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Oil spills pose a major environmental challenge, highlighting the urgent need for effective materials 
capable of achieving efficient oil-water separation to mitigate their detrimental impacts. While 
various bio-based and synthetic adsorbents have been explored for this purpose, existing materials 
often suffer from low adsorption capacity, poor reusability, limited hydrophobicity, or environmental 
concerns. In particular, natural bio-based materials frequently exhibit inherent hydrophilicity, 
limiting their effectiveness in selective oil adsorption. To address this gap, we developed a novel 
bio-based oil adsorbent derived from sphagnum moss, modified via sequential pretreatment with 
hydrogen peroxide and sodium hydroxide, followed by chemical functionalization with silane. 
This modification enhanced hydrophobicity and structural stability, overcoming the limitations 
of unmodified bio-based adsorbents. Characterization using SEM, XPS, FTIR, and TGA confirmed 
the successful grafting of hydrophobic functional groups and the formation of a uniformly rough 
surface, leading to a water contact angle of 157°. Comparative analysis demonstrated that the 
modified sphagnum moss exhibited a significantly enhanced adsorption capacity of 22.756 g/g 
for motor oil, outperforming conventional bio-based adsorbents, including currently prevalent 
biological adsorbents (1.69–12.8 g/g) and biochar (8.1–18.2 g/g). Furthermore, the adsorption kinetics 
conformed to a pseudo-second-order model, indicating chemisorption as the dominant mechanism. 
This suggests strong interactions between oil molecules and the functionalized surface, contributing 
to enhanced efficiency and selectivity. These findings highlight the novelty, superior performance, 
and environmental compatibility of modified sphagnum moss as an effective and sustainable solution 
for oil spill remediation. Its high adsorption capacity, selective oil affinity, and reusability make it a 
promising alternative to existing bio-based adsorbents, providing an eco-friendly approach to oil spill 
management and environmental restoration.
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In recent decades, the rapid acceleration of industrialization has led to substantial advancements in the 
petrochemical industry. However, oil and organic chemical spills have become a growing concern, threatening 
human health, aquatic ecosystems, and the sustainability of ecological systems. This challenge has drawn 
significant global attention and spurred extensive research1. Currently, the commonly used methods for 
addressing oil and organic pollutant spills include combustion, mechanical recovery, chemical treatment, 
and adsorption2,3. Among these approaches, adsorption is considered a highly promising solution due to its 
accessibility and its ability to selectively absorb and retain oil and organic solvents from water4. However, current 
adsorbent materials are often hindered by high costs, poor biodegradability, and complex synthesis processes, 
limiting their practical use. Thus, the development of cost-effective, environmentally friendly, and highly efficient 
oil-absorbing materials has become an urgent priority.

Oil-absorbing materials can be classified into inorganic mineral adsorbents, synthetic organic adsorbents, 
and natural organic adsorbents based on their constituent materials5. Ideal adsorbent materials should exhibit 
high adsorption capacity, strong hydrophobic and oleophilic characteristics, fast adsorption rates, and low cost. 
Traditional inorganic adsorbents, such as sepiolite, kaolin, red mud, and fly ash, are extensively utilized owing 
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to their low cost, easy availability, and fast adsorption rates6,7. However, their limited oil adsorption capacity, 
poor oil-water selectivity, and challenges in regeneration restrict their broader application8. Novel inorganic 
adsorbents, such as carbon nanotubes, demonstrate excellent superhydrophobic properties9. However, their 
complex synthesis processes and high costs limit their application in large-scale organic water pollution 
treatment. Additionally, synthetic polymer adsorbents, including polypropylene fibers10, melamine sponges11,12, 
polymer foams13 and bio-based gelators14,15, demonstrate good adsorption performance for organic pollution 
treatment. However, their intricate synthesis processes, poor biodegradability, high costs, and potential 
for secondary pollution make their environmental impact difficult to fully control16,17. Recently, bio-based 
adsorbents derived from agricultural sources have garnered significant attention owing to their low cost, high 
efficiency, environmental friendliness, and the potential for improved performance through modification. 
Natural bio-based adsorbents, including wheat bran18, corncobs17, pomelo peels19, cotton2, durian shells20, 
plantain21, orange peel22, and lemon grass3, have demonstrated significant potential for the remediation of oil 
spills and other organic pollutants.

