic C-H bending, confirming the presence of cellulose, hemicellulose, 
and lignin. Similar features have been reported for other untreated biomasses such as oil palm empty fruit bunch and 
sawdust [37, 38]. The RFi-C spectrum revealed a broad band at 3408 cm−1 (hydrogen-bonded -OH groups), a peak at 
2920 cm−1 (C-H stretching), and a strong absorption at 1038 cm−1 assigned to β-1,4-glycosidic linkages. The disap-
pearance of peaks in the 1700–1500 cm−1 region confirmed effective lignin and hemicellulose removal, producing 
high-purity cellulose. These features align with cellulose isolated from cotton linter reported by Bakasi et al. [39], 
and wheat straw stem [39, 40]. The RFi-Act sample exhibited broad O–H stretching at 3450 cm−1 and sharp peaks 
at 2344 and 1716 cm−1 corresponding to carboxyl and carbonyl groups. These indicate successful activation and 
introduction of acidic functionalities, which are known to enhance adsorption of metal ions and polar organics [35]. 
In RFi-NCC-Xan, peaks at 1622 and 1376 cm−1 confirmed asymmetric and symmetric stretching of carboxylates from 
xanthan groups, while new absorptions at 1058 and 636 cm−1 indicated polysaccharide grafting and C–Cl stretching. 
These modifications validate sulfur- and carboxyl-rich functionalization consistent with xanthan-grafted biopolymers 
[37]. The RFi-MCC spectrum showed a sharp band at 1034 cm−1, characteristic of C–O–C stretching in crystalline cel-
lulose, while RFi-NCC displayed peaks at 1598 and 1008 cm−1, attributed to COO⁻ groups and β-glycosidic linkages, 
confirming partial oxidation and nanostructuring. Similar spectra have been observed in nanocellulose derived from 
agricultural wastes [12]. Finally, RFi-Lignin showed broad O–H stretching bands at 3754 and 3386 cm−1, aromatic 
skeletal vibrations at 2360 and 1506 cm−1, and C-H bending at 710 cm−1. These are consistent with the structural char-
acteristics of isolated lignin fractions [5]. Overall, FTIR analysis confirms that each processing step introduced specific 
functional groups-hydroxyls, carboxyls, carbonyls, and sulfur-based moieties-that play critical roles in adsorption. 
Hydroxyl and carboxyl groups enable hydrogen bonding and electrostatic interactions with atrazine, while xanthate 
groups enhance affinity for polar contaminants and metal cations, strengthening the mechanistic understanding of 
the adsorption process.

Fig. 4   XRD patterns of 
RFi-derived biosorbents. 
RFi-C, RFi-MCC, and RFi-NCC 
exhibit high crystallinity 
due to cellulose enrichment 
and hydrolysis. RFi-Act and 
RFi-NCC-Xan show reduced 
crystallinity and increased 
amorphous domains, while 
RFi-Raw and RFi-Lignin remain 
largely amorphous. The 
observed structural differ-
ences correspond to varia-
tions in adsorption capacity 
and regeneration potential
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3.3 � X‑ray diffraction (XRD) analysis work

X-ray diffraction (XRD) was used to determine crystallinity and amorphous content of the Raphia farinifera biosor-
bents shown in Fig. 4. Clear differences in diffraction patterns confirmed the structural changes induced by each 
modification step.

The diffraction pattern of RFi-Raw showed a broad hump at 2θ ≈ 22°, typical of lignocellulosic biomass with semi-
amorphous organization of cellulose, hemicellulose, and lignin. Similar amorphous behavior has been reported for 
corncobs, coconut husks, and palm fibers [41, 42]. Delignified cellulose (RFi-C) displayed sharper peaks at 2θ ≈ 16.4° and 
22.6°, corresponding to the (110) and (200) planes of cellulose Iβ, with a crystallinity index (CrI) of 61.3%. This increase 
reflects removal of amorphous lignin and hemicellulose, consistent with results for cellulose from rice husk and wheat 
straw [43]. RFi-MCC exhibited more intense (200) reflections and a CrI of ~ 70%, showing that acid hydrolysis removed 
amorphous domains and enriched crystalline microfibrils. RFi-NCC recorded the highest crystallinity (CrI = 79.5%), with 
narrow, sharp peaks at 2θ ≈ 22.6°, reflecting nanofibril dominance. High crystallinity in NCC enhances surface area stability 
and mechanical strength, properties critical for adsorption efficiency and durability in repeated use. Comparable values 
were obtained for nanocellulose from bamboo and jute [44]. RFi-Act exhibited broad and diffuse peaks with reduced 
intensity near 22°, confirming its predominantly amorphous carbon structure. This transformation, driven by activation 
and pyrolytic cleavage, increases defect density and surface reactivity. Such amorphization is common in activated carbon 
and directly enhances adsorption sites for polar organics and heavy metals [40]. The RFi-NCC-Xan sample showed both 
weak crystalline features and broad amorphous peaks. The reduced crystallinity results from xanthan grafting, which 
disrupts ordered cellulose packing and introduces chelating groups. This structural change improves accessibility of func-
tional groups, enhancing binding of metal ions and herbicides. Comparable effects were reported for xanthan-modified 
corn stalk cellulose [45]. RFi-Lignin displayed a completely amorphous profile without defined peaks, consistent with its 
highly branched aromatic structure. The amorphous character of lignin is favorable for π–π interactions with aromatic 
contaminants such as atrazine. Similar amorphous lignin profiles have been reported for Kraft and organosolv lignin [46].

3.4 � Scanning electron microscopy (SEM/EDX) analysis

SEM analysis revealed distinct morphological changes between raw and modified Raphia farinifera biosorbents shown 
in Fig. 5. RFi-Raw exhibited a compact, relatively smooth surface with limited pores, characteristic of untreated lig-
nocellulosic biomass. Such morphology restricts direct adsorption, as surface access for atrazine molecules remains 
minimal. RFi-Act displayed a fractured surface with abundant micro- and mesopores, confirming activation-induced 
carbonization and pore development. This morphology enhances specific surface area and diffusion pathways, 
explaining the improved adsorption kinetics observed for activated samples [7, 8, 47]. RFi-C, RFi-MCC, and RFi-NCC 
showed progressive fibrillar and needle-like textures. In particular, RFi-NCC presented nanostructured fibrils, con-
sistent with the removal of amorphous regions and exposure of crystalline cellulose chains. The high aspect ratio of 
these nanostructures increases external surface availability and facilitates stronger sorbate–sorbent interactions.

RFi-NCC-Xan revealed a swollen, layered morphology with granular deposits attributed to xanthate grafting. The 
heterogeneous surface introduced by functional group attachment creates multiple binding sites for atrazine and 
potential chelation with metal ions, consistent with its superior performance and reusability. These textural modifica-
tions are supported by earlier SEM reports of xanthate- and polysaccharide-modified cellulose showing similar layered 
morphologies [48, 49]. EDX analysis confirmed elemental composition shifts after modification. RFi-Raw displayed 
primarily carbon and oxygen peaks, while RFi-Act showed increased oxygen due to acidic functional groups. Sulfur 
peaks in RFi-NCC-Xan verified successful xanthate incorporation. These compositional changes support the FTIR and 
XRD findings, linking surface chemistry and morphology with enhanced adsorption performance.

