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• Waste wheat has been transformed into 
biochar with a unique composition, 
molecular structure, and morphology 
texture.

• A hydrophobic PMS-biochar-coated 
sponge sorbent with a contact angle of 
135.23◦±2.02◦ has been proposed to 
pre-purify heavily oil-polluted waters.
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A B S T R A C T

This study primarily focuses on environmental concerns and protection by providing a beneficial use of waste 
biomass from crops and a low-cost polymer sponge to produce a low-cost and eco-friendly sorbent effective for 
oil-water separation. Research has indicated that waste wheat-derived biochar (BC), with a yield of 24.14 %, is 
predominantly composed of a graphite-like phase, featuring an advanced surface morphology and porous 
structure. This biochar can be combined with the hydrophobic agent polymethylsiloxane (PMS) to coat the 
melamine sponge, creating an effective sorbent for oil-water separation. The contact angle measurements indi
cate that once the sorbent surface is coated with BC and PMS, it becomes more hydrophobic, achieving a contact 
angle of approximately 135.23◦. As the experimental study demonstrates, oil-contaminated water can be purified 
through a two-stage adsorption process with a chemisorption mechanism behind it, achieving total oil removal 
efficiencies of 99.13 % and 97.47 % from neutral and saline waters, respectively. The GC-MS analysis shows that 
while the first stage removes most non-polar and hydrophobic compounds, the second stage captures a higher 
proportion of moderately polar compounds. The impressive effectiveness of the relatively chemically, mechan
ically, and thermally stable PMS-BC-coated-MF-based sorbent in pre-purifying water from substantial oil 
contamination highlights its potential for addressing heavily polluted water sources. This finding reinforces the 
viability of sustainable approaches to oil spill remediation.
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1. Introduction

The volume of oil extracted and consumed globally is staggering. Our 
dependence on oil intensifies as our economy evolves, making it 
imperative to address oil pollution and avert environmental catastrophe. 
Hundreds of oil spills occur daily, endangering our oceans and marine 
life. Marine oil spills involve catastrophic releases of oil, encompassing 
various types of crude oil, heavy and persistent fuel oil, lighter yet highly 
toxic fuel oil, and numerous processed products [1]. The sediment’s 
chemical composition, the spilt oil’s volumetric properties, and atmo
spheric reactions determine their fate, behaviour, and impact on the 
marine environment. Oil spills present significant concerns regarding 
substantial economic losses and long-term harm to aquatic ecosystems, 
local economies, and coastal communities [2]. Therefore, the environ
mental issues stemming from oil spills have emerged as one of the global 
challenges that the international community is addressing [3]. 
Numerous methods for combating oil spills include in-situ burning 
[4–6], mechanical recovery [7,8], solid sorbents [9], dispersion [10,11]
and biodegradation [12]. However, these methods have limitations: 
they require time, entail high costs, and may cause adverse environ
mental effects. Adsorption is an effective method for removing organic 
pollutants due to its low cost and simplicity compared to traditional oil 
spill cleanup technologies [13,14].

Many sorbents have been developed for oil spill cleanup, including 
activated carbons [15,16], glass and cellulose fibres [17], hollow carbon 
fibres, organoclays, and nonwoven materials [18,19]. However, these 
sorbents still require improved hydrophobicity, adsorption capacity, 
and reusability in practical applications. Thus, developing a recyclable 
sorbent with high adsorption capacity, good hydro
phobicity/lipophilicity, excellent buoyancy, and pressure resistance to 
combat oil spills is essential. Numerous 2D-3D-structured adsorbent 
materials have recently been developed for oil spill remediation, 
including porous rubber materials, nanotubes, aerogels, and others [20, 
21]. However, research indicates these materials have drawbacks, such 
as low adsorption capacity, weak mechanical strength, and insufficient 
reusability. Melamine foam and polyurethane foam with 3D porous 
structures show promise as suitable sorbent materials due to their ability 
to absorb large amounts of liquid and their strength [22,23]. However, 
the surface of melamine foam is highly hydrophilic, hindering the sep
aration of oil and water. Several methods exist to modify this surface to 
make it superhydrophobic, but developing environmentally friendly and 
affordable materials for this purpose remains a significant challenge.

Recent studies [24,25] have shown that biochar possesses excellent 
adsorption capability for organic and inorganic pollutants due to its 
large surface area, pore volume, and variety of functional groups. 
Compared to graphene, biochar (BC) is cost-effective, and its toxicity 
decreases with increasing pyrolysis temperature, thus holding the po
tential to replace graphene in adsorption processes. Various modifica
tion methods have been applied to enhance biochar’s pollutant 
adsorption capacity, but complex processes and hazardous waste gen
eration limit their widespread application. Therefore, the modification 
methods of biochar and the application of such materials are important 
directions for future research. This study aims to obtain biochar from 
local waste wheat and to design a hydrophobic carbonaceous melamine 
sponge-based sorbent for oil-water separation

2. Materials and methods

2.1. Materials

All chemicals used in this study (NaOH, HCl, EtOH, NaCl, KCl, 
Na₂SO₄, MgSO₄, and CaCl2) met analytical grade standards. Deionised 
(DI) water and 90 % ethanol (EtOH) were employed as solvents. In
dustrial diesel oil has a density of 9.1 kg/m3, and industrial melamine 
sponge has a density of 10 kg/m3. Polymethylsiloxane lubricant (PMS- 
100) was employed as a hydrophobic agent. In salt effect measurements, 

to model natural seawater with its characteristic ionic balance, a solu
tion with a pH of 8.33 was utilised, containing Cl⁻ ions (19.87 g/L), Na⁺ 
ions (11.05 g/L), SO₄²⁻ ions (2.78 g/L), Mg²⁺ ions (1.32 g/L), Ca²⁺ ions 
(0.42 g/L) and K⁺ ions (0.40 g/L). NaOH and HCl solutions adjusted the 
pH to levels corresponding to seawater.