However, these materials often face limitations, including high water adsorption, poor selectivity, slow 
adsorption rates, and difficulty in recovery after adsorption, restricting their practical applications. Thus, 
enhancing selective adsorption of oil-water mixtures and simplifying post-adsorption recovery are key 
challenges in designing efficient adsorbents17. Surface modification provides effective solutions to improve 
natural adsorbent performance, particularly by introducing hydrophobic functional groups to significantly 
improve their oleophilic and hydrophobic properties, boosting oil-water separation efficiency23,24. This study 
used natural porous sphagnum moss as a raw material to develop a novel, economical, efficient, and easily 
recoverable adsorbent via surface modification.

Sphagnum moss is a widely available and renewable plant material composed mainly of cellulose, lignin, and 
other components. It is characterized by excellent biodegradability, a porous structure, and a high specific surface 
area25. The oxygen-containing functional groups and aromatic structures of sphagnum moss provide abundant 
active sites for organic compound adsorption, indicating strong potential for water pollution remediation26. 
Sphagnum moss has been widely investigated for its adsorption capacity toward heavy metals and organic dyes 
in aquatic systems27–30. Nevertheless, the abundant hydrophilic hydroxyl groups on the surface of sphagnum 
moss limit its application in oil-water separation, particularly due to poor selectivity for oil pollutant adsorption 
on water surfaces. This limitation has resulted in slow progress in research on their adsorption of organic 
pollutants on water surfaces. This study addresses water surface organic pollution by enhancing the hydrophobic 
and oleophilic properties of sphagnum moss through surface pretreatment and silanization. The adsorption 
performance of the modified sphagnum moss for various organic compounds was systematically evaluated, and 
the mechanisms underlying its gel adsorption capacity and selective adsorption were thoroughly investigated. 
These findings bridge the research gap in using sphagnum moss adsorbents for oil spill remediation and establish 
a theoretical foundation for developing efficient, low-cost, and biodegradable adsorbents.

Experimental procedure
Raw materials
The bio-based oil adsorbent was prepared using raw sphagnum moss (Raw-SM) as the base material, which was 
sourced from a local supplier in Guizhou, China. Sodium hydroxide (NaOH) and hydrogen peroxide (H2O2), 
sourced from Shandong Xuchen Chemical Technology Co., Ltd., China, were used as pretreatment reagents 
for sphagnum moss. Vinyltriethoxysilane (VTES), ethanol, and hydrochloric acid, procured from Chongqing 
Chuandong Chemical Co., Ltd., China, along with silicon dioxide (SiO2) particles sourced from Hubei Kandis 
Chemical Co., Ltd., China, were used as surface modification agents for the preparation of the materials. Crude 
oil, motor oil, and vacuum pump oil were sourced from a local service station. Petroleum ether, toluene, and 
xylene, used as probe liquids to evaluate the adsorption properties of the materials, were procured from Weifang 
Huabo Chemical Co., Ltd., China. All chemicals used were of analytical grade and applied without additional 
purification.

Preparation of bio-based oil gelling agent materials
The bio-based oil adsorbent was synthesized through a two-step surface modification process: alkaline-oxidation 
pretreatment followed by silane-based hydrophobic functionalization. The entire synthesis was performed under 
atmospheric pressure, without requiring external electrical input. The detailed procedure is depicted in Fig. 1.

Alkaline-oxidation pretreatment of sphagnum moss
In the pretreatment stage, 10.00 g of raw sphagnum moss was immersed in 1.00 L of NaOH solution (2.00 g/L) 
and stirred at 500  rpm for 30 min at room temperature to remove surface impurities and increase porosity. 
Subsequently, 2.00 mL of 30% hydrogen peroxide (H2O2) was gradually added under continuous stirring at 
600 rpm to facilitate oxidative modification, while the temperature was raised to 95 °C using a digital hotplate. The 
reaction proceeded for 60 min to ensure the complete removal of residual organic matter. After the reaction, the 
pH of the treated sphagnum moss was adjusted to neutral (pH 7.0) by gradually adding 0.1 mol/L hydrochloric 
acid (HCl), with pH continuously monitored using a pH meter. The neutralized sample was vacuum-filtered 
through a Büchner funnel with a 0.45  μm membrane filter, then thoroughly rinsed with deionized water to 
eliminate residual reagents. Finally, the pretreated sphagnum moss was dried at 105 °C in a laboratory oven for 
60 min to achieve complete moisture removal before subsequent modification.