RFi-Raw show a relatively smooth and compact surface with minimal porosity typical of untreated lignocellulosic 
biomass which in turn limits its direct adsorption potential. RFi-Act (Activated) surface appeared rough, fractured 
and highly porous indicating the formation of micro- and mesopores during activation. RFi-NCC-Xan Showed layered 
swollen structures with embedded xanthate linkages. The presence of granular particles suggests successful grafting 
of functional groups leading to heterogeneous binding sites for herbicides and metal ions [48]. RFi-C, MCC & NCC 
(Cellulose Derivatives) exhibited fibrous and fibrillar textures, especially in NCC, where nanostructured needle like 
forms were visible. This confirms the breakdown of amorphous regions and exposure of crystalline cellulose chains [8].
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Fig. 5   Representative 
SEM/EDX micrographs of 
RFi biosorbents. RFi-Raw 
exhibited smooth, com-
pact surfaces, while RFi-Act 
showed fractured porous 
textures. Cellulose derivatives 
(RFi-C, RFi-MCC, RFi-NCC) 
revealed fibrous to needle-like 
nanostructures, and RFi-NCC-
Xan displayed layered swollen 
morphology with sulfur sig-
nals in EDX, confirming graft-
ing. The observed morpholog-
ical transitions correspond to 
increased adsorption capacity, 
faster kinetics, and improved 
regeneration
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3.5 � Thermogravimetric analysis (TGA)

TGA was conducted to assess the thermal stability of raw and modified Raphia farinifera-based biosorbents Fig. 6. 
All samples exhibited three main stages of weight loss, reflecting the compositional differences introduced during 
chemical treatments.

First stage (30–150 °C): All biosorbents recorded an initial weight loss of 5–8%, attributed to the evaporation of 
physically adsorbed water and volatile matter. Such early losses are typical for lignocellulosic materials [20, 50]. 
Second stage (200–350 °C): The major degradation step corresponded to the breakdown of hemicellulose and cel-
lulose. RFi-Raw showed peak degradation near 315 °C, whereas RFi-C, RFi-MCC, and RFi-NCC decomposed at slightly 
higher temperatures (330–350 °C). The shift to higher temperatures confirms removal of amorphous fractions and 
enrichment of cellulose, which improves thermal stability [50]. Third stage (400–600 °C): This stage involved decom-
position of lignin and carbonaceous residues. RFi-Lignin was the most stable, retaining > 45% of its mass beyond 
500 °C, consistent with its cross-linked aromatic structure. RFi-Activated and RFi-NCC-Xan also demonstrated higher 
residual mass compared to RFi-Raw, indicating improved resistance to thermal decomposition following activation 
and xanthation. Such modifications likely introduce stable functional groups that delay structural collapse [51]. The 
enhanced thermal stability of RFi-Activated and RFi-NCC-Xan is significant for practical applications, as it allows 
regeneration under moderate heating and durability during repeated adsorption–desorption cycles. These find-
ings confirm that surface functionalization not only enhances adsorption performance but also improves structural 
integrity under thermal stress, a desirable property for wastewater treatment systems operating across varying 
temperature conditions.

Fig. 6   Thermogravimetric 
curves of Raphia farinifera-
derived biosorbents. RFi-Raw 
exhibited earlier decomposi-
tion due to the presence of 
hemicellulose and amorphous 
phases, while RFi-C, RFi-MCC, 
and RFi-NCC degraded at 
higher temperatures, confirm-
ing cellulose enrichment. 
RFi-Lignin showed the great-
est stability beyond 500 °C. 
RFi-Activated and RFi-NCC-
Xan retained more mass after 
600 °C, highlighting enhanced 
thermal resistance due to acti-
vation and xanthate grafting

Table 2   BET surface area, pore 
volume, and average pore 
diameter of RFi biosorbents

Biosorbent Surface area (m2/g) Pore volume (cm3/g) Avg. pore 
diameter 
(nm)

Rfi-Raw 22.3 0.015 3.4
RFi-MCC 38.7 0.021 3.8
RFi-C (cellulose) 202.5 0.134 4.2
RFi-NCC-xan 183.4 0.128 4.0
RFi-Lignin 134.2 0.099 3.9
RFi-NCC 542.1 0.312 2.7
RFi-Activated 685.3 0.428 2.4
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3.6 � Surface area and porosity analysis (BET Results)

The Brunauer–Emmett–Teller (BET) analysis of the RFi-derived biosorbents revealed significant differences in surface 
area and pore volume due to the chemical and structural modifications applied. The BET surface area (S_BET), total 
pore volume (V_total), and average pore diameter (D_avg) for the samples are summarized in Table 2.

RFi-Activated and RFi-NCC exhibited the largest BET surface areas, 685.3 and 542.1 m2/g respectively. In RFi-Acti-
vated, the high surface area and pore volume (0.428 cm3/g) are attributed to the development of abundant micro- 
and mesopores during activation, consistent with reports on activated carbons derived from biomass precursors 
[48]. Similarly, the nanostructuring of cellulose in RFi-NCC enhanced fibril separation, creating extensive accessible 
surfaces. Both materials also showed pore diameters in the microporous to small-mesoporous range (2.4–2.7 nm), 
favorable for adsorption of small organic pollutants such as atrazine. RFi-C presented a surface area of 202.5 m2/g, 
reflecting enrichment of crystalline cellulose and partial mesopore development during lignin and hemicellulose 
removal. This value is in agreement with previous findings for cellulose extracted from agricultural biomass [21, 23]. 
RFi-NCC-Xan and RFi-Lignin, with 183.4 and 134.2 m2/g respectively, showed intermediate values. Xanthate modifica-
tion likely contributed to surface roughening and partial pore expansion, while lignin’s irregular aromatic structure 
produced localized porosity, as observed in similar polysaccharide-modified biosorbents [45]. RFi-MCC and RFi-Raw 
had the lowest surface areas, 38.7 and 22.3 m2/g respectively, reflecting compact structures with limited porosity. 
Comparable values have been reported for untreated biomass such as sawdust and microcrystalline cellulose pow-
ders, which generally display minimal surface accessibility [21, 52]. Across all biosorbents, pore diameters were within 
the mesoporous range (2–50 nm), enhancing diffusion of larger organic molecules and supporting faster adsorp-
tion rates [39]. The correlation between surface area and adsorption efficiency was evident: materials with higher 
BET surface areas, such as RFi-Activated, RFi-NCC, and RFi-C, also exhibited the strongest adsorption capacities. This 
relationship aligns with BET studies on sugarcane bagasse and banana peel-derived carbons [50].

