
Vol.:(0123456789)1 3

Applied Nanoscience (2023) 13:6393–6404 
https://doi.org/10.1007/s13204-023-02922-2

ORIGINAL ARTICLE

Mild pyrolysis of cotton coated with graphene‑like materials 
as a method to produce superhydrophobic and highly absorptive oil 
sorbents

Damian Łukawski1   · Małgorzata Widelicka2 · Anna Martin1 · Filip Lisiecki2 · Alina Dudkowiak1

Received: 1 November 2022 / Accepted: 4 July 2023 / Published online: 19 July 2023 
© The Author(s) 2023

Abstract
In recent years, hydrophobized cellulose-based materials have been proposed as oil spill sorbents. We investigate the pos-
sibility of using cheap, industrialgrade, graphene-like materials (GM), such as graphite flakes (GrF), exfoliated graphene 
nanoplatelets (xGNP) and microwave-plasma turbostratic graphene nanoplatelets (mGNP) as hydrophobic agents for natu-
rally hydrophilic cotton. From among investigated GM, mGNP showed the highest ability to form superhydrophobic coating 
due to small flake size and small amount of impurities. Furthermore, we showed that mild pyrolysis not only makes cotton 
more hydrophobic, but also increases its sorption capacity towards organic solvents and oils. Pyrolyzed and coated with 
mGNP and xGNP cotton showed exceptional superhydrophobic properties and water contact angle equal 148° and 142°, 
respectively, besides the sorption capacity towards motor oil of 46 g/g and 51 g/g, respectively. What is more important, the 
price of graphene oxide used in previous research is still very high (approx. 100 $/g), while the price of xGNP and mGNP 
is 0.45 $/g, 7.3 $/g, respectively. This difference may be crucial for the implementation of graphene-based sorbents in the 
remediation of massive oil spill remediation.
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Introduction

The significant impact of oil spills has prompted extensive 
research into effective methods of their removal. One such 
methods involves the use of sorbents that can remove or 
prevent further spread of oil (Oliveira et al. 2021). To be 
effective, these sorbents should be hydrophobic or superhy-
drophobic to selectively absorb oil without absorbing water. 
In addition, properly designed selective sorbents should 
possess high sorption capacity (SC), chemical stability, and 
environmental friendliness (Gupta and Tai 2016).

Graphene-coated materials have emerged as potential 
superhydrophobic oil spill sorbent. Its superhydrophobic 

behavior is caused by its high surface area, low surface 
energy, and the hierarchical structures formed by the edges 
and defects of the graphene sheets. The combination of these 
factors leads to a high water contact angle and a low slid-
ing angle of water droplets on the graphene surface. Several 
studies have investigated the superhydrophobic properties 
of graphene and its derivatives, and a comprehensive under-
standing of the underlying mechanisms has been established 
(Kim et al. 2022; Wang et al. 2015; Belyaeva and Schneider 
2020).

Graphene-based aerogels and foams have been suggested 
for oil removal (Lin et al. 2011; Dong et al. 2012; Singh 
et al. 2013; Xu et al. 2015; Li et al. 2014; Ha et al. 2015). 
However, the relatively high cost of these sorbents may pre-
sent a significant challenge for their widespread use in the 
event of large-scale ocean oil spills.

Another approach to remove oil spills involves the crea-
tion of graphene/polymer sponges, which exhibit high sorp-
tion capacity and reusability. This strategy involves utiliz-
ing polymers to construct a three-dimensional structure 
and incorporating graphene to impart hydrophobicity (Cho 
et al. 2015; Saha and Dashairya 2018; Ji et al. 2017). The 
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deposition of graphene can be achieved through two distinct 
methods. In the first approach, graphene oxide (GO) is first 
deposited from aqueous suspension and then transformed 
into reduced graphene oxide (rGO) on the polymer sponge 
(Saha and Dashairya 2018; Nguyen et al. 2012; Shiu et al. 
2018). The second method involves the direct deposition of 
rGO or graphene nanoplatelets (GNP) onto polymer sponge 
(Cho et al. 2015; Su et al. 2017; Lv et al. 2015a). Although 
synthetic polymers exhibit desirable sorption capacity and 
cost-effectiveness, their use may be restricted due to their 
non-biodegradability. Therefore, efforts have been made to 
deposit graphene onto sponges made of biopolymers, such 
as lignin or cellulose.