Surface functionalization via silane modification
The surface functionalization process involved silane grafting to impart hydrophobicity to the pretreated 
sphagnum moss. A silane solution was prepared by combining 3.00 g of dried, pretreated sphagnum moss, 2.00 
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mL of vinyltriethoxysilane (VTES), 0.10 g of nano-silica (SiO₂) particles, 3.00 mL of 0.1 mol/L NaOH solution, 
and 40.00 mL of anhydrous ethanol. The mixture was stirred at 600 rpm for 15 min at room temperature, then 
subjected to ultrasonic treatment at 40 kHz and 200 W for 30 min to enhance silane penetration into the porous 
structure of the moss. The solution was transferred to a PTFE-lined stainless-steel autoclave and hydrothermally 
treated at 110 °C in a muffle furnace for 2 h to promote the condensation reaction between silane molecules 
and the moss surface. After cooling to room temperature, the modified sphagnum moss was vacuum-filtered 
and extensively rinsed with ethanol to eliminate unreacted silane. Finally, the sample was dried in a vacuum 
oven at 80 °C for 6 h to obtain the hydrophobic bio-based oil adsorbent. It was then stored in a desiccator with 
anhydrous silica gel to prevent moisture adsorption before characterization and adsorption testing.

Characterization
The microstructures and structure of sphagnum moss were examined before and after modification using a 
scanning electron microscope (SEM; Gemini 300) equipped with an energy-dispersive spectrometer (EDS; 
Smart EDX). To improve the SEM image quality, the samples were sputter-coated with gold to form a conductive 
layer. Functional groups of the materials were characterized using Fourier-transform infrared spectroscopy (FT-
IR; Bruker TENSOR 27). The FT-IR spectra of each sample were recorded in the range of 4000 –400  cm− 1. 
Thermal stability of the samples was assessed using a NETZSCH 209F1 thermogravimetric analyzer, operated 
at a constant heating rate of 10 ℃/min from room temperature to 900 ℃ under a nitrogen (N₂) atmosphere. 
Elemental analysis and surface structure characterization were analyzed using X-ray photoelectron spectroscopy 
(XPS; Thermo Scientific K-Alpha). The static contact angle between sphagnum moss and water was measured at 
ambient temperature using a YIKE-360 optical contact angle goniometer. The measurements were performed at 
three different positions for each value.

The adsorption performance of the material was assessed based on its capacity to adsorb various organic 
pollutants, including crude oil, motor oil, vacuum oil, toluene, and xylene. Both modified and unmodified 
sphagnum moss samples were weighed and immersed in various organic compounds for 20  min to reach 
adsorption equilibrium. The adsorption efficiency was calculated by measuring the mass difference before and 
after immersion. To ensure reproducibility, three to five replicate tests were conducted for each experiment. The 
adsorption efficiency was determined using the formula provided below:

	
η = W2 − W1

W1

The weight of sphagnum moss at adsorption equilibrium is denoted as W2, while W1 represents the initial 
weight before adsorption. Adsorption-desorption experiments were performed to evaluate the reusability of the 
modified sphagnum moss. The regeneration capability of the modified sphagnum moss adsorbent for organic 
solvent adsorption was evaluated using a rotary evaporator at 80 °C under a negative pressure of 0.05 MPa18,31. 
The recyclability of the adsorbent was determined by measuring its xylene adsorption capacity over multiple 
cycles. Each experiment was performed in triplicate, and the results are presented as mean values with standard 
deviations.