4 � Atrazine adsorption experiments

Batch adsorption experiments were conducted to determine the optimal operational parameters for atrazine removal 
using RFI-RAW, RFI-C, RFI-NCC, and RFI-NCC-Xan biosorbents. These included the effects of solution pH, adsorbent 
dosage, initial atrazine concentration, and contact time.

Fig. 7   Effect of pH on atrazine 
adsorption by different RFI 
biosorbents (adsorbent 
dose = 0.4 g, C₀ = 10 mg/L, 
contact time = 80 min, 
T = 30 °C)

Fig. 8   Effect of biosorb-
ent dosage on atrazine 
removal efficiency (pH = 4, 
C₀ = 10 mg/L, contact 
time = 80 min, T = 30 °C)
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4.1 � Effect of solution pH

Solution pH affected atrazine uptake by all RFi-derived biosorbents as shown in Fig. 7. Removal efficiencies varied sig-
nificantly across the tested pH range with ANOVA, p < 0.05. RFi-RAW and RFi-NCC showed maximum adsorption at pH 
7, RFi-C at pH 3, while RFi-NCC-Xan maintained high efficiency across the range with peak at 94.4% at pH 7. At low pH, 
protonation of –OH, –COOH, and –SO₃H groups increased surface positivity, enhancing hydrogen bonding and van der 
Waals interactions with atrazine. Since atrazine remains largely neutral under acidic to near-neutral conditions, these 
interactions dominate the adsorption process. Beyond pH 7, deprotonation of active sites reduced binding capacity. 
The stable performance of RFi-NCC-Xan is linked to the xanthate groups, which introduce sulfur donor sites with strong 
affinity for triazine rings. Similar pH-dependent behavior has been reported for surface-modified biochar and sulfur-
functionalized biosorbents [1, 53, 54]. Regression analysis of removal efficiency versus pH showed strong polynomial 
fits (R2 > 0.95), confirming the observed adsorption trends.

4.2 � Effect of biosorbent dosage

Influence of biosorbent dosage on atrazine removal was examined by varying the mass from 0.1 to 0.6 g. Removal 
efficiency shown in Fig. 8 increased steadily with higher dosages, which is expected because more surface sites and 
functional groups become available for interaction with atrazine. At 0.1 g, the biosorbents removed between 35 and 52% 
of atrazine, whereas at 0.4 g the removal improved substantially, reaching 87.6% for RFi-NCC-Xan. At 0.6 g, RFi-NCC-Xan 
exceeded 90% removal, while other biosorbents also showed improvements compared to their performance at lower 
dosages. After 0.4 g, the increase in adsorption was small. This plateau is associated with site saturation and, in some 
cases, particle aggregation that reduces the effective surface area available for adsorption. Similar behavior has been 
reported for other lignocellulosic sorbents used in triazine removal [53, 55]. For subsequent experiments, 0.4 g was chosen 
as the optimum dosage because it provided high removal (> 85%) without unnecessary material consumption. Statisti-
cal analysis supported this choice: ANOVA confirmed significant differences between dosages (p < 0.05), and model fits 
yielded R2 values greater than 0.95. Comparison with previous studies shows that RFi-NCC-Xan required a smaller dos-
age to achieve higher removal than other agro-based adsorbents. For instance, rice husk achieved 75% removal at 0.5 g 
[27], while coconut shell-derived carbons reached 82% removal at 0.6 g [56, 57]. These results indicate that the modified 
Raphia-based sorbents are more efficient and economically favorable for atrazine removal.

4.3 � Effect of initial atrazine concentration

Influence of initial atrazine concentration (2–10 mg/L) on adsorption by Raphia farinifera–based biosorbents is presented 
in Fig. 9. Adsorption capacity (qₑ) increased with concentration for all biosorbents, reflecting the higher concentration 
gradient and driving force for mass transfer at elevated solute levels. At low concentrations (2–4 mg/L), removal effi-
ciencies exceeded 98% for all samples, confirming the abundance of available active sites relative to solute molecules. 
As concentration increased to 8 and 10 mg/L, the amount adsorbed per unit mass continued to rise, but percentage 
removal decreased slightly, indicating the onset of site saturation. This behavior is characteristic of monolayer adsorption 
and is consistent with equilibrium-limited systems reported for other triazine herbicides [58]. RFI-NCC and RFI-NCC-Xan 
maintained the highest removal, with RFI-NCC-Xan showing > 97% removal even at 10 mg/L. This stability at higher 
loading demonstrates that surface functionalization with xanthate introduced additional electron-rich groups capable 

Fig. 9   Effect of initial atrazine 
concentration on adsorp-
tion capacity and removal 
efficiency (biosorbent 
dose = 0.4 g, pH = 4, contact 
time = 80 min, T = 30 °C)
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of sustaining binding interactions beyond those provided by hydroxyl and carboxyl groups. Enhanced performance of 
RFI-NCC-Xan can be attributed to the presence of xanthate ligands (–C(= S)–SH), which promote strong interactions with 
the atrazine triazine ring through hydrogen bonding, donor–acceptor effects, and electrostatic attraction. The nanocrys-
talline structure also facilitated rapid intra-particle diffusion and better accessibility of active sites, minimizing diffusion 
resistance. Similar trends have been documented for sulfur- and thiol-modified cellulose, where high pesticide removal 
efficiencies were retained at elevated pollutant concentrations [59, 60].

4.4 � Effect of contact time

The effect of contact time on atrazine adsorption by the Raphia farinifera-derived biosorbents is presented in Fig. 10. 
Adsorption was investigated over 10–80 min at a fixed initial atrazine concentration of 10 mg/L, adsorbent dose of 0.4 g, 
pH 4, and temperature 30 °C. A sharp increase in adsorption was observed during the first 20–30 min for all biosorbents, 
after which the rate gradually slowed as the system approached equilibrium. Equilibrium was attained at 80 min, indicat-
ing this as the optimum contact time for maximum atrazine removal under the studied conditions. RFI-NCC-Xan exhibited 
the highest removal efficiency, achieving 99.2% at 80 min, followed closely by RFI-NCC (98.7%), RFI-RAW (98.4%), and 
RFI-C (97.9%). The superior performance of RFI-NCC-Xan is attributed to the introduction of xanthate groups (–CS₂Na), 
which provide additional sulfur donor sites capable of interacting strongly with the triazine ring of atrazine via hydrogen 
bonding, π–π stacking, and chelation. Moreover, the nanoscale structure of RFI-NCC and its xanthate derivative facilitated 
rapid intra-particle diffusion, reducing mass transfer resistance. The adsorption kinetics were analyzed using pseudo-
first-order and pseudo-second-order models. The pseudo-second-order model provided the best fit (R2 > 0.998), with 
calculated equilibrium adsorption capacities (qₑ,calc) in close agreement with experimental values (qₑ,exp = 9.82 mg/g; 

Fig. 10   Effect of contact time 
on atrazine adsorption kinet-
ics (biosorbent dose = 0.4 g, 
C₀ = 10 mg/L, pH = 4, T = 30 °C)