Lignin-based polyurethane composed of octadecylamine 
and covered with rGO has also been used as a hydrophobic 
sponge (Oribayo et al. 2017). Cotton is a readily available, 
low-cost, highly sorptive, and biodegradable material, but 
due to its natural hydrophilicity, it requires hydrophobiza-
tion. A common approach is to coat cotton with polym-
ethylsiloxane (Shateri-Khalilabad and Yazdanshenas 2013) 
results in superhydrophobic cotton sorbents. Alternatively, 
graphene-like materials (GM), such as graphene oxide (GO), 
can be used to hydrophobize cotton sorbents. Several stud-
ies have explored the use of GM/cotton sorbents (Shateri-
Khalilabad and Yazdanshenas 2013; Ge et al. 2014; Hoai 
et al. 2016; Tissera et al. 2015; Cai et al. 2017). However, 
studies have focused on water-soluble GO, which is natu-
rally rather hydrophilic and, therefore, requires thermal (Cai 
et al. 2017) or hydrothermal (Ge et al. 2014) modification to 
obtain hydrophobic properties. In addition, GO is still very 
expensive, in comparison with commercially available GNP 
or graphite flakes (GrF).

The utilisation of GNP or even GrF, instead of GO, 
presents significant advantages for the cost-effective and 
efficient production of hydrophobic sorbents. A multi-
layered graphene may be produced by chemical exfolia-
tion of graphite (Shen et al. 2009; Viculis et al. 2005) and 
microwave-plasma method (Malesevic et al. 2008) or other 
plasma enhanced methods (Bo et al. 2013). Only a few stud-
ies (Kugler et al. 2015; Łukawski et al. 2018a, 2018b) have 
described the use of GNP or microwave plasma graphene 

(Łukawski et al. 2018b). instead of GO or rGO as hydro-
phobic agent. Yet, no comparison of various types of GM, 
having various sizes and defects, has been made in terms of 
the hydrophobization surface of cotton to be used as selec-
tive sorbent. In this paper we compared microwave-plasma 
GNP (mGNP), chemically exfoliated GNP (xGNP) and GrF, 
as hydrophobic agents used on cotton sorbents. In addition, 
we propose the use of mild pyrolysis on GM-coated cot-
ton sorbents. Mild pyrolysis has been earlier investigated by 
Y. Kato et al. (Kato et al. 1997a) as the method of increasing 
both hydrophobic properties and sorption of oils by of wood 
fibers. Applying this process to GM coated cotton may cre-
ate superhydrophobic and highly efficient sorbent.

Experimental

Materials

The study was performed on commercially available and 
produced on large-scale GNP and GrF. GrF (average diam-
eter < 45 µm) powder purchased from Herbaviridis, xGNP 
produced by Cheap Tubes Inc. (average diameter 25 µm), 
and mGNP from Cambridge Nanosystems (average diameter 
0.4 µm). To obtain hydrophobic xGNP powder, the pristine 
xGNP powder was placed in vacuum oven for 12 h in 250 °C 
before deposition onto cotton.

The cotton fabrics used as the sorbent frame were 
degreased cotton roving (Sigma Aldrich, BRAND® cotton 
roving, density approx. 1.3 g per 1 m). Dichloromethane 
(DCM) (spectroscopy grade) used for dispersion prepara-
tion, and hexane (petroleum fraction), chloroform, and etha-
nol for sorption tests were purchased from Avantor Perfor-
mance Materials Poland SA. Motor oil (SAE 30) and diesel 
oil were purchased from local suppliers.