Benzene was employed as a solvent to prepare the engine oil sample 
by extracting it from an aqueous solution for gas chromatography-mass 
spectrometry (GC-MS) tests.

2.2. Synthesis of biochar

The biomass used in this study underwent multiple processing stages. 
The wheat husk, which served as the base material for this biochar, was 
subjected to primary carbonisation at T = 500◦C, v= 10 ◦C/min, for 
t = 1 h, in a nitrogen (N2) atmosphere. Following the primary carbon
isation, chemical activation with sodium hydroxide (NaOH) was con
ducted according to the procedure outlined in [26]. This was followed 
by secondary carbonisation at T = 600◦C, v= 10 ◦C/min, for t = 1 h, also 
in a nitrogen atmosphere. Firstly, this temperature regime was chosen to 
provide functional groups on the biochar’s surface, enhancing its sorp
tion capacity. Secondly, prior studies [27–30] indicated that higher 
temperatures reduce yield and lower oil sorption index. The total yield 
of biochar was 24.14 %.

2.3. Preparation of a sorbent

The superhydrophobic carbon-melamine sorbent was prepared 
following the procedure [31]. The biochar sample was mixed with 
diluted water at a 5 mg/mL ratio and subjected to ultrasonic treatment 
for 30 min to create a biochar suspension. Melamine sponges measuring 
1 cm3 were washed with ethanol in an ultrasonic cleaner for 30 min and 
then rinsed with pure water for 20 min. After drying in an oven at 80◦C 
for 10 h, the melamine sponges were immersed in the AC suspension for 
2 h of ultrasonication. The biochar-loaded melamine sponges were 
subsequently removed and dried in an oven at 80◦C for 10 h to produce 
biochar-wrapped melamine sponges. PMS was mixed with ethanol at an 
8 mg/mL ratio to create a PMS/EtOH solution. The biochar-loaded 
melamine sponges were placed in the PMS/EtOH solution and sub
jected to triple release; they were then removed and subjected to a re
action at 160◦C for 12 h. The following three washes were done with a 
90 % EtOH solution, and the material was dried in an oven at 60◦C for 
10 h.

2.4. Material characterisation

A comprehensive analysis of the biochar sample was conducted using 
CHNS, BЕT, FTIR, Raman, XRD and SEM-EDX methods to determine its 
elemental composition and structural characteristics.

The CHNS analysis was conducted using a Unicube organic 
elemental analyser. The samples’ аsh content was determined by 
calculating them at 750℃ for five hours in a mufflе furnace [32]. The 
oxygen contеnt (%) was then calculated on a dry bаsis using the material 
balance equation: Osubs = 100 - (C + H + N + S + А), where C, H, N, S, 
аnd A represent the weight percentages of carbon, hydrogen, nitrogen, 
sulfur, and ash, respectively.

The BET surface area and pore parameters were measured using the 
N2 adsorption-desorption isotherm, obtained at 77 K employing the 
BSD-660S A3 machine. Before the analysis, samples were degassed at 
300◦C for 70 min.

The IR Tracer-100 (Shimadzu) machine collected spectra from 
4000 cm− 1 to 400 cm− 1 with a resolution of 4 cm− 1 and 75 scans. Before 
each measurement, the background was collected.

The Raman spectra were recorded from 1000 to 1800 cm− 1 using a 
micro-Raman spectrometer (Horiba LabRam Evolution) with a 633 nm 
laser.

X-ray diffraction (XRD) analysis was conducted using a Bruker D8 
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Advance Eco diffractometer in a θ-2θ scanning configuration at ambient 
temperature. CuKα radiation (λ = 1.54060 Å) served as the X-ray source. 
The sample was rotated at 15 rpm to reduce the texture effect. The 
diffraction patterns were recorded over a 2θ angle range from 10 to 80◦, 

with a step size of 0.05◦ and a collection time of 1.5 sec/step.
Using the backscattered electron detector, the samples were imaged 

using SEM on a Scanning electron microscope JEOL JSM-IT200 (LA) at a 
high voltage of 20 kV.

Table 1 
The elemental composition of biochar (CHNS analysis) and the ash content.

C, % H, % N, % S, % А, % Оsubs, % Σ, % H/C O/C

72.77 1.70 3.51 0.04 15.00 6.98 100.00 0.023 0.096
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Fig. 1. Biochar’s FTIR- (a) and Raman (b) spectra, X-ray diffractogram (c).

Fig. 2. SEM images of biochar’s surface at 30 µm (a-b) and PMS-BC-coated MF sorbent (c).

Fig. 3. Wettability of sorbents (a) and contact angles of water drop on the sorbent surface (b).
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The thermal properties of the samples were studied using a Labsys 
Evolution TG-DTA/DSC (Setaram) machine in dynamic mode in the 
temperature range of 30–900ºС while heating in an Al2O3 crucible at a 
rate of 10ºС/min in a N2 atmosphere with a flow rate of 30 mL/min.