Fig. 11   Effect of tempera-
ture on atrazine adsorption 
by different RFI biosorbents 
(adsorbent dose = 0.4 g, 
C₀ = 10 mg/L, contact 
time = 60 min, pH = 4)

Table 3   Summary of optimum 
adsorption conditions for 
atrazine removal by each 
biosorbent

Biosorbent Optimal pH Dose (g) Initial 
conc. 
(mg/L)

Contact 
time (min)

Tempera-
ture (°C)

Maximum 
% removal

qₑ (mg/g)

RFI-RAW​ 4 0.4 10.00 80 40 99.01 0.42
RFI-C 6 0.3 10.00 80 45 99.07 0.43
RFI-NCC 6 0.3 10.00 80 40 99.60 0.45
RFI-NCC-Xan 6 0.3 10.00 60 40 99.71 0.48
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qₑ,calc = 9.74 mg/g for RFI-NCC-Xan), confirming that chemisorption is the rate-limiting mechanism. The rate constant k₂ 
for RFI-NCC-Xan was determined as 0.141 g·mg−1·min−1. The two-stage adsorption profile observed rapid initial uptake 
followed by slower intra-particle diffusion is consistent with literature reports on lignocellulosic and functionalized nano-
cellulose adsorbents for pesticide removal (Algieri et al., 2014 [59]; Lartey-Young et al., 2022 [58]; Dong et al., 2022 [60]). 
These results demonstrate that 80 min provides an operationally practical contact time for effective atrazine removal in 
water treatment applications.

4.5 � Effect of temperature

The influence of temperature on atrazine adsorption by Raphia farinifera–derived biosorbents was examined between 
298 and 318 K (25–45 °C). The adsorption data are presented in Fig. 11 and summarized in Table 3. Across all biosorbents, 
an increase in temperature led to improved atrazine uptake, indicating that the process is predominantly endothermic. 
For RFI-RAW, the removal efficiency increased from 91.9% at 298 K to 99.0% at 313 K, followed by a slight decrease to 
94.4% at 318 K. A similar pattern was observed for RFI-NCC, which achieved 99.6% removal at 313 K before declining 
marginally at 318 K. These results suggest that moderate heating enhances the diffusion of atrazine molecules across 
the liquid–solid boundary layer and promotes penetration into internal pores, whereas further increases may trigger 
partial desorption or site deactivation. Comparable behavior has been reported for triazine herbicides and phenolic pol-
lutants on lignocellulosic adsorbents (Djekoune et al., [53]; Wang et al., [55]). RFI-C showed steady improvement across 
the studied range, with removal efficiencies rising from 84.5% at 298 K to 99.1% at 318 K. The enhanced uptake at higher 
temperatures reflects stronger interactions between atrazine and hydroxyl/carboxyl functionalities generated during 
cellulose isolation, in line with earlier findings on cellulosic sorbents (Algieri et al., [59]). Among all adsorbents, RFI-NCC-
Xan maintained the most stable performance, recording > 98% removal across the full temperature range and peaking at 
99.7% at 313 K. The presence of xanthate groups provides additional donor sites that remain active even under thermal 
stimulation, which helps minimize desorption at elevated temperatures. Comparable stability of sulfur-modified nanocel-
lulose systems has been demonstrated in pesticide and dye removal studies (Juliana et al., [61]). Temperature-dependent 
data provide experimental evidence for an endothermic adsorption mechanism. The quantitative evaluation of enthalpy 
(ΔH°), entropy (ΔS°), and Gibbs free energy (ΔG°) is presented in Sect. 7 (Thermodynamic Parameters).

4.6 � Schematic RFi biosorbent and atrazine interaction and adsorption mechanism

The adsorption of atrazine onto RFI-derived biosorbents occurs through a combination of surface and intra-particle 
interactions as shown in Fig. 12. The raw material (RFI-RAW) provides hydroxyl and lignin-based aromatic groups that 
interact with the triazine ring of atrazine mainly via hydrogen bonding and π–π stacking. Activation (RFI-Act) introduces 
oxygenated surface groups (–OH, –COOH) and increases surface area, enhancing electrostatic attraction and pore fill-
ing. Nanocellulose (RFI-NCC) exhibits a highly crystalline fibrillar structure with abundant hydroxyl groups that facili-
tate hydrogen bonding and dipole–dipole interactions with atrazine. The grafting of xanthate groups (RFI-NCC-Xan) 

Fig. 12   Proposed schematic 
of atrazine adsorption mecha-
nisms on RFI-derived biosorb-
ents (RFI-RAW, RFI-C, RFI-NCC, 
and RFI-NCC-Xan), highlight-
ing hydrogen bonding, π–π 
stacking, electrostatic attrac-
tion, chelation by xanthate 
groups, and intra-particle 
diffusion into mesopores
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adds sulfur-containing ligands (–CS₂Na, –OCS₂⁻) capable of donor–acceptor interactions with nitrogen atoms in the 
triazine ring. These moieties also provide chelation sites that improve selective binding. Based on BET and SEM results, 
mesoporous structures dominate, supporting diffusion-driven uptake. At initial stages, rapid external surface adsorption 
occurs, followed by slower intra-particle diffusion into mesopores, consistent with kinetic modeling. Thermodynamic 
results (ΔG° < 0, ΔH° positive for RFI-C) confirm spontaneous and predominantly endothermic uptake. The overall mecha-
nism is therefore governed by:

	 I.	 Electrostatic attraction between protonated functional groups on the biosorbent surface and atrazine molecules 
at acidic to neutral pH.

	 II.	 Hydrogen bonding between hydroxyl/carboxyl groups of cellulose derivatives and N–H moieties of atrazine.
	 III.	 π–π stacking between aromatic domains of lignin/activated carbon fractions and the aromatic triazine ring.
	 IV.	 Chelation and donor–acceptor interactions involving sulfur groups (xanthate modification) and the electron-

deficient triazine ring.
	 V.	 Intra-particle diffusion and pore filling within mesoporous structures, enhancing uptake stability.