Preparation of sorbents

The GM/cotton sorbents were prepared, as shown in Fig. 1. 
GM were dispersed by Hielsher 400 St ultrasonic horn for 
10 min, using sonication power 40 W per 40 ml. They were 

Fig. 1   Schematic process of hydrophobic sorbent preparation
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prepared in DCM at a concentration of 1 mg/1 ml. DCM 
was chosen as an organic solvent because of its very high 
vapour pressure. Pure cotton roving pieces were dried in 
100 °C for 24 h to remove moisture and weight (the sam-
ples with final mass varying from 28 to 32 mg were cho-
sen). Then, samples were immersed in GM dispersions and 
dried. The procedure was repeated three times and before 
each dip-coating, the dispersion was sonified in ultrasonic 
bath for 1 min to avoid GM agglomeration. Finally, tests 
were performed for samples after layer by layer deposition 
repeated three times. Afterwards, all samples were dried at 
100° C for 24 h and weighted. Some of the samples were 
then pyrolyzed in a vacuum oven (below 10 mbar) for 4 h 
in 250 °C.

Characterization of samples

GM powers were initially investigated by thermogravimet-
ric analysis (TGA) which was performed on Perkin Elmer 
4000 with the heating rate set to 10 °C/min in nitrogen 
atmosphere and Brunauer–Emmett–Teller (BET) surface 
area was estimated by the High Throughput Analysis Sys-
tem (ASAP 2420 Micromeritics). GM were degassed in 
300 °C before BET test. The Raman spectra were col-
lected with a Jobin Horiba LabRAM HR 800 spectrom-
eter connected with a CCD detector, in 1200–1800 cm−1 
and 2400–2800 cm−1 range. For measurements the He–Ne 
laser excitation line 633 nm was used. Scanning electron 
microscopy (SEM) images were taken with a FEI Nova 
NanoSEM 650 microscope, and energy-dispersive X-ray 
spectroscopy (EDS) measurements were performed using 
a Bruker XFlash® 5010 detector (please see Supplemen-
tary Materials).

Contact angle (θ) was measured with a CCD camera 
(Nikon D300s). Droplets of 10.0 ± 0.5 μl were deposited 
using a Hamilton microsyringe (25 μl). The water droplet 
volume was increased with respect to its size in the standard 
contact angle measurements because of the very high rough-
ness of cotton. The θ angles were measured on each surface 
four times with the aid of the Dropsnake plugin to ImageJ 
software (Stalder et al. 2006) and the results are presented 
as mean values with standard deviation.

The stability assessment of the coatings was based on the 
comparative analysis of the sorption capacity of samples 
under controlled laboratory conditions and after exposure 
to solar irradiation and high levels of atmospheric humid-
ity. Sun 3000 Solar Simulators from Abet Technologies was 
employed to subject the coatings to an illumination intensity 
comparable to 24 h of natural sunlight. To determine the 
effect of humidity on the sorption properties of the coatings, 
samples were placed in a closed humidity chamber for 24 h, 
where the relative humidity of the air was (87 ± 3)%.

Sorption measurements

The samples were immersed in deionised water for 10 s, 
followed by leaching for 10 s leaching. The saturation 
measurements were made for five samples. The results 
presented were the averages of all measurements, and the 
standard deviation was calculated as measurement uncer-
tainty. SC was calculated from the following formula:

where mf is the mass of sample after immersion in fluid, m0 
is the initial mass of sample.

SC measurements were performed with the exact proce-
dure for organic solvents. SC of each fluid was measured 
for three samples.

The recyclability measurements were performed by 
repeating vacuum filtration of sorbents soaked with etha-
nol. Vacuum filtration was performed at room temperature 
in a pressure from below 10 mbar for 1 h. SC was meas-
ured as described above, and collection capacity (CC) was 
measured by weighing the sample after vacuum filtration 
and calculated from the formula:

where m1 is the mass of sample after vacuum filtration.