Fig. 1.  Schematic illustration of the synthesis process of bio-based oil adsorbent (Created using ChemDraw 
3D (version: 2022; URL link:​h​t​t​p​s​:​​​/​​/​r​e​v​v​i​t​y​s​i​g​n​a​l​​s​.​​c​o​​m​/​p​​r​o​d​u​c​​t​​s​/​r​e​s​e​​a​r​​c​h​/​​c​h​e​m​d​r​a​w) and Cinema 4D 
(version: 2024; URL link: https://www.maxon.net/cinema-4d)).
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Results and discussion
Analyses of morphologies
The surface morphologies of both the original and modified sphagnum moss are presented in Fig. 2. The original 
sphagnum moss (Fig. 2a, b) displays a highly porous surface structure, making it highly suitable for adsorption 
applications. Upon comparison with the original material, the modified sphagnum moss exhibits increased 
surface roughness, the deposition of insoluble silica particles, and encapsulation by a distinct polysiloxane-
derived layer resulting from silane hydrolysis (Fig.  2d, e). Additionally, EDS spectrum analysis (Fig.  2c, f) 
confirmed the presence of Si, along with C and O elements, on the surface of the modified sphagnum moss, 
signifying a modification in its surface composition. As shown in Fig.  3, SEM imaging combined with the 
corresponding elemental mapping of C, O, and Si, confirms the presence of a uniform and intact layer on the 
surface of the modified sphagnum moss.

XPS analysis before and after modification
High-resolution X-ray photoelectron spectroscopy (XPS) analysis was performed to investigate the sphagnum 
moss before and after surface modification, as shown in Fig. 4. The survey spectrum (Fig. 4a) demonstrates a 
significant increase in Si elemental content following the surface modification of sphagnum moss. In the C 1s 
spectrum (Fig. 4b), changes in the bonding state of C elements are evident post-modification, with an enhanced 
presence of C = C bonds at 284.8 eV indicating successful attachment of hydrophobic groups onto the surface 
of sphagnum moss32. Moreover, bonding configurations involving C elements such as O-C = O, C = O, and 
C-O exhibit decreased binding energies and reduced peak areas after modification, suggesting altered bonding 
arrangements. Additionally, notable changes in silicon bonding modes are observed in the Si 2p spectrum 
(Fig. 4c). Following surface modification, binding energies for Si-O and Si-C bonds significantly increase from 
102.3 eV to 103.4 eV and from 101.4 eV to 102.8 eV respectively33,34. Furthermore, a new bond involving Si-O-C 
appears at around 102.3 eV35. The enhanced peak areas corresponding to Si-C, Si-O and Si-O-C bonds indicate 
successful attachment of silicon-containing groups onto the surface of sphagnum moss after modification which 
also influences the bonding configurations involving C elements. These bonds impact both atomic arrangement 
and the active sites on the sphagnum moss surface, as further supported by analysis presented in Fig. 4d depicting 
O 1s spectrum.

FT-IR analysis
To elucidate the alterations in the microstructure of sphagnum moss following surface modification, infrared 
spectroscopy was utilized to analyze samples subjected to various treatment protocols, as shown in Fig. 5. The 
spectrum in Fig.  5 exhibits prominent absorption peaks at 3342  cm-1, which are primarily attributed to the 
bending vibration of hydroxyl groups (-OH)36. Pretreatments using sodium hydroxide and hydrogen peroxide 
resulted in the degradation of the sphagnum moss’s surface fibrous layer, significantly exposing the internal 

Fig. 2.  Microscopic morphology of sphagnum moss before and after surface modification: (a-b) Surface 
morphology of the original sphagnum moss; (d-e) Surface morphology of the modified sphagnum moss; (c, f) 
Corresponding Energy Dispersive Spectroscopy (EDS) spectra.
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hydrophilic groups, particularly hydroxyl groups. This exposure increased the number of surface hydrophilic 
groups (-OH), thereby providing more reactive sites for subsequent surface modification grafting reactions, 
enhancing the reactivity and accessibility of the moss surface. After surface modification, a notable reduction in 
peak intensity in the hydroxyl region was observed, accompanied by the appearance of new absorption peaks 
at 3066 cm⁻¹ and 1412 cm-1, attributed to the stretching vibration and in-plane deformation of vinyl groups 
(-CH = CH2), respectively.