4.7 � Desorption and regeneration

Desorption and regeneration studies are critical for assessing the practical reusability and cost-effectiveness of biosorb-
ents in repeated cycles of pollutant removal. In this study, the desorption efficiency of atrazine loaded RFI-based biosor-
bents was evaluated using three eluents ethanol, 0.1 M HCl, and 0.1 M NaOH over three consecutive adsorption–desorp-
tion cycles. The results, as presented in Table 4 and shown in Fig. 13, demonstrated clear distinctions in the regeneration 
capacity of the different biosorbents and eluents. Among all the eluents tested, 0.1 M NaOH consistently exhibited the 
highest desorption efficiency which is likely due to its ability to disrupt hydrogen bonding and deprotonate acidic sur-
face functional groups (e.g., –OH, –COOH), thereby releasing the adsorbed atrazine molecules more effectively. Notably, 
the desorption efficiency for RFI-NCC-Xan reached 88.66% in the first cycle, and only slightly declined to 81.59% by the 

Table 4   Regeneration 
efficiency (% desorption) of 
atrazine from RFI biosorbents 
using different eluents over 
three cycles

Biosorbent Eluent Cycle 1 (%) Cycle 2 (%) Cycle 3 (%)

RFI-RAW​ Ethanol 45.12 35.76 27.34
0.1 M HCl 61.89 53.22 42.78
0.1 M NaOH 74.03 66.87 60.44

RFI-C Ethanol 48.23 39.41 29.58
0.1 M HCl 66.18 58.42 49.07
0.1 M NaOH 77.62 70.18 63.45

RFI-NCC Ethanol 52.37 44.09 33.25
0.1 M HCl 69.91 62.05 53.62
0.1 M NaOH 82.21 75.12 68.37

RFI-NCC-Xan Ethanol 55.46 47.22 38.18
0.1 M HCl 73.33 65.58 58.74
0.1 M NaOH 88.66 85.24 81.59

Fig. 13   Regeneration effi-
ciency of RFI biosorbents over 
three adsorption–desorption 
cycles using different eluents 
(ethanol, 0.1 M HCl, 0.1 M 
NaOH)
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third cycle, reflecting excellent reusability and structural stability. This performance significantly surpasses that of other 
biosorbents tested, including RFI-RAW and RFI-C, which exhibited rapid declines in desorption efficiency across cycles 
dropping below 50% in the third round when ethanol was used. The superior performance of RFI-NCC-Xan can be attrib-
uted to its unique surface chemistry. The xanthate functional group (–CS₂Na) introduces soft base sites that form weak 
ionic interactions with atrazine allowing for easier desorption upon exposure to alkaline environments. Moreover, the 
nanoscale cellulose matrix provides a higher surface area and mechanical durability during repeated use. These findings 
align with those of Ortiz-Martínez et al. [62], who reported improved regeneration of xanthate-modified biopolymers for 
chlorinated pesticide removal, and Zhang et al. [63], who demonstrated that alkaline solutions are highly effective for 
regenerating herbicide-saturated biosorbents. Furthermore, the ethanol-based desorption was the least effective across 
all biosorbents, likely due to limited disruption of polar interactions and hydrogen bonding, as previously observed in 
studies by Kizito et al. [64], 

4.8 � Application in real wastewater

To evaluate field applicability, adsorption experiments were performed using real wastewater collected from Aninri 
Local Government Area, Enugu State, Nigeria (GPS: 6.0241° N, 7.5825° E). This site is a major rice-cultivating zone where 
atrazine is widely used as a pre-emergence herbicide. Samples were collected from drainage channels receiving agri-
cultural runoff during both the wet season (July–August) and dry season (January–February) to account for seasonal 
variability. The wet season wastewater contained higher turbidity, dissolved organic matter, and suspended solids due 
to surface runoff, while the dry season wastewater was clearer but had higher ionic content (Ca2+, Mg2+, and NO₃−) [65], 
reflecting irrigation return flows and reduced dilution. After coarse filtration, the samples were spiked with atrazine to 
a concentration of 10 mg/L to standardize comparisons with synthetic experiments. Table 5 presents the adsorption 
results. During the wet season, all biosorbents achieved high removal efficiencies (> 90%), with RFI-NCC-Xan perform-
ing best at 96.2%. In the dry season, efficiencies were slightly reduced, particularly for RFI-RAW and RFI-C, likely due to 
stronger site competition from dissolved salts. Nevertheless, RFI-NCC-Xan and RFI-NCC maintained efficiencies above 
93%, confirming robustness across environmental conditions.

Statistical analysis using one-way ANOVA (p < 0.05) confirmed that the seasonal reduction in adsorption efficiency 
was significant for RFI-RAW and RFI-C (p = 0.032 and 0.041, respectively), but not significant for RFI-NCC (p = 0.117) and 
RFI-NCC-Xan (p = 0.154). This indicates that nanostructured and functionalized biosorbents maintained stable perfor-
mance despite fluctuations in water chemistry, while unmodified biosorbents were more sensitive to seasonal variability. 

Table 5   Removal efficiency 
(%) of RFI-based biosorbents 
in real wastewater (10 mg/L 
atrazine, dose = 0.4 g, pH = 6, 
contact time = 60 min, 
T = 303 K)

Biosorbent Wet season (%) Dry season (%)

RFI-RAW​ 92.5 88.3
RFI-C 91.4 87.5
RFI-NCC 94.8 93.1
RFI-NCC-Xan 96.2 94.5

Fig. 14   Comparison of linear 
and nonlinear Langmuir 
isotherm models for atrazine 
adsorption onto RFI-RAW, 
RFI-C, RFI-NCC, and RFI-NCC-
Xan. The nonlinear model 
provided superior fits, with 
higher R2 values and lower 
RMSEs across all biosorbents, 
confirming its suitability for 
describing monolayer adsorp-
tion behavior on heterogene-
ous surfaces
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These findings are consistent with adsorption studies in real water matrices reported by Garba et al. [66] and Singh et al. 
[33], where background ions and natural organic matter influenced pollutant uptake. Importantly, the consistently high 
performance of RFI-NCC-Xan under both hydrological conditions highlights its potential for year-round deployment in 
treating atrazine-contaminated agricultural wastewater.

5 � Adsorption isotherm modelling

5.1 � Langmuir isotherm (linear and nonlinear)

Atrazine adsorption was analyzed using both linear and nonlinear Langmuir models as shown in Fig. 14. The nonlinear 
form provided superior fitting (R2 = 0.942–0.976) compared to the linear version (R2 = 0.151–0.917), also showing lower 
RMSE values. Maximum adsorption capacities (qmax) varied widely, from 0.11 mg/g (RFI-NCC) to 99.78 mg/g (RFI-C), with 
RFI-NCC-Xan reaching 19.50 mg/g. Langmuir constants (KL) ranged between 0.0077 and 9.64 L/mg, with higher values 
for RFI-C and RFI-NCC-Xan, indicating stronger sorbent–sorbate interactions. These results confirm monolayer adsorption 
as the dominant mechanism and highlight the necessity of nonlinear modeling for accurate equilibrium description, in 
line with Mikolajczyk et al. [67].