Results and discussion

Industrial grade GM as potential hydrophobic 
agents

Three types of GM were investigated as potential hydro-
phobic agents. GrF shows the highest average flake size 
(~ 45 μm) and the lowest BET specific surface area (6.5 
m2/g). In addition, two types of xGNP with an average 
size of 5 µm and 25 µm and small mGNP (average diam-
eter 400 nm). The BET specific surface areas of xGNP 
and mGNP are similar and exceed 125 m2/g (see Sup-
plementary Materials, Table S1). All GM powders form 
agglomerated structures before ultrasonic treatment. From 
among the selected samples, mGNP shows an outstanding 
sponge-like structure made of small and wrinkled flakes 
(Fig. 2). TGA results (Fig. 2d) indicate that mGNP and 
GrF were thermally stable to 600 °C, but both xGNP were 
stable only to 400 °C, which could be caused by partial 
GO-like residues. However, in comparison with xGNP, 
pure GO is stable only to 200–250 °C (Some et al. 2013).

(1)SC =

mf − m
0

m
0

(2)CC =

m
1
− m

0

m
0
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The Raman spectra of the investigated GM revealed 
characteristic graphene bands D, G, D’ and 2D (Fig. 2e). 
Peak G (~ 1580 cm−1) was visible in the Raman spectrum 
of each GM. Peak D (~ 1330 cm−1) corresponded to the 
breathing modes of carbon rings, which were activated in 
the presence of defects and edges. Peak 2D (~ 2680 cm−1) 
is an overtone of peak D and a result of the two-phonon 
process with opposite wave vectors. Due to its origin, no 
defects are required in its activation (Ferrari and Basko 
2013). For samples GrF and xGNP peak 2D comprises 
many components, the maximum of band 2D is located 
at around ~ 2685 cm−1. Several components of band 2D 
indicate that many graphene layers were investigated dur-
ing the experiment. For mGNP sample, this peak is sym-
metric and situated at lower energies (~ 2640 cm−1), which 
is typical of turbostratic layered graphene (Ferrari et al. 
2006; Rytel et al. 2018).

The nature of defects was analysed on the basis of the 
ratio of integral intensities of the peaks D and D’ (AD/AD’). 
Such an approach has been used in previous works (Rytel 

et al. 2018; Eckmann et al. 2012). Peak D’ (~ 1610 cm−1), 
caused by the double resonance intra-valley processes of 
zone-boundary phonons, is an overtone of peak D and 
occurs in defective samples. For xGNP, the ratio AD/AD’ 
equals 5.9, which can correspond to the presence of both 
edge and vacancy defects. For the mGNP sample, this ratio 
equals 7, which corresponds to vacancy defects, only. The 
highest value of AD/AD’ equals 9.3 for sample GrF and 
indicates the presence of sp3 hybridization defects in this 
material. After their initial characterization, GM powders 
were investigated in terms of wetting (Fig. 2f). As expected, 
the highest θ angle and superhydrophobic behavior was 
observed for mGNP (142° ± 2°), due to its smallest flake size 
and in consequence higher nanoscale surface roughness. The 
θ angle of GrF was slightly lower (114° ± 5°), but the surface 
was still hydrophobic. However, xGNP showed complete 
wettability with θ angle equal 0°. This observation can be 
explained by the presence of edge defect observed in Raman 
spectra. These edge defects may be functionalised by C = O 
or –COOH groups, responsible for hydrophilic properties.