Additionally, a distinct peak at 756 cm⁻¹ was detected, corresponding to Si-C vibrations37. These infrared 
spectral changes confirm the successful silane modification of the sphagnum moss surface, reducing its 
hydrophilic nature while introducing a substantial number of hydrophobic groups. Vinyl triethoxysilane 
undergoes a silanization reaction in water, polymerizes spontaneously, and subsequently grafts onto the pre-
treated sphagnum moss surface, which contains a large number of hydroxyl groups. This process results in 
the formation of a thin polysiloxane layer, which decreases the abundance of surface hydrophilic groups. 
Simultaneously, the terminal group of the surface modifier bonds with the hydrophobic and lipophilic vinyl 
group, enhancing the material’s hydrophobic and lipophilic properties. Following surface modification, the 
characteristic peak at 967 cm-1 in the spectrum is attributed to the stretching vibration of the -Si-O-Si- bonds 
grafted onto the modified sphagnum moss surface, in agreement with prior energy spectrum and XPS analyses38. 
Additionally, hydroxyl groups on SiO₂ particles react with the silane to form short polymer chains, promoting 
particle aggregation and deposition on the sphagnum moss surface. This observation aligns with the SEM 
results presented in Fig. 2. The characteristic peak at 1601 cm-1 appears in both the modified and unmodified 
sphagnum moss, originating from the -C = O bond in the cellulose and lignin. However, this peak persists after 
surface modification, primarily originating from the hydrophobic -CH = CH₂ groups grafted onto the modified 
sphagnum moss surface3. The presence of this characteristic peak, along with the surface microstructure and 
energy spectrum analyses, confirms the success of the surface silanization modification.

Thermogravimetric analyses
Native and modified sphagnum moss samples were analyzed using thermogravimetric analysis (TGA) under a 
nitrogen (N2) atmosphere to evaluate their thermal properties. As illustrated in Fig. 6, the TGA curves show an 

Fig. 3.  SEM image of modified sphagnum moss (a) and corresponding elemental mapping of C, O, and Si 
(b-d).
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initial mass loss below 200 °C, which is attributed to the evaporation of volatile components, including water, 
hydrocarbons, and hydroxyl groups36,39. The mass losses at 200 °C for the native and modified samples were 3.9% 
and 4.8%, respectively. At the 10% weight loss point (T10), the decomposition temperature of the native samples 
occurred at 231.9 °C, while the modified sphagnum moss decomposed at 292.2 °C.

To evaluate the thermal stability of sphagnum moss before and after modification, the temperature at 10% 
mass loss (T10) and the temperature corresponding to the maximum decomposition rate (Tdm) were analyzed 
and compared. The TG and DTG results revealed that surface modification increased T10 from 231.9  °C to 
292.2 °C and shifted Tdm from 256.5 °C to 359.9 °C. These findings suggest that surface modification significantly 
enhanced the thermal stability of the sphagnum moss. At 900 °C, the mass remained relatively stable, leaving 
some residual material. The residue at 900 °C (M900) for native and modified sphagnum moss was 7.98% and 
13.67%, respectively. This observation may be attributed to the presence of minerals in the sphagnum moss and 
silicon-containing compounds, such as polysiloxane, formed during the silanization process.

Wettability analyses
The analysis of the microstructure of sphagnum moss before and after modification clearly shows that surface 
silanization treatment significantly decreases the abundance of hydrophilic groups while increasing the presence 
of hydrophobic groups on the surface.

To further investigate the wetting properties of the modified sphagnum moss material on water and organic 
pollutants, both macroscopic wetting performance and microscopic contact angles were analyzed, as illustrated 
in Fig. 7. In the macroscopic wetting performance measurement, water and xylene were dyed with blue ink 
and Sudan Red dye, respectively, to better characterize the material’s wetting behavior. Figures 7a,b display the 
wetting angles of the original sphagnum moss material with water. Due to its porous surface structure, the 
sphagnum moss absorbs water rapidly, almost completely upon contact, with an initial wetting angle of 25.3°. 
After 30  s, the water is fully absorbed, and the material expands, indicating the original material’s excellent 
wettability and hydrophilic performance. To compare the material’s selective adsorption of water and xylene, 
tablets were prepared and macroscopic adsorption experiments were conducted, as shown in Fig.  7c. The 
original sphagnum moss material exhibits good adsorption properties for both water and xylene. The modified 
sphagnum moss material has a water wetting angle of 157°, which remains unchanged after 30 s, demonstrating 
excellent hydrophobic performance (Figs.  7d, e). The macroscopic adsorption of water and xylene (Fig.  7f) 
shows that the modified sphagnum moss material exhibits strong adsorption capacity for xylene, while water 

Fig. 4.  High-resolution XPS spectra of sphagnum moss before and after modification.