5.2 � Freundlich isotherm (linear and nonlinear)

Adsorption data were fitted to the Freundlich model in both linear and nonlinear forms as shown in Fig. 15. The linear 
plots showed good correlations for RFI-C (R2 = 0.9937, Kf = 1.6274) and RFI-NCC (R2 = 0.9871, Kf = 0.2418). RFI-RAW and 

Fig. 15   Comparison of linear 
and nonlinear Freundlich 
isotherm models for atrazine 
adsorption onto RFI-RAW, 
RFI-C, RFI-NCC, and RFI-NCC-
Xan. The nonlinear model 
provided improved fits, with 
higher R2 values and lower 
error statistics, particularly for 
RFI-C and RFI-NCC, confirming 
the suitability of the Freun-
dlich model for adsorption on 
heterogeneous biosorbent 
surfaces

Fig. 16   Comparison of 
linear and nonlinear Temkin 
isotherm models for atrazine 
adsorption onto RFI-RAW, 
RFI-C, RFI-NCC, and RFI-NCC-
Xan. Both forms produced 
strong correlations, with R2 
values exceeding 0.99 for all 
biosorbents. The consistency 
of Temkin constants between 
the linear and nonlinear fits 
indicates uniform adsorption 
energies and moderate sorb-
ate–sorbent interactions
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RFI-NCC-Xan gave lower coefficients with higher residual errors, which means the linear form was less suitable for these 
sorbents. The nonlinear model produced better fits across all biosorbents. RFI-C achieved R2 = 0.9961 with Kf = 1.8364, 
while RFI-NCC gave R2 = 0.9844 with Kf = 0.2422. For RFI-RAW and RFI-NCC-Xan, the nonlinear fitting also improved accu-
racy, as shown by higher R2 and lower RMSE values. This confirms that the nonlinear form provides a more reliable descrip-
tion of adsorption equilibrium by avoiding the distortions introduced through logarithmic transformation. Overall, the 
Freundlich model, especially in its nonlinear form, described atrazine adsorption well. The results indicate adsorption 
occurred on heterogeneous surfaces with multilayer interactions. These findings are consistent with recent studies on 
lignocellulosic sorbents, which also reported better performance of nonlinear Freundlich modeling [68, 69]

5.3 � Temkin isotherm (linear and nonlinear)

The Temkin model was evaluated in both linear and nonlinear forms to describe atrazine adsorption onto RFI-derived 
biosorbents, as presented in Fig. 16. All biosorbents exhibited excellent agreement with the model, with correlation coef-
ficients exceeding 0.99 for both fitting approaches. RFI-RAW achieved R2 = 0.9901, with consistent parameters across the 
two models (A = 34.12 L/mg, B = 38.8 J/mol), highlighting the robustness of the Temkin assumption of uniform distribu-
tion of binding energies. Similarly, RFI-C and RFI-NCC demonstrated very good fits, with R2 values of 0.9907 and 0.9905, 
respectively, and nearly identical A and b values between linear and nonlinear treatments. RFI-NCC-Xan also maintained 
high correlation (R2 = 0.9907), confirming that the Temkin model is applicable across all biosorbents studied. The relatively 
consistent A values (~ 34 L/mg) suggest that the binding energy distribution of the RFI-derived sorbents was uniform, 
while the low B values (~ 0.039 J/mol) reflect moderate adsorbate–adsorbent interactions. The close alignment between 
linear and nonlinear fittings further indicates that the Temkin model adequately describes the interaction mechanism 
in this system. These findings are consistent with previous observations by Dehghani et al. [69], who reported strong 
Temkin applicability for lignocellulosic sorbents exhibiting homogeneous energy distributions.

Fig. 17   Comparison of linear and nonlinear Dubinin–Radushkevich (D–R) isotherm models for atrazine adsorption onto RFI-RAW, RFI-C, RFI-
NCC, and RFI-NCC-Xan. The nonlinear form provided better fits, with higher R2 values and lower RMSEs. The estimated mean adsorption 
energies suggested that the process was primarily governed by physical adsorption, with minor contributions from chemisorption depend-
ing on the biosorbent

Fig. 18   Comparison of linear 
and nonlinear Sips isotherm 
models for atrazine adsorp-
tion onto RFI-RAW, RFI-C, 
RFI-NCC, and RFI-NCC-Xan. 
The nonlinear form consist-
ently achieved superior fits, 
with higher R2 values and 
lower RMSEs, particularly for 
RFI-C and RFI-NCC-Xan. These 
results highlight the suitability 
of the Sips model for describ-
ing adsorption on heteroge-
neous biosorbent surfaces
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5.4 � Dubinin–radushkevich (D‑R) isotherm

Dubinin–Radushkevich (D-R) model was applied in both linear and nonlinear forms to evaluate the adsorption mecha-
nism of atrazine onto RFI-based biosorbents shown in Fig. 17. RFI-C provided the strongest fit, with R2 = 0.9890 in the 
linear form and an almost perfect fit in the nonlinear form (R2 = 1.0000), yielding maximum adsorption capacities (qₘ) of 
0.0596 and 0.0592 mg/g, respectively. RFI-RAW and RFI-NCC also showed good correlations with the model, while RFI-
NCC-Xan performed poorly (linear R2 = 0.7628; RMSE = 0.00384), reflecting its heterogeneous binding sites. The calculated 
mean adsorption energy (E < 8 kJ/mol) for all biosorbents indicates that atrazine uptake is dominated by physisorption, 
involving weak van der Waals forces and hydrogen bonding. This outcome is consistent with earlier biosorption studies 
by Foo and Hameed, [27]; Kizito et al., [64]; Kumar et al., [70], where D–R modeling has been used to distinguish physical 
from chemical interactions. The lower qₘ values obtained from the D–R model compared to Langmuir are typical, as the 
D–R is more restrictive in capacity estimation due to its pore-filling assumption.

5.5 � Sips isotherm

Adsorption equilibrium data were analyzed using the Sips isotherm in both linear and nonlinear forms as shown in 
Fig. 18. The nonlinear model provided a more accurate description of atrazine uptake across all RFI-derived biosorbents. 
For RFI-C, the nonlinear fit achieved the highest correlation (R2 = 0.9959), with a maximum adsorption capacity (qₘ) of 
99.98 mg/g, an affinity constant (K) of 1.8074, and a heterogeneity factor (n) of 1.3410. RFI-RAW gave R2 = 0.9734 with 
qₘ = 0.0947 mg/g and n = 1.7652. RFI-NCC showed R2 = 0.9812, qₘ = 0.1123 mg/g, and n = 1.4821, while RFI-NCC-Xan 
recorded R2 = 0.9845, qₘ = 0.1675 mg/g, and n = 1.2967. In all cases, the nonlinear form yielded lower RMSE values, con-
firming its suitability for capturing adsorption behavior. The linearized Sips plots gave weaker fits, with lower correlation 
coefficients (RFI-C = 0.9123; RFI-RAW = 0.9031; RFI-NCC = 0.8942; RFI-NCC-Xan = 0.9064) and higher RMSE values. These 
differences indicate that the linear form does not adequately capture the adsorption process on heterogeneous surfaces. 
The nonlinear Sips model therefore provides the most reliable description of the system. This observation aligns with 
the findings of Thamarai et al. [71], who showed that nonlinear Sips modeling is better suited for predicting adsorption 
in heterogeneous biosorbents and avoids distortions introduced by linearization.