Fig. 2   Characterisation of GM powders. SEM images of GrF a xGNP b mGNP c TGA d Raman spectra e water contact angle (θ) f 
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An additional EDS measurement was performed to detect 
other, not related to oxygen, that may cause the hydrophilic 
character of the xGNP powder (Fig. 2f. In comparison with 
GrF and mGNP, which were hydrophobic, the EDS spec-
tra of xGNP show a very strong sulphur signal at 2.3 keV 
(please see Supplementary Materials Fig. S1 a). The pres-
ence of sulphur may be the key factor in understanding the 
wetting properties of GNP. Its presence is probably related 
to residual sulfuric acid or sulfonic/thiol groups attached to 
xGNP, left during chemical exfoliation. These groups are 
supposed to be responsible for the hydrophilic properties 
of xGNP.

However, sulfur-containing groups is removed during 
ultrasonic treatment in DCM and deposition onto cotton 
(please see Supplementary Materials, Fig. S1b). To remove 
the other hydrophilic contaminants, xGNPs were addition-
ally thermally reduced under vacuum at 250° C for 12 h. 
The reduction process caused a rapid increase in θ angle to 
143 ± 3° (Fig. 2f). All subsequent experiments were per-
formed with reduced xGNP.

Wetting of GM/cotton and pyrolyzed GM/cotton

Cotton roving was used as a biopolymer sorbent due to very 
high sorption capacity, low price and biodegradability. How-
ever, raw cellulose, the sole component of degreased cot-
ton roving, is highly hydrophilic and needs to be properly 
hydrophobized to be applied as an oil spill sorbent. Studies 
performed by Kato et al. 1997b on wood fibers, revealed a 
significant water repellent properties after mild pyrolysis. 
In this research we proposed a similar approach on cotton 
roving to decrease its hydrophilicity.

It is well-known that cellulose is rich in hydroxyl groups 
that are prone to be wet by water. The recorded FTIR 

spectra (Fig. 3) of cotton roving were typical characteris-
tic absorptions for cellulose that have been described many 
times before (Ciolacu et al. 2011; Lv et al. 2015b). The IR 
absorption peaks appeared around 3340 cm−1 (OH stretch-
ing), 2900 cm−1 (CH2 stretching; CH stretching), 1630 cm−1 
(adsorbed H20), 1435 cm−1 (CH bending), 1370 cm−1 (CH 
bending and COO stretching), 1320 cm−1 (CH bending and 
OH bending), 1165 cm−1 (C–O–C in bridge, asymmetric 
stretching), 1103 cm−1 (ring valence vibration), 1050 cm−1 
(O–C–O stretching). The mild pyrolysis in 250 °C did not 
significantly influence the FTIR spectra. No shifts of the 
main peaks are observed, while the differences in intensi-
ties of individual peaks may be caused by differences in 
morphology of pellets. However, an additional peak at 
1725 cm−1 (Fig. 3 insert), attributed to C = O absorption, 
appeared. According to Lv et al. (2012) this indicates the 
formation of indicating the formation of ketones or alde-
hydes. Furthermore, according to the findings presented by 
Arsenau (Arseneau 1971) and Lv (Lv et al. 2015b) mild cel-
lulose pyrolysis leads to dehydration and possible cleavage 
of the cellulose structure at 250 °C. In consequence, pyro-
lyzed cellulose may be characterized by lower wettability 
than raw cotton. Next, GM/cotton sorbents were prepared 
according to Sect. "Preparation of sorbents". The camera 
image showed a homogeneous cotton coating in macroscale 
and no presence of large-scale agglomerates of mGNP and 
xGNP, but visible agglomerates of GrF (please see Supple-
mentary Materials, Fig. S2). However, wetting properties are 
dependent mostly on micro-nano scale quality of coating, so 
SEM images were recorded for the investigated GM/cotton 
sorbents (Fig. 4).

It is easily seen that GrF (Fig. 4a) formed heterogene-
ous coatings on the micro-nano scale. Significantly more 
uniform was the xGNP coating (Fig. 4b), but the highest 
homogeneity was observed for mGNP (Fig. 4c).