 

Scientific Reports |        (2025) 15:11792 6| https://doi.org/10.1038/s41598-025-96059-7

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 6.  TG and DTG results illustrating the thermal stabilities of (a) Original and (b) Modified sphagnum 
moss samples.

 

Fig. 5.  FT-IR spectra of sphagnum moss samples before and after modification.
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stained with blue ink forms spherical droplets on the material surface, demonstrating excellent hydrophobicity. 
This is consistent with the earlier microstructural analysis. After modification, the sphagnum moss material 
exhibits strong oil affinity and hydrophobicity, enabling selective adsorption of water and organic pollutants.

Adsorption capacity of sphagnum moss samples
After surface modification, the sphagnum moss exhibited both hydrophobicity and lipophilicity. To evaluate 
its selective adsorption capability for removing organic pollutants from water, a specified quantity of modified 
sphagnum moss was applied to adsorb organic compounds from the water surface, as shown in Fig.  8. The 
modified sphagnum moss was uniformly distributed across the surface of oil-contaminated water. Upon gentle 
stirring, it efficiently adsorbed the oil, gradually accumulating and reducing its presence on the water surface, 
as depicted in Fig.  8c. After the adsorbed sphagnum moss aggregated, the organic pollutant was efficiently 
absorbed and subsequently collected using a mesh net, as illustrated in Figs.  8d, e. demonstrating its high-
efficiency selective adsorption capability.

To evaluate the organic matter adsorption capacity of modified sphagnum moss, crude oil, motor oil, vacuum 
oil, toluene, and xylene were selected as test materials. Both silanized and untreated sphagnum moss samples 
were immersed in organic pollutants, and the adsorption rates were determined after equilibrium was achieved, 
as shown in Fig. 9a. Surface modification substantially improved the adsorption capacity of sphagnum moss, 
doubling the saturated adsorption capacity compared to the untreated material. The modified sphagnum moss 
exhibited an oil adsorption capacity of 22.756 g/g, marking a significant improvement compared to the original 
material. A literature review was performed to compare the adsorption performance of the modified sphagnum 
moss with previously reported bio-based adsorbents (see Fig. 9b)3,4,18,19,22,40–46. The modified sphagnum moss 
adsorbent demonstrated a significantly higher adsorption capacity than conventional biological adsorbents and 
outperformed most biochar-based oil adsorbents. Additionally, the material exhibited strong hydrophobicity, 
high adsorption capacity, and selective adsorption properties, effectively overcoming the limitations of low 

Fig. 8.  Oil pollution adsorption by modified sphagnum moss(modified-SM): (a) Macroscopic morphology 
of the modified sphagnum moss, (b) Oil-water mixture before adsorption, (c) Adsorption process showing 
adsorbed material, and (d, e) Separation of the material after adsorption.

 

Fig. 7.  Hydrophobic and oleophilic properties of original sphagnum moss (a-c) and modified sphagnum moss 
(d-f).
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efficiency and inadequate hydrophobicity in bio-based adsorbents. Moreover, the fabrication process is simple 
and cost-effective, with biodegradable sphagnum moss as the primary component, making it environmentally 
friendly and highly promising for oil spill management and ecological restoration.

Recyclability is a key factor that affects the practical performance of oil-water separation materials47. 
After adsorption, the volatile organic compounds retained by the modified sphagnum moss can be effectively 
recovered via evaporation. Figure 10 illustrates the cyclic adsorption performance of the modified sphagnum 
moss for organic compounds over multiple cycles. The adsorption capacity exhibits slight fluctuations during the 
recycling process. After 10 adsorption-evaporation cycles, the modified sphagnum moss retains over 90% of its 
initial capacity, demonstrating excellent recyclability.