The gas chromatography-mass spectrometry (GC-MS) analysis was 
conducted using the Clarus 600 gas chromatograph coupled with a mass 
spectrometer (Perkin-Elmer, USA) and an Elite-PONA capillary column 
(100 m x 0.25 mm×0.50 μm) to analyse the qualitative content of hy
drocarbons in the initial oil and oil extracts. The temperature gradient of 
the GC involved an initial isotherm of 40◦C, followed by heating up to 
280◦C at a rate of 10 ◦C/min for 50 min (total analysis time: 50 min).

2.5. Contact angle measurements

The measurement setup employed a camera that recorded images of 
the drop to determine the contact angles of all the materials of interest. 
The contact angle measurements were then conducted using the ImageJ 
analysis software (DropSnake plugin).

2.6. Adsorption tests

Commercial engine oil 5W30 was chosen as a petroleum product to 
evaluate the material’s uptake capacity. The adsorption tests were 
conducted in two stages, with the initial oil concentrations set at 20 % 
and 8.6 %, respectively. To study the adsorption kinetics, the adsorption 
values were calculated at various time points up to 24 h to construct the 
kinetic curves (at room temperature). The adsorption value was deter
mined as follows (Eq. 1): 

qe =
(C0 − Cτ)V

m
(1) 

where qτ is the adsorption value [g/g]; С0 and Cτ are oil concentrations 
before and after adsorption in an emulsion under the study, respectively 
[g/L]; m is the adsorbent sample mass, taken for the single test [g]; V is 
the volume of the solution, where the adsorption takes place [L].

Different kinetic models were applied to evaluate adsorption kinetics 
based on these data.

2.7. Sorbent recyclability study

The stability of the sorbent was assessed by immersing the sample in 
an oil-water mixture for 5 min. Subsequently, the sample was removed 
and subjected to a pressure of 200 g for 5 min. It was reused multiple 
times as a sorbent and passed this test 10 times.

3. Results and Discussion

3.1. The characterisation of waste wheat-derived biochar

Based on the CHNS analysis and the ash content in biochar in this 
study, the oxygen content and the H/C and O/C ratios are evaluated 
(Table 1).

One of the characteristics of biochar is its O/C and H/C ratios [33]. 
The H/C ratio indicates the degree of aromaticity of the molecule: the 
higher the H/C ratio, the greater the aromaticity. The O/C ratio reflects 
the predominance of oxygen-containing functional groups in the mole
cule, such as carboxylic acids, alcohols, and ketones. Similarly, a higher 
O/C ratio corresponds to a greater prevalence of these functional groups, 
while a lower O/C ratio suggests a lesser prevalence [33,34]. In this 
instance, biochar exhibited low values for both the H/C and O/C ratios, 
confirming a limited content of aromatic and oxygen-containing groups 
[35–37].

According to the BET analysis, the specific surface area (SSA), total 
pore volume, and average pore diameter are 244.47 m2/g, 0.1367 mm3/ 
g, and 2.24 nm, respectively. Regarding pore size distribution, the bio
char exhibits 4.49 % macropores, 35.89 % mesopores, and 59.62 % 
micropores. Based on this data, it can be concluded that biochar is 
predominantly mesoporous [38]. This relatively low SSA is most likely 
due to the softer mode of chemical activation; KOH was substituted with 
a less aggressive NaOH at a low concentration and chosen to produce a 
more cost-effective and environmentally sustainable biochar.

The overall FTIR spectrum of biochar (Fig. 1a) corresponds to those 
reported in the literature [39–42].

Despite adsorption bands noted in [39,41,43] for biochar activated 
chemically slightly with sodium hydroxide, the FTIR spectrum did not 
exhibit those signals. In the current case, the adsorption peak at 
2330 cm− 1 corresponds to the aliphatic C-H functional group, as re
ported by [40,43]. Additionally, peaks at 1027 cm− 1 and 871 cm− 1 are 
assigned to aromatic C-H functional groups [39,44,45]. A relatively 
featureless (flat) FTIR pattern has been previously reported for different 
biochars that have undergone high thermal treatment with a tempera
ture of ³ 600℃ [46,47]. These studies show that high-temperature car
bonisation forms more aromatic and graphite-rich phases.

The Raman spectrum in Fig. 1b exhibits two distinct peaks labelled 
"D" and "G." These peaks are characteristic of carbon-based materials, 
and the position and intensity of the "G" peak indicate the degree of 
graphitisation. A higher "G" peak signifies a more crystalline and 
graphitic structure, typically at 1580 cm− 1 [48,49]. The D band, posi
tioned around 1330 cm− 1, reflects the presence of defects in the graphite 
structure of biochar [49]. In [50], based on the D band, it was suggested 

Fig. 4. Kinetic curves of oil sorption onto a PMS-BC-coated MF sorbent (a) and oil removal (b) during the first stage.
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that aromatic systems with more than six connected rings exist, similar 
to those found in graphene sheets. A low ID/IG ratio of 0.34 indicates a 
graphitic material with minimal defects, which is advantageous for 
various advanced applications [50].

The XRD study showed that the biochar diffractogram corresponds 
with previously reported results [51–53]. The XRD spectrum exhibits 
two broad peaks at approximately 23◦ and 43◦ (in 2θ) (Fig. 1c), which 
correspond to the (002) plane of disordered graphite and the (100) 
plane, respectively. According to [26,52], the intensity of the 
(002)-assigned peak indicates a high degree of graphitisation in the 
biochar.