After SEM characterisation of the GM coatings, sorption 
measurements were performed. The water contact angle was 
evaluated for all samples (Table 1). As expected, degreased 
cotton roving, consisting of pure cellulose fibres, was highly 
hydrophilic and the droplet of water was immediately 
soaked up. Similar observations were made for GrF/cotton, 
attributed to the heterogeneity of the GrF coating visible 
in the SEM image (Fig. 2a). Unlike GrF/cotton, xGNP/cot-
ton becomes slightly hydrophobic, but significantly higher 
hydrophobicity is caused by the mGNP coating, character-
ised by the θ angle of 132°. It is because mGNP formed the 
most homogeneous coating formed by small flakes (Fig. 2c).

To increase water repellent properties of cellulose fibers 
and in consequence of the sorbent, the samples were mildly 
pyrolyzed. Although, the θ angle of pyrolyzed (p-) cotton 
remained 0°, pGrF/cotton became hydrophobic, with the θ 
angle equal to 123°. This is due to the synergistic effect of 
hydrophobization by pyrolysis and GrF coating. The highest Fig. 3   FTIR spectra of cotton and p-cotton
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water repellent properties were observed for p-xGNP/cotton 
and pmGNP/cotton, characterized by the angles of 142° and 
148°, respectively.

Water contact angle measurement was followed by 
measuring sorption capacity (SC) towards water (for image 
presenting water sorption measurement, please see Sup-
plementary Materials Fig. S3). SC of cotton and p-cotton, 
GrF/cotton exceeded 40 g/g. The GrF flakes were clearly 
distributed heterogeneously, which caused the wetting of 
the uncoated cellulose fibres and the distribution of water 
through the sorbent by capillary forces (Fig. 5). SC was sig-
nificantly lower for mGNP/cotton, in which the cotton yarns 
were covered by a uniform superhydrophobic layer. A slight, 
but visible water repellent properties were also observed for 
xGNP/cotton (Table 1).

Large size of xGNP flakes causes their heterogeneous 
distribution on cellulose fibers and in consequence only 
partial water repellent properties. Pyrolysis was performed 
to decrease the wetting of the unprotected cellulose fibers 
in cotton yarn. Although pyrolysis alone did not cause any 
significant changes in θ angle or in SC, together with xGNP 
or mGNP coating it contributed to forming highly water 
repellent sorbent. In consequence, pxGNP/cotton and pGNP/
cotton showed SC below 2 g/g and θ angle exceeding 140°. 
Finally, due to the highest θ angle and the lowest SC, the 
samples of p-xGNP/cotton, pmGNP/cotton were chosen for 
further experiments. As reference samples cotton, p-cotton 
and superhydrophobic but not pyrolyzed mGNP/cotton were 
also tested.

GM/cotton oil sorbents

Superhydrophobic properties of the sorbent are a crucial, 
but not the only important feature. The sorbent should show 
high SC towards oils, but also towards organic solvents. The 
SC of selected samples showing the highest water repellent 
properties and reference sorbents were evaluated.

Organic liquids such as hexane, ethanol, diesel oil, motor 
oil and chloroform were investigated. The density of these 
liquids ranged from 0.65 kg/l to 1.49 kg/l and their dynamic 
viscosity—from 0.3 mPa × s to 240 mPa × s (for detailed 
density and dynamic viscosity values, see Supplementary 
Materials Table S2). The process of motor oil sorption of 
cotton and mGNP/cotton are presented in Fig. 6.

At first, cotton and p-cotton were investigated (Fig. 7). 
SC varied from 30.8 g/g to 63 g/g and 45 g/g to 72 g/g, 
for cotton and p-cotton, respectively. P-cotton showed an 
average 23% higher SC towards organic liquids, which is 
probably caused by the expansion of the pores in cellulose 
fibres during pyrolysis. However, its SC towards water did 
not increase, which means that partial hydrophobization of 
cotton occurred.