5.6 � Comparison with literature adsorbents

Adsorption performance of RFi-derived biosorbents was compared with recent materials tested for atrazine removal. Empha-
sis is placed on maximum adsorption capacity (qₘ), percentage removal, regeneration behaviour, and preparation require-
ments. A wide range of inorganic, hybrid, and bio-based systems have been studied for atrazine removal, with varying 
efficiencies depending on feedstock, modification, and test conditions. Table 6 summarizes the reported results alongside 
those of the present study. Liu et al. [72] reported Co/Zr-modified Activated Carbon qₘ = 112.75 mg/g with 97.5% atrazine 
removal at C₀ = 10 mg/L, pH 4 and 90 min. contact time, retaining ~ 93.9% efficiency after five cycles. In the present study, 
RFI-C reached qₘ ≈ 99.78 mg/g with > 98% removal under similar C₀. Although slightly lower in qₘ, RFI-C requires simpler 
synthesis and shows similar regeneration behavior. Stavra et al. [73] developed a magnetic Saccharomyces cerevisiae–Fe₃O₄ 
bionanomaterial, achieving 100% removal at 2 mg·L−1 and > 95.5% at 50 mg·L−1. In comparison, RFI-C in the present study 
delivered > 98% removal at 10 mg·L−1 with a qmax of 99.8 mg·g−1, placing it close in efficiency but using simpler synthesis 
without polymer embedding. Similarly, Tao et al. [74] reported that Fe-modified biochar combined with Acinetobacter lwoffii 
DNS32 accelerated degradation at 100 mg·L−1, whereas RFI-NCC-Xan achieved > 99% adsorption under aqueous conditions at 
10 mg·L−1, with high regeneration, avoiding the microbial compatibility and culture medium requirements of bio-augmented 
systems. Lu et al. [75] reported that ZVI/BC-PS composites showed 73.5–83.8% removal within 30 min, but RFi biosorbents 
outperforme this with > 98% removal in ≤ 60 min without additional oxidants. Fe–Mn modified biochars increased capacity 
up to ~ 45 mg·g−1 as reported by Liang et al. [76] but still lower than RFI-C or RFI-Activated (> 90–99 mg·g−1), and with stronger 
pH dependence. Aquaporin nanofiltration membranes rejected 66.7–90.3% atrazine [77, 78], lower than the near-complete 
removal consistently achieved by RFi materials. Among inorganic adsorbents, UiO-67 MOFs removed ~ 98% of atrazine within 
2 min [79], and the amino-MIL-101(Fe) MOF reached qmax ≈ 321.6 mg·g−1 [80], far exceeding RFi values but with higher 
synthesis cost and scalability constraints. Functionalized graphene quantum dots also demonstrated high affinity [81], but 
RFi-C and RFI-Activated offer > 98% removal with lower material cost and simpler preparation. Biodegradation strategies such 
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as Citricoccus sp. strain TT3 [82] or Aspergillus niger [83] achieved 70–95% removal, but required days to reach equilibrium, 
unlike the faster adsorption kinetics of RFi sorbents. Agricultural by-products such as banana peel or peanut shell biochars 
reported qmax ≤ 25 mg g−1 [84, 85], lower than RFI-C (~ 99.8 mg g−1) and RFI-Activated (> 90 mg g−1). Overall, while MOFs 
and engineered carbons achieve higher theoretical qmax, RFi biosorbents combine near-complete removal, rapid kinetics, 
and reliable regeneration with simpler, locally sourced feedstocks. A consolidated overview of literature and present study 
values is presented in Table 6.

6 � Adsorption kinetics

Adsorption kinetics of atrazine on RFI-RAW, RFI-C, RFI-NCC, and RFI-NCC-Xan were evaluated using the pseudo-first-
order (PFO), pseudo-second-order (PSO), and intra-particle diffusion (IPD) models in Fig. 19. The kinetic parameters are 
presented in Table 7. The PFO model gave low regression coefficients (R2 = 0.143–0.158), and the adsorption capacities 
calculated from the model were consistently lower than the experimental values, with RMSE values ranging from 0.0029 
to 0.0030. These deviations show that the PFO model does not adequately describe the adsorption process. The PSO 
model gave a much better agreement between the experimental and calculated adsorption capacities. The adsorp-
tion capacities obtained from the model were 4.16 mg g−1 for RFI-RAW, 7.29 mg g⁻1 for RFI-C, 3.02 mg g−1 for RFI-NCC, 
and 4.93 mg g−1 for RFI-NCC-Xan. Regression coefficients were high (R2 = 0.942–0.944), and RMSE values remained low 
(0.0029–0.0030). The rate constants (k₂) decreased in the order RFI-NCC (0.154 g·mg−1 min−1) > RFI-RAW (0.111) > RFI-
NCC-Xan (0.094) > RFI-C (0.064). These results confirm that the PSO model best represents the adsorption process and 
that chemisorption was the dominant rate-controlling mechanism. The IPD plots revealed three stages of adsorption: 
an initial surface adsorption step within the first 20 min, a slower intra-particle diffusion steps up to 60 min, and a final 
equilibrium stage. None of the plots passed through the origin, showing that intra-particle diffusion contributed to the 
uptake but was not the only rate-limiting step. Boundary layer resistance and intra-particle transport were both involved 
in controlling the overall kinetics, which agrees with previous reports on atrazine adsorption using lignocellulosic-based 
sorbents [79].

7 � Thermodynamic studies

Thermodynamic parameters were evaluated to assess the feasibility and mechanism of atrazine adsorption onto RFI-
RAW, RFI-C, RFI-NCC, and RFI-NCC-Xan within the temperature range of 298–318 K in Fig. 20. All biosorbents recorded 
predominantly negative ΔG° values, confirming the spontaneity of adsorption, with more negative values observed at 

Fig. 19   Adsorption kinetics of atrazine on RFI-RAW, RFI-C, RFI-NCC, and RFI-NCC-Xan (biosorbent dose = 0.4 g, C₀ = 10 mg/L, pH = 4, T = 35 °C). 
Experimental data were fitted with the Pseudo-First-Order (PFO), Pseudo-Second-Order (PSO), and Intra-Particle Diffusion (IPD) models. The 
PSO model provided the best correlation, with calculated adsorption capacities closely matching experimental values, higher R2, and lower 
RMSE, indicating chemisorption as the predominant rate-controlling mechanism. IPD plots exhibited three stages, external surface adsorp-
tion, intra-particle diffusion, and equilibrium confirming that diffusion contributed but was not the sole rate-limiting step
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elevated temperatures (RFI-C: − 0.01 to − 9.08 kJ mol−1; RFI-NCC: + 0.70 to − 6.85 kJ mol−1; RFI-RAW: − 0.46 to − 9.78 kJ mol−1; 
RFI-NCC-Xan: − 1.54 to − 6.69 kJ mol−1). Linear Van’t Hoff analysis yielded positive ΔH° values (+ 107–185 kJ·mol−1) for 
all sorbents, indicating endothermic uptake, while ΔS° values (+ 354–610 J mol−1 K−1) confirmed substantial disorder 
and desolvation at the solid–liquid interface. Non-linear regression provided consistent trends but revealed slightly 
higher enthalpic contributions, particularly for RFI-C and RFI-NCC-Xan, suggesting stronger temperature dependence 
than inferred from linear fits Table 8. The combination of endothermicity and high entropy change demonstrates that 
adsorption is entropy-driven and becomes increasingly favorable at higher temperatures [78]. Among the materials, 
RFI-C exhibited the strongest thermodynamic driving force, while nanocellulose-based derivatives (RFI-NCC and RFI-
NCC-Xan) showed enhanced spontaneity and more favorable molecular interactions compared with the raw biomass. 
Linear regression fits were highly reliable for RFI-C and RFI-NCC (R2 ≥ 0.96), whereas lower linearity observed in RFI-RAW 
and RFI-NCC-Xan indicated minor deviations from the idealized Van’t Hoff model, consistent with the heterogeneity of 
adsorption sites.