Figs. 2a—2b show SEM images of biochar. These images 

demonstrate that the biochar surface has advanced, different-sized 
pores, which contribute to its increased sorption qualities.

Notably, an unusual, uniform distribution of patterned structures is 
observed on the surface of the biochar (Fig. 2a). The presence of mac
ropores of varying sizes is also apparent (Fig. 2b). Furthermore, Fig. 2c 
presents an SEM image of the PMS-BC-coated MF-based sorbent, illus
trating that the sponge possesses an intricate cavity morphology, which 
enhances its uptake capacity.

To summarise, all structural features of biochar—specifically its high 
carbon content, low H/C and O/C ratios, porosity, surface area, and 
aromatic domains—are essential for both single- and multi-functional 
applications. Due to its structure, feedstock availability, and low cost, 
biochar is highly regarded for its diverse uses across various fields. Its 
effectiveness in long-term carbon sequestration is attributed to its sta
bility and structural integrity, which arise from a high degree of 
aromaticity and graphitisation, combined with low H/C and O/C ratios 
and a microporous structure [54]. For effective adsorption applications, 
a high specific surface area (SSA) with a well-developed micro-, meso-, 
and macroporous structure, along with functional groups, is critical, 
depending on the characteristics of the targeted substances [55,56]. 
Furthermore, biochar’s stability in both basic and acidic media and its 
other properties enhance its applicability in catalysis [57,58].

However, this study employs waste wheat-derived biochar as a 
binder that adheres PMS to the melamine surface. This transformation 
alters the material’s surface from hydrophilic to hydrophobic, thereby 
enhancing its affinity for non-polar components during oil-water 
separation.

Fig. 5. Kinetic curves of oil sorption onto a PMS-BC-coated MF sorbent (a) and oil removal (b) during the second stage.

Table 2 
Kinetic parameters of oil sorption from neutral water.

Kinetic model The first stage The second stage

PFO k1 qe R2 k1 qe R2

0.0008 4.769 0.0547 0.0008 1.033 0.0025
PSO, type 1 k2 qe R2 k2 qe R2

0.039 37.879 1 0.055 28.653 1
PSO, type 2 k2 qe R2 k2 qe R2

0.136 37.594 0.926 0.036 28.011 0.974
PSO, type 3 k2 qe R2 k2 qe R2

0.271 36.879 0.161 0.038 24.831 0.318
PSO, type 4 k2 qe R2 k2 qe R2

0.137 37.63 0.921 0.034 28.897 0.966
Intraparticle 

diffusion
KDiff C R2 KDiff C R2

0.0242 37.115 0.295 0.252 25.785 0.496
Elovich 

(linear)
α β R2 α β R2

4.632 2.3⋅1073 0.774 0.945 5.048⋅109 0.736

Table 3 
Kinetic parameters of oil sorption from saline water.

Kinetic model The first stage The second stage

PFO k1 qe R2 k1 qe R2

0.0029 1.389 0.0379 0.001 1.250 0.512
PSO, type 1 k2 qe R2 k2 qe R2

0.03153 35.336 1 0.0701 24.691 1
PSO, type 2 k2 qe R2 k2 qe R2

0.03905 35.088 0.8313 0.0876 24.57 0.8866
PSO, type 3 k2 qe R2 k2 qe R2

0.029 31.686 0.470 0.132 23.075 0.492
PSO, type 4 k2 qe R2 k2 qe R2

0.0384 35.141 0.8168 0.0869 24.588 0.8817
Intraparticle diffusion KDiff C R2 KDiff C R2

0.292 31.816 0.6536 0.132 23.081 0.682
Elovich (linear) А β R2 α β R2

0.880 2.6468⋅1010 0.8347 1.9338 1.998⋅1018 0.8793
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3.2. Wettability and contact angle measurements

Firstly, the pure melamine foam (MF) sponge and the biochar-loaded 
one exhibit similar abilities to absorb water and oil (Fig. 3).

However, the PMS-BC-coated MF-based sorbent did not absorb 
moisture like the previous two; when in contact with oil, the sponge 
treated with a hydrophobic agent absorbed oil more quickly than the 
original sponge. Contact angle measurements (Fig. 3) also confirm that 
from the first to the third sorbent, the hydrophobicity of the sorbent 
surface increases when the surface of the melamine sponge (0◦) is 
treated with biochar (83.80◦±2.02◦) and subsequently with a hydro
phobic agent (135.23◦±2.02◦).

3.3. Adsorption kinetics

Fig. 4 shows kinetic adsorption curves with an initial oil concentra
tion of 20.00 %. The equilibrium was reached at an adsorption value of 
A= 37.5 g/g, and thereafter, the plateau exhibited little to no change. 
Although the experiment was extended for 24 h, the adsorption results 
remained relatively unchanged, indicating that the sorbent retains oil 
and does not desorb. The oil removal efficiency attained 43.24 % 
(Fig. 4b).

After the first treatment, the second dose of freshly prepared sponge 
sorbents was loaded into the intermediate oil-water mixture (with an oil 
concentration of 11.31 %). Equilibrium with A, equal to 28.44 g/g, was 
achieved in the first 30 min (Fig. 5a), and the oil removal efficiency was 
98.46 % (Fig. 5b). In total, it has demonstrated a 99.13 % oil removal 
efficiency.