Fig. 4   SEM images of cotton coated with 3 layers of: GrF a, xGNP 
b, mGNP c 
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After coating with mGNP, the cotton sorbents became 
highly water repellent (SC towards water equal 1.8 g/g) 
and only slightly less absorptive towards organic liquids, 
with the highest SC varying from 28.7 g/g to 49.7 g/g, 
for hexane and chloroform, respectively. After pyrolysis 
of p-mGNP/cotton it showed higher SC towards hexane, 
ethanol, diesel oil and chloroform (30.7 g/g to 59.6 g/g, 
for hexane and chloroform, respectively), and SC towards 
motor oil similar to that of mGNP/cotton. Slightly lower 
SC values (30.5 g/g to 53.6 g/g, for hexane and chloro-
form, respectively) were obtained for p-xGNP/cotton. 
In general, each sorbent showed the highest SC towards 

Table 1   Water contact 
angle and sorption capacity 
towards water of various 
sorbents (standard deviation in 
parentheses)

Hydrophobic agent θ (°) SC (g/g)

cotton pyrolyzed cotton cotton pyrolyzed cotton

none

0 0

45.2 (1.0) 46.6 (1.5)

GrF

0 123 (7)

42.5 (2.4) 32.7 (2.7)

xGNP

82 (17) 142 (8)

11.1 (1.2) 1.8 (0.2)

mGNP

132 (4) 148 (6)

1.8 (0.5) 0.18 (0.04)

Fig. 5   Model of water sorption by GM hydrophobized and pyrolyzed 
cotton

Fig. 6   Motor oil sorption by cotton (top) and mGNP/cotton (bottom) 
sorbents
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chloroform (due to its highest density) and motor oil (due 
to its highest viscosity), while the lowest SC towards hex-
ane (due to its lowest viscosity and density).

The sorption capacity is the most important param-
eter, but the soaking rate is also important in some situa-
tions. Therefore, sorption kinetics towards motor oil and 
chloroform was tested for reference (cotton), pyrolyzed 
(p-cotton) graphene-coated (mGNP/cotton) and pyrolyzed 
and graphene coated (p-mGNP/cotton) to understand the 
influence of all modifications on the sorption rate. Due to 
the very low viscosity, the results for chloroform showed 
a rapid increase in SC and after 1 s almost 100% of maxi-
mum SC was reached (please see, Supplementary Materi-
als Fig. S4a). No significant changes in the sorption rate 
were observed among the four tested samples. For motor 
oil the sorption speed was not high as for chloroform, 

but also no significant change in sorption kinetics was 
observed (please see, Supplementary Materials Fig. S4b).

After evaluation of SC towards various liquids, the hydro-
phobized sorbents were cyclically tested to investigate the 
possibility of sorbent reuse. The recyclability tests were per-
formed according to Sect. "Sorption measurements" and the 
results are presented in Fig. 8.

The SC of mGNP/cotton ranged from 29.4 g/g to 34.3 g/g, 
but no significant decrease after 10 cycles was observed. 
Its CC was approximately 0 g/g, which corresponds to the 
complete desorption of ethanol during distillation. Similar 
SC and CC results were observed for both pmGNP/cotton 
and p-xGNP/cotton. Finally, wetting by water was measured 
after 10 cycles. A slight decrease in θ angle was observed 
and it was equal 132° ± 5°, 140° ± 2° and 136° ± 4° for 
mGNP/cotton, p-mGNP/cotton and p-xGNP/cotton, respec-
tively. Therefore, some GMs were washed out during 10 
sorption cycles, but they still remained highly hydrophobic.

In addition, it is crucial for oil spill sorbents to be resil-
ient to atmospheric conditions, such as sunlight and high 
humidity, thus mGNP/cotton and p-mGNP/cotton, showing 
the best performance, were tested for the influence of those 
environmental factors. After 24 h of exposure to sunlight, 
both mGNP/cotton and p-mGNP/cotton maintained superhy-
drophobic properties with a water contact angle of 131° ± 2° 

Fig. 7   Sorption capacity towards water, hexane, ethanol, diesel oil, 
motor oil and chloroform of various sorbents

Fig. 8   Repeating sorption capacity towards ethanol and CC measure-
ments of mGNP/cotton, pxGNP/cotton, and pmGNP/cotton
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and 135° ± 5°, respectively. In addition, sorption capacity 
towards water remained low and equal to 1.9 ± 0.4 g/g and 
0.9 ± 0.2 g/g, respectively.