Adsorption kinetics
Adsorption experiments were conducted to evaluate the time-dependent adsorption capacities of both original 
and modified sphagnum moss using organic matter. Figure  11 presents the adsorption capacity curves for 
both original and modified sphagnum moss over a time range of 2–105 min. The modified sphagnum moss 

Fig. 10.  Reusability of modified sphagnum moss for oil adsorption. (a) Oil adsorption and recovery 
performance of modified-SM over ten cycles. (b) Residual oil retention capacity of the sample after cyclic 
adsorption-evaporation.

 

Fig. 9.  (a) Adsorption capacities of sphagnum moss before and after modification for various organic 
compounds. (b) Comparison of the oil adsorption performance of modified sphagnum moss with bio-based 
adsorbents reported in the literature.
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demonstrated markedly higher adsorption efficiency compared to the original moss. The curves further revealed 
that the adsorption of motor oil by the modified sphagnum moss increased rapidly during the initial 15 min. 
Subsequently, the adsorbed amount stabilized, indicating that the adsorption rate was rapid, with equilibrium 
achieved within 15 min, making the material highly suitable for treating organic water pollutants. The modified 
sphagnum moss demonstrated a maximum adsorption capacity of 22.756 g/g, maintaining stability with minor 
fluctuations thereafter. The porous structure of sphagnum moss facilitates rapid contact between motor oil and 
the adsorbent. Surface modification increases the availability of adsorption sites, enhancing both adsorption 
capacity and efficiency, thereby quickly reaching adsorption equilibrium.

To analyze the adsorption rate and mechanisms of the modified sphagnum moss, the adsorption data were 
fitted using two kinetic models: the pseudo-first-order and pseudo-second-order models. The fitted curves are 
presented in Fig. 11. The Lagrange pseudo-first-order kinetic model (Eq. (1)) is widely employed for solid‒liquid 
adsorption systems48, emphasizing a linear relationship between the adsorption rate and the concentration of 
reactants, as expressed in:

	 ln(qe − qt) = lnqe − k1t� (1)

The pseudo-second-order kinetic model (Eq.  (2)), on the other hand, describes chemisorption, involving 
electron sharing or exchange between the adsorbent and the adsorbate49, as follows:

	
t

qt
= 1

k2q2
e

+ t

qe
� (2)

Fig. 11.  Adsorption kinetics of modified sphagnum moss: (a) Time-dependent adsorption capacity of 
sphagnum moss before and after modification; (b) Kinetic fitting to the pseudo-first-order model; (c) Kinetic 
fitting to the pseudo-second-order model.
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Here, t represents the adsorption time in minutes, qe is the amount adsorbed at equilibrium (g/g), and qt is 
the amount adsorbed at time t (g/g). From the fitted slope and intercept, the values of qe, k1, and k2 were 
calculated. The fitted curves for ln(qe − qt) and t

qt
 are presented in Fig. 11.

The adsorption fitting curves showed that the pseudo-first-order kinetic model provided a fitting equation of 
y = -0.04773x + 1.36578 with an R2 value of 0.82916. In contrast, the pseudo-second-order kinetic model yielded 
a fitting equation of y = 0.0435x + 0.0946 with an R2 value of 0.99991. Table 1 summarizes the results of fitting 
the experimental adsorption data of modified sphagnum moss over time (depicted in Fig. 11) using the pseudo-
first-order and pseudo-second-order kinetic models.

The fitting results demonstrated that the pseudo-second-order kinetic model provided a superior linear fit 
compared to the pseudo-first-order model, as evidenced by an R2 value of 0.99991. Additionally, the theoretical 
saturated adsorption capacity qe predicted by the pseudo-second-order model closely aligned with the 
experimentally measured value, outperforming the predictions of the pseudo-first-order model. These findings 
indicate that the pseudo-second-order kinetic model more accurately represents the adsorption behavior of 
organic compounds by modified sphagnum moss, suggesting that the process is predominantly governed by 
chemical adsorption50,51.

Mechanism for the surface modification
The surface-modified sphagnum moss demonstrates good hydrophobicity and oleophilicity, with the modification 
mechanism shown in Fig.  12. The surface of sphagnum moss is rich in components such as hemicellulose, 
lignin, and also contains a certain amount of hydrophilic groups, such as hydroxyl groups (—OH), which exhibit 
adsorption capabilities for both water and organic compounds.