Comparing oil adsorption (g/g) and oil removal efficiency (%) from 
neutral and saline waters demonstrates that the latter case’s efficiency is 
lower than the former (Figs. 4a-b, 5a-b). The adsorption tests showed 
that the oil removal efficiency decreased to 35.15 % in the first stage and 
94.74 % in the second stage, for a total of 97.47 %. This phenomenon 
can be explained by the fact that in the presence of salts, the surface 
tension at the adsorbent-adsorbate interface increases as surface po
tential shifts; together, these factors lead to wettability alteration and 
reduced hydrophobicity [59,60]. Furthermore, salt ions can block the 
active sites on the sorbent’s surface, decreasing the oil uptake capacity.

To understand the sorption kinetics more deeply, different kinetic 
models such as the pseudo-first-order (PFO) (Eq. 3) and pseudo-second- 
order (PSO) (eq-s 4–7 for the PSO types 1–4, respectively) models, as 
well as the intraparticle diffusion model (Eq. 8), the Elovich model (Eq. 
9) were employed: 

ln(qe − qτ) = ln(qe) − k1τ (3) 

τ
qτ

=
1

k2qe
+

(
1
qe

)

τ (4) 

τ
qτ

=

(
1

k2q2
e

)(
1
τ

)

+

(
1
qe

)

(5) 

τ
qτ

= k2q2
e − k2qeqτ (6) 

qτ = qe −

(
1

k2qe

)
qτ

τ (7) 

qτ = Kdiff τ
1
2 +C (8) 

qτ =
1
α ln(αβ) +

1
α lnτ (9), 

where qe and qτ are adsorption values of oil in the sorbent at a particular 
time and in an equilibrium state [g/g]; k1 [1/min] and k2 [g/(g⋅min)] 
are the rate constants for PFO and PSO models, respectively; the first- 
order process speed and the rate constant, t is the time [min]; C is the 
interception coefficient [g/g], Kdiff is the constant of the diffusion rate 
inside the particles [g/(g⋅min1/2)], α is the initial adsorption rate [(g/ 
(g⋅min)], and β is the desorption constant [g/g]. The calculation results 
are given in Tables 2–3.

Based on the experimentally observable results in Tables 2–3, the 
most suitable kinetic model is the PSO-1 due to its regression coefficient, 
which is nearly 1.00. In contrast, the PFO and PSO-3 models cannot be 
applied to the kinetic curves because of their relatively low R values, 
indicating that sorption is not limited by the diffusion properties of the 
sorbent itself and can proceed through chemical reactions and inter
molecular bonding [61-63]. Likewise, the other two models, namely the 
intraparticle diffusion model and the Elovich model, have not demon
strated a strong correlation with experimentally measured adsorption 
kinetics. This can be explained by the fact that diffusion within the 
particles does not significantly influence the sorption rate; consequently, 
the sorption rate is not considerably affected by the occupancy of active 
centres in the sorbent [64]. Notably, the neutral-to-saline water 
replacement does not alter the kinetic model for oil sorption. Thus, it can 
be suggested that the sorption process is a complex pseudo-second-order 
reaction with chemisorption as the rate-limiting step. To compare, the 
PSO-behaved chemisorption on the oil sorption from water was also 
demonstrated by acetylated kapok fibres and leaf-based biowaste with 
the rate constants of 0.1246 g/(g⋅min) [65], and 2.338 g/(g⋅min) [66], 
respectively.

Fig. 6. Recyclability of the proposed sorbent for oil-neutral water separation in the first (a) and second (b) stages.
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3.4. GC-MS study of initial engine oil and oil extracts

Table 1S (the supplemental file) demonstrates the GC-MS results for 
the qualitative content of initial engine oil and the contents of organic 
extracts after the first and second stages of oil adsorption from neutral 
water. The GC-MS results demonstrate that the initial engine oil contains 
a mix of hydrocarbons (alkanes, alkenes, esters, ketones, nitriles, etc.). 
Analysis of the oil extracts, separated after the first stage of compound 
detection, shows that most nonpolar or weakly polar hydrocarbons are 
absorbed [67]. Based on the oil extract content, which includes 12 
compounds, the sorbent captures additional low-polarity but possibly 
smaller or more volatile compounds after the second stage.

A deeper analysis reveals that highly hydrophobic and non-polar 
hydrocarbons, such as alkanes and branched alkanes (isobutane, 2,2,4- 

trimethyl-pentane, 2,2,3-trimethyl-hexane), are prime targets for PMS 
interaction due to their high hydrophobicity and molecular weight. The 
residual amount remaining in the second stage might be explained by 
diffusion limits or structural branching reducing initial adsorption.