Fig. 20   Combined linear and non-linear Van’t Hoff plots for atrazine adsorption onto RFI-RAW, RFI-C, RFI-NCC, and RFI-NCC-Xan. Experimen-
tal ln Kc values are shown with both linear regression fits (dashed lines, R2 values provided) and non-linear van’t Hoff overlays (solid curves). 
The comparison highlights consistency between the two approaches, with non-linear fitting reducing residual deviations and refining ther-
modynamic estimates. Positive enthalpy (ΔH°) and entropy (ΔS°) values across all biosorbents indicate endothermic, entropy-driven adsorp-
tion, while negative Gibbs free energy change (ΔG°) values confirm spontaneous uptake at all studied temperatures

Table 8   Thermodynamic 
parameters (ΔH°, ΔS°, ΔG°) 
for atrazine adsorption onto 
RFI-RAW, RFI-C, RFI-NCC, and 
RFI-NCC-Xan derived from 
linear and non-linear Van’t 
Hoff analysis

Biosorbent Model ΔH° (kJ mol−1) ΔS° (J·mol−1 K−1) ΔG° range (kJ mol−1, 
298–318 K)

R2

RFI-RAW​ Linear  + 107.2  + 354.6  − 0.46 to − 9.78 0.91
Non-linear  + 113s.4  + 368.9  − 0.61 to − 10.21 0.95

RFI-C Linear  + 185.3  + 610.2  − 0.01 to − 9.08 0.98
Non-linear  + 192.6  + 628.5  − 0.25 to − 9.63 0.97

RFI-NCC Linear  + 150.1  + 493.3  + 0.70 to − 6.85 0.96
Non-linear  + 157.8  + 505.4  + 0.42 to − 7.13 0.96

RFI-NCC-Xan Linear  + 176.4  + 552.1  − 1.54 to − 6.69 0.89
Non-linear  + 185.7  + 571.2  − 1.82 to − 7.01 0.92
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8 � .

9 � Differentiating adsorption from photodegradation

Control experiments under UV (365 nm) and dark conditions confirmed adsorption as the dominant removal mecha-
nism. Under UV, Atrazine degradation followed pseudo-first-order kinetics with a low-rate constant of k = 0.003 min−1, 
yielding a half-life of ~ 231 min. After 80 min, UV-induced degradation reached ~ 21% from 10.0 mg/L to 7.89 mg/L, while 
adsorption accounted for > 99% removal. These results align with findings by [68, 69], confirming Atrazine’s low photolytic 
susceptibility and emphasizing (bio) sorption over (photo) degradation. Biosorbent particles may also shield Atrazine 
from UV, reducing degradation further.

10 � Techno‑economic evaluation

The valorization of Raphia farinifera inflorescence into biosorbents represents a low-cost alternative to conventional 
adsorbents such as activated carbon. Raw material sourcing from agricultural residues minimizes feedstock cost, while 
functionalization steps (acid hydrolysis, oxidation, and xanthation) remain relatively low in chemical and energy input 
compared with carbonization and activation processes. A preliminary cost estimate indicates that RFI-based adsorbents 
can be produced at less than one-third the cost of commercial activated carbon [79].The regeneration efficiency (> 80% 
after four cycles) further reduces replacement costs, extending material lifespan in continuous operation. Coupled with 
moderate adsorption capacities (8.6–9.4 mg g−1), the cost per unit of contaminant removed is competitive with other 
biosorbent systems. Adoption at pilot scale in agricultural regions could therefore provide an economically viable and 
sustainable approach to Atrazine remediation.

11 � Statistical analysis

All experimental results were obtained in triplicate, and data are presented as mean ± standard deviation. Kinetic and 
isotherm models were evaluated using non-linear regression, with goodness-of-fit assessed by correlation coefficients 
(R2), chi-square (χ2), and root mean square error (RMSE). One-way analysis of variance (ANOVA) confirmed significant 
differences (p < 0.05) in adsorption performance between biosorbents. Tukey’s post hoc test further identified RFI-NCC-
Xan as significantly more efficient than RFI-RAW and RFI-C, while not statistically different from RFI-NCC. These results 
validate the observed trends in adsorption capacity and confirm the reproducibility of the data.

12 � Conclusion

This study demonstrated the potential of Raphia farinifera inflorescence as a renewable precursor for biosorbents applied 
to atrazine removal from aqueous systems. Four derivatives-RFI-RAW, RFI-C, RFI-NCC, and RFI-NCC-Xan exhibited dis-
tinct adsorption performances governed by their structural and surface chemical modifications. RFI-C achieved the 
highest Langmuir monolayer adsorption capacity (qₘ = 99.78 mg/g), while RFI-NCC-Xan consistently provided superior 
removal efficiencies, attaining > 99% at pH 6, 0.4 g dosage, and 40 °C. Equilibrium was rapidly attained within 60–80 min, 
and kinetic evaluation confirmed the pseudo-second-order model as the most appropriate, with experimental and cal-
culated adsorption capacities in strong agreement (qₑ,exp = 9.82 mg/g; qₑ,calc = 9.74 mg/g). Thermodynamic analysis 
verified the spontaneity of atrazine uptake, with ΔG° values between − 0.01 and − 9.78 kJ/mol. Positive enthalpy val-
ues (ΔH° =  + 107–185 kJ/mol) established endothermic adsorption, complemented by large positive entropy changes 
(ΔS° =  + 354–610 J·mol−1 K−1), highlighting desolvation and increased interfacial disorder as dominant driving forces. 
Non-linear Van’t Hoff regression reinforced these findings and indicated slightly stronger temperature dependence for 
RFI-C and RFI-NCC-Xan compared with linear estimates. Overall, adsorption was entropy-driven and became increasingly 
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favorable at higher temperatures. Regeneration tests indicated that RFI-NCC-Xan retained 81.59% removal efficiency 
after three NaOH desorption cycles, confirming operational stability and reusability. Application to field wastewater from 
rice farms in Aninri, Enugu State, Nigeria, yielded > 93% atrazine removal in both wet and dry seasons, demonstrating 
practical efficacy beyond controlled laboratory conditions. Collectively, these findings establish Raphia farinifera-derived 
biosorbents as low-cost, environmentally friendly, and efficient materials for herbicide remediation in agricultural set-
tings, offering a sustainable alternative to conventional activated carbon.
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