The long-chain molecules in the cellulose and intermolecular hydrogen bonds in sphagnum moss form 
a highly crystalline, supramolecular structure, with hemicellulose and lignin tightly embedded, further 
improving its stability and structural integrity. This complex structure hinders the effective interaction between 
vinyltriethoxysilane and the active hydroxyl groups on the sphagnum moss surface, reducing accessibility for 
surface modification and thereby affecting the modification efficiency21,22. Therefore, surface pretreatment of 
sphagnum moss is necessary before silanization to expose numerous hydrophilic groups. Sodium hydroxide and 
hydrogen peroxide are commonly employed to treat the highly crystalline supramolecular structure of cellulose 
on the surface23. Following treatment, the sphagnum moss surface exhibits a significant increase in hydrophilic 
groups, thereby providing more active sites for subsequent silanization reactions. During surface modification, 
vinyltriethoxysilane undergoes a silanization reaction in aqueous solution, forming a polymeric structure of 
polysiloxane24, which then grafts onto the pretreated sphagnum moss, rich in hydrophilic hydroxyl groups 
(—OH). This process significantly reduces the number of exposed hydrophilic groups, while the hydrophobic 
vinyl groups (—CH = CH2) on the polysiloxane surface increase its affinity for organic compounds, improving 
selective adsorption of organic pollutants. Additionally, during the surface modification process, certain 
hydroxyl groups (—OH) on the silica particles graft with the silane, successfully attaching the silica particles 
to the surface of sphagnum moss. The unreacted hydroxyl groups (—OH) on the sphagnum moss surface and 
the remaining hydroxyl groups (—OH) on the silica particles form hydrogen bonds with water molecules18, 
preventing scattering on the water surface during oil adsorption and promoting aggregation, which facilitates 
subsequent recovery and reuse.

Conclusions
In summary, a novel bio-based oil absorbent was successfully synthesized via the silane modification of 
biodegradable sphagnum moss. The modified sphagnum moss demonstrated exceptional hydrophobicity, 
with a water contact angle of 157°, notably surpassing that of most conventional bio-based oil absorbents. The 
exceptional hydrophobicity of this material results from the elimination of hydrophilic groups, the successful 
grafting of hydrophobic functional groups, and increased surface roughness, all of which synergistically enhance 
oil adsorption performance.

The modified sphagnum moss exhibited a high adsorption capacity for various organic compounds, with a 
maximum adsorption of 22.756 g/g for motor oil, markedly outperforming conventional biological adsorbents 
and biochar-based materials. Oil-water separation experiments under environmental conditions further 
validated its strong phase selectivity and practical feasibility. Alongside its superior adsorption performance, 
the material displayed remarkable reusability, maintaining over 90% of its initial adsorption capacity after 10 
cycles, indicating excellent durability and recyclability. The modified sphagnum moss exhibited enhanced 
hydrophobicity, high adsorption capacity, and selective adsorption properties, effectively addressing the 
limitations of low adsorption efficiency and inadequate hydrophobicity in conventional bio-based adsorbents.

Although the modified sphagnum moss exhibits excellent adsorption and selective adsorption properties, 
its scalability and long-term mechanical stability in practical applications require further improvement. Future 
studies should prioritize enhancing structural stability, refining large-scale fabrication techniques, and developing 

Sample Pseudo-first-order kinetic model Pseudo-second-order kinetic model

qe(exp.)/
(g · g−1)

qe(cal.)/
( g · g−1) k1/( min−1) R2 qe(cal.)/

( g · g−1)
k2/
( g · mg−1min−1) R2

22.7528 3.9297 0.04773 0.82916 22.988 0.0453 0.99991

Table 1.  Adsorption kinetic parameters for adsorption of motor oil onto the modified sphagnum moss.
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advanced functionalization strategies to broaden its applicability in diverse environmental conditions. Overall, 
this material presents an efficient and sustainable approach to oil spill remediation, offering promising potential 
for practical applications.

Data availability
Data is provided within the manuscript. Data is available on request from Yu Wang (wangyugeu @126.com).

Received: 16 January 2025; Accepted: 25 March 2025

Fig. 12.  Mechanism of the surface-modified sphagnum moss adsorbent: (a) Schematic illustration of the 
sphagnum moss surface modification process; (b) Mechanistic diagram of oil-water separation adsorption.
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