Regarding the other alkenes and unsaturated hydrocarbons (3,5,5- 
trimethyl-1-hexene, 3-buten-2-one-propene), less polar and hydropho
bic compounds are removed efficiently in the first stage. At the same 
time, those that remain are more volatile or oxygenated, persisting until 
the second stage. In the case of esters with moderate polarity (hexyl 
esters of acetic acid, esters of oxalic acid and propanoic acid), long-chain 
or bulky esters are removed in stage 1; however, some shorter-chain or 
branched representatives persist into stage 2, likely due to steric hin
drance or partial hydrophilicity. Many polar carbonyl compounds, like 
ketones (3-pentanone) and diones (2,3-bentanedione, 2,3-butanedione), 
are removed in the second stage, indicating weaker interaction with the 
sorbent and, most likely, contributing to slower sorption kinetics. Ni
triles and nitroalkanes (butane nitrile, propane nitrile, nitropropane), 
which have moderate polarity and are toxic, persist into the second stage 
because their polarity weakens interaction with the hydrophobic sor
bent. Another group of hydrophilic hydrocarbons, including alcohols (1- 
butanol) and polyols (3-buten-2-ol), are mostly not retained well, as they 
are polar and water-soluble, yet may still be removed in stage 2 via 
adsorption to biochar. Finally, aromatic and heterocyclic compounds, 
such as thiophene and 2H-Pyran-2-one, generally hydrophobic, interact 
through π- π stacking or dispersion with the sorbent and are removed 
early. Based on this separation pattern, it can be suggested that the PMS 
layer adsorbs non-polar hydrocarbons most effectively. Additionally, 
larger molecules are trapped more efficiently in terms of molecular size 
and structure; branching and aromaticity enhance van-der-Waals orπ-π 
interactions. Biochar also appears to add porosity and adsorption for 
semi-polar compounds while also serving as a linker between PMS and 
MF.

Fig. 7. FTIR spectra initial MF, PMS and engine oil (a), initial PMS-BC-MF-sponge based sorbent (b) and FTIR spectra after using the sorbent n-times for oil sep
aration (c), the contact angles of the sorbent surface after n-times cycling (d), SEM images of the sorbent surface before the sorption and after n-times cycling (e).

Fig. 8. Сomparison of sorption abilities of different MF-based sorbents.
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3.5. Recyclability of a hydrophobic PMS-BC-coated MF sorbent

The lifespan of a sorbent is ultimately defined by the degree to which 
its oil absorption capacity, selectivity towards target contaminants, and 
mechanical integrity deteriorate beyond established acceptable thresh
olds. An in-depth analysis of these parameters is necessary to accurately 
predict performance degradation under varying operational conditions, 
thus facilitating the development of more durable and efficient sorbent 
materials for practical applications. In this work, the analysis included a 
5-minute oil absorption phase, followed by a 5-minute application of 
pressure to assist in oil removal. Observations indicated a decline in 
adsorption capacity with increasing reuse cycles (Fig. 6, a-b), suggesting 
a gradual reduction in the sorbent’s effectiveness. In the initial trial, oil 
removal efficiencies were recorded at 53.51 % during the first stage of 

oil purification and 82.10 % during the second stage of oil separation 
from water. However, the oil removal efficiency fell to 30.85 % and 
45.59 % after the tenth use.

Fig. 7a presents the FTIR spectra of MF, PMS, and engine oil sepa
rately. All the FTIR spectrum patterns align with the reference ones 
[68–70]. A comparison with the initial PMS-BC-MF sorbent spectra 
(Fig. 7b) demonstrates that the sorbent is coated with PMS, as indicated 
by the presence of its functional groups. Furthermore, a broad signal 
centred at approximately 3400 cm⁻¹ can be attributed to the N-H and 
O-H groups. It is evident that after sorption, signals appear in the spectra 
confirming the presence of engine oil within the sorbent’s structure, 
specifically related to the symmetric stretching of C-H in CH₂, the 
asymmetric deformation of the CH, CH₂, and CH₃ bonds, as well as the 
deformation of the C-O bond. Given that after the adsorption of engine 

Fig. 9. TGA and DSC curves for initial biochar (a) and PMS-BC-coated MF sorbent before and after oil sorption (b).

Table 4 
Characteristics of sorbents for oil-water separation.

Main platform 
Binder 
Hydrophobic coating agent

SSA of biochar/AC, 
m2/g

Contact angle of the 
sorbent, ◦

Initial oil concent- 
ration, g/L

Initial sorption capacity, g/g 
Oil removal efficiency, % Recyclability, 
number of cycles

Ref.

Melamine 
Celery-derived AC 
Silicone

240 159.34 n.r. 54–143 
n.r. 
10

[80]

Melamine 
Wood ships-based AC 
Octadecylamine

n.r. 155 1:1 (oil/water in vol. 
ratio)

137 
n.r. 
11

[31]

Melamine 
Coconut shell-based AC 
Hexadecyltrimethoxy-silane

n.r. 159.53 1:2 (oil/water in vol. 
ratio)

69.04–158.27 
> 98 
50

[81]

P(St-EGD-DTDx) foams 
No binder 
No hydrophobic agent

n.r. 153 1:99 (oil/water in vol 
%)

49.6–112.8 
> 98 
10

[82]

P(St-EGD-DTDx) foams 
No binder 
No hydrophobic agent

n.r. 153 1:99 (oil/water in vol 
%)

49.6–112.8 
> 98 
10

[82]

Melamine 
Carbonised soot 
Dichloroethane

175.7 ~145–150 3:35 (oil/water in mL) ~24 times its weight 
n.r. 
> 19 times

[83]

Layered double Ni-Co hydroxides 
(LDH) 
Wood chips-based 
Stearate

92.80 156.00 50 5.34–11.60 
n.r. 
n.r.

[84]

Wood aerogel 
Wood 
Methyl-trimethoxy-silane

n.r. 151.80 n.r. 55.60–119.50 
98.50 
20

[85]

Melamine 
Waste wheat 
PMS

244.47 135.23 182 37.48/36.01 
99.13/97.47 
10 
Neutral/ saline water

The present 
study
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oil, no signals associated with PMS are detectable in the spectrum, and 
pronounced signals from hydrocarbons emerge (Fig. 7c), it can be 
inferred that the sorbent surface is saturated with engine oil. As the 
cycles increase, bands with nearly identical intensities are recorded 
while maintaining the same sorbent after sorption, pointing to the 
chemisorption mechanism behind the oil uptake.

This suggests that a residual quantity of engine oil remains within the 
sponge’s bulk structure, diminishing the efficiency of the sponge sorbent 
for subsequent tests (cycles 3, 5, 7, 10) compared to the initial cycles. 
This observation, the presence of residual hydrocarbons in the sponge’s 
bulk structure and surface, also correlates with the changes in the con
tact angles (Fig. 7d), illustrating a slight increase in the contact angle 
from cycle 1 to cycle 10. This aligns with the SEM results (Fig. 7e), 
demonstrating that the sorbent surface, coated with BC and PMS before 
the performance, is rough. However, when we move from the 1st cycle 
to the 10th one, the sorbent surface is still mechanically integrated (no 
cracks); only the roughness diminishes, and inter-fibre spaces in the 
melamine sponge structure increase. The same result has been reported 
in [71], where hydrophobic BC-based material recommended itself as a 
sorbent with mechanical abrasion resistance and chemical stability. 
Based on this, the sorbent of interest in the current study is a relatively 
chemically and mechanically stable composite material. At the same 
time, a decrease in oil uptake is most probably rooted in the adhesion 
failure at moving from the 1st to the 10th cycle using the same sorbent, 
which might be explained by the saturation of the sorbent with hydro
carbons (Fig. 7c) due to the chemisorption mechanism behind the oil 
sorption.

Comparative tests on oil sorption using a melamine sponge (MF 
sorbent), an intermediate sorbent (BC-coated MF sorbent), and a final 
sorbent (PMS-BC-coated MF sorbent) demonstrate that neither the 
melamine sponge nor the intermediate sorbent effectively targets pe
troleum and its derivatives (Fig. 8); they demonstrate both water and oil 
uptake, which makes them ineffective for oil separation from both 
neutral and saline waters.

In comparison, PMS-BC-coated MF sorbent demonstrates relatively 
high oil removal efficiency; however, substituting neutral water with 
saline water reduces the oil removal efficiency (30 min) from 50.67 % to 
32.92 % and from 98.33 % to 91.82 % for the first and second stages, 
respectively.

3.6. Thermal analysis

Thermal analysis, including thermogravimetric analysis (TGA) and 
differential scanning calorimetry (DSC), was performed to study the 
thermal stability and decomposition stages of initial biochar and MF 
sorbent before and after oil adsorption. The thermogravimetric curves of 
all samples show characteristic weight-loss stages corresponding to 
various thermal processes. For biochar (Fig. 9a), weight loss occurred 
smoothly and evenly over the entire temperature range, which indicates 
its high thermal stability compared to other components.

For the sorbent taken before the oil uptake (Fig. 9b), the initial mass 
loss (~30–300◦C) was insignificant and was mainly associated with the 
evaporation of adsorbed moisture and residual volatile compounds. In 
this temperature range, all significant components remain stable. The 
main weight loss from 300◦C to 400◦C is due to the destruction of the 
methylene bridges of melamine, which releases gases such as formal
dehyde and ammonia. In this same range, PMS decomposition begins, 
releasing CH4, H2, and other compounds [72–74]. Then, in the 
400–1000◦C range, further decomposition of sponge residues, biochar 
oxidation, and decomposition of PMS with the formation of SiO₂ and 
volatile compounds are observed [72]. For comparison, the heat resis
tance of dimethoxy(methyl)(3,3,3-trifluoropropyl)silane and trime
thoxy(1 H,1 H,2 H,2H-heptadecafluorodecyl) silane coatings are up to 
400◦C [75] and 650◦C [76], respectively.

In the case of the sorbent, after oil adsorption (Fig. 9b), a slight initial 
mass loss (~30–220◦C) is explained by the evaporation of light 

hydrocarbons and the removal of moisture [77]. The primary decrease 
in weight in the range of 220–350◦C is due to the thermal decomposition 
of melamine. Also, as mentioned before, PMS contributes to the thermal 
decomposition, releasing gases [72–74]. Weight loss occurs in the 
350–800◦C range due to the gradual decomposition of more stable 
components, like BC and PMS [78,79]. Besides this, the sorbent sample, 
before and after the oil uptake in the temperature ranges of 30–600◦C 
and 30–450◦C, respectively, predominantly exhibits exothermic thermal 
behaviour. However, a transition from exothermic to endothermic 
processes is observed at higher temperatures. As expected, the sorbent 
after oil sorption requires more energy for thermal decomposition, 
indicating altered thermo-oxidative properties. On the strength of these 
data, it might be suggested that the sorbent and its PMS-BC-coating keep 
their thermal stability in the operational temperature range for oil-water 
separation, usually an average of < 40◦C.

3.7. Comparison with reference sponge-based sorbents

Table 4 summarises the average uptake capacities, removal effi
ciencies, and recyclability of hydrophobic sponge-based sorbents for oil- 
water separation: the reference sorbents compared to the one of our 
interest.

Table 4 indicates that nearly all sorbents can be characterised by 
(super)hydrophobic surfaces due to the high contact angles (>150◦), 
resulting in a high sorption capacity and over 90 % oil removal effi
ciency. The recyclability of the sorbents, which varies from 5 to 50 cy
cles, is a critical indicator of their economic and environmental viability. 
In comparison, it has been shown that the PMS-BS-coated hydrophobic 
sorbent of interest, despite that it has relatively lower water contact 
angle compared to other alternatives, has effectively separated oil from 
heavily polluted oil-water systems, achieving a removal efficiency of up 
to 99.13 % and 97.47 % in neutral and model marine conditions, 
respectively.

Generally, oil pollution in water is categorised into different types 
based on the level of harm [86]. The first category is almost pure water, 
which has minimal effect. The second category, representing low 
pollution levels (oil concentration: from trace to 0.01 %), results in 
minimal chronic effects on marine life, such as slight impacts on growth 
and hatching rates. The third level, with oil concentrations ranging from 
0.01 % to 0.1 %, corresponds to moderate pollution that noticeably af
fects aquatic organisms, posing potential long-term environmental risks. 
The fourth category entails high pollution levels (0.1–1 % oil), signifi
cantly harming marine life and causing acute toxicity and ecosystem 
disruption. The fifth level of severe pollution (over 1 % oil) indicates 
extreme environmental damage, leading to a high mortality rate among 
aquatic organisms and enduring ecological consequences. Based on the 
findings outlined above, the sorbent of interest in this study effectively 
purifies heavily oil-contaminated water (level 5) down to a moderate 
pollution level (level 3). According to [87], this water, which is 
moderately contaminated with oil, can be used in specific industrial 
processes that do not require highly purified water [88]. It may also be 
suitable for applications where additional filtration is permitted before 
use, such as irrigation for mining and quarrying, washing and processing 
ore, and dampening roads to control dust.

Regarding the commercial prototypes used in real-world emergency 
spill responses to oil spills, several options are available on the market. 
The first option is the 3 M™ Oil Sorbent [89], made from polypropylene 
inorganic sorbent with an oil uptake capacity of 8–12 g/g. Two other 
options include the modified-polyolefin-based OPEC™ Oil absorbent 
[90] and the sorbent known as «Zorbix®» [91] from modified poly
olefin. These have been characterised by the same oil sorption capacity, 
roughly 12–18 g/g. To compare, the sorbent of interest seemed more 
effective, with approximately 36 g/g and 24.61 g/g oil uptake in the 
first and second stages, respectively. Based on this, it can be assumed 
that the studied sorbent is a promising material that is comparable to 
commercialised for sustainable oil spill remediation.
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3.8. Other possible environmental applications for the sorbent

The literature analysis demonstrates that such hydrophobic carbo
naceous material and/or sponge-based sorbents are highly recom
mended for concentrating heavy metals, organic compounds [92], toxic 
solvents [93], or pharmaceuticals [94] and for simultaneously capturing 
multiple contaminants [95,96] in complex wastewater. The 
PMS-biochar-coated sponge demonstrates versatility beyond just oil 
cleanup; it can also be utilised for various environmental applications, 
such as the adsorption of organic pollutants. However, effective water 
purification modelling requires advanced deep learning techniques, 
including prediction, control, sensing, and data analysis [97].

3.9. Recommendations on the spent sorbent disposal

Recycling oil-absorbing materials, such as sponges, is a complex 
process requiring environmentally friendly solutions. The most common 
method for managing traditional sponge-based oil absorbents is com
bustion. While this process eliminates petroleum products, it also pro
duces emissions such as nitrogen oxides (NOₓ), ammonia (NH₃), 
formaldehyde (HCHO), silicon dioxide (SiO₂), carbon dioxide (CO₂), 
polycyclic aromatic hydrocarbons, etc. To lessen their environmental 
impact, used sorbents, including oil-soaked sponges, are typically 
incinerated in specialised facilities [9,98]. First, sponges are collected 
and transported to processing facilities, where they undergo 
high-temperature burning under controlled conditions. This process 
helps completely decompose hydrocarbons and prevents the formation 
of harmful byproducts.

4. Conclusion and perspectives

This study has developed an inexpensive and easy-to-make, rela
tively chemically, mechanically, and thermally stable PMS-BC-coated 
MF sorbent for oil spill remediation, combining a melamine foam 
(MF) matrix, biochar (BC), and polydimethylsiloxane (PMS). The con
tact angle of the sorbent is found to be 135.23◦± 2.02◦, which provides 
an efficient oil separation performance from heavily polluted neutral 
and saline (model) waters. Experimental results indicate this renewable 
sorbent’s remarkable chemisorption-driven capacity for absorbing oil 
products. The GC-MS analysis shows that while the first stage removes 
most non-polar and hydrophobic compounds, the second stage captures 
a more significant number of moderately polar compounds. The pro
posed two-stage method significantly transformed heavily polluted 
water into water with moderate oil contamination, achieving total oil 
removal efficiencies of 99.13 % from neutral medium and 97.47 % from 
saline medium. This makes it suitable for pre-oil-water separation and 
contributes to the growing field of sustainable solutions for environ
mental oil cleaning-up challenges. However, much remains to be 
learned regarding the practical aspects of the sorbent to understand the 
mechanism and optimise its operation. Further investigation is needed, 
including melamine-biochar and biochar-PMS interfaces regarding 
tensile adhesion tests, the pore size distribution of biochar and oil 
adsorption kinetics and thermodynamics of the sorption. In addition, the 
investigation into the contact angle of the sorbent of interest under 
various experimental conditions, including temperature, humidity, and 
the oil type, as well as surface energy measurements and zeta potential 
analyses, is necessary. Moreover, in the future, artificial intelligence and 
machine learning may enhance the design of sorbents for oil-water 
separation.
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