The samples were also resilient to humid environment. 
Exposure to high humidity (above 85%) for 24  h only 
slightly changed the wetting of mGNP/cotton and p-mGNP/
cotton, resulting in a water contact angle of 133° ± 3° and 
125° ± 3°, respectively. The samples remained water repel-
lent during soaking, resulting in a sorption capacity equal 
1.1 ± 0.3 g/g and 0.8 ± 0.4 g/g, respectively.

Discussion

The presented studies are an extension of recent works 
about cotton sorbents coated with GO. In the majority of 
works GO was prepared by the Hummer’s method and 
deposited by simple dip-coating. Then, GO/cotton was 
reduced to rGO/cotton and became hydrophobic. The 
reduction was performed either by thermal (Hoai et al. 
2016; Cai et al. 2017) or hydrothermal (Ge et al. 2014; 
Dashairya et al. 2018) process. Moreover, Tissera et. al 
(Tissera et al. 2015) have shown that amphiphilic cotton 
may be hydrophobic even without any reduction process. 
The rGO/cotton samples showed θ angle ranging from 
125° to 163° and SC towards organic solvents and oils 
22 g/g to 55 g/g. In our previous research, we showed that 
not only rGO, but also mGNP can be used as hydrophobic 
agents (Łukawski et al. 2018b), showing the θ angle of 
148° and a SC of oil of 30 g/g. Although it was possible 
to obtain superhydrophobic cotton sorbents with high SC 
towards oils (Table 2), the use of expensive GO is inhib-
ited by its high price and massive scale of oil spills. In 
comparison with the other reported works, in this study, 

cheap and large-scale produced GM were used as hydro-
phobic agents. When this work, the price of GO and rGO 
was still too high to meet the requirements of large-scale 
oil removal sorbents. The price of 1 g of GO ranged from 
97 $/g (Graphenea Inc.) to 140 $/g (Cheaptubes Inc.), 
while that of rGO from 97 $/g (Graphenea Inc.) to 190 
$/g (Cheaptubes Inc.). On the contrary, GNPs are already 
easily produced in large amounts at significantly lower 
cost. The price of 1 g of xGNP and mGNP is 0.45 $/g and 
7.3 $/g, respectively. Despite low price, we showed that 
xGNP and mGNP may be used as hydrophobic agents as 
successfully as rGO. The presented θ angle ranged from 
132° for mGNP/cotton to 142° and 148° for pyrolyzed sor-
bents, p-xGNP/cotton and p-mGNP/cotton, respectively. 
Moreover, SC weas higher than in previous research and 
reached even 60 g/g towards chloroform (pmGNP/cotton) 
and 53 g/g towards motor oil (pxGNP/cotton).

GM hydrophobized cotton may have many advantages 
in comparison with currently used sorbents, including syn-
thetic polymers, raw natural fibres, and inorganic materi-
als. Synthetic polymers, such as polypropylene, have been 
widely used because of their high absorption capacity and 
ease of handling (Wei et al. 2003). However, their non-
biodegradable nature and limited reusability pose signifi-
cant environmental issues. Natural cellulose-based fibers, 
including cotton, have also been employed as sorbents in 
oil spill remediation. However, their hydrophilic nature 
results in a lack of selectivity and lower sorption capacity 
for oil, because they tend to absorb both water and oil (Chau 
et al. 2021). Inorganic sorbents, such as vermiculite (Silva 
et al. 2003) or sawdust (Zang et al. 2015), offer high sorp-
tion capacity but suffer from clumping and inefficient oil 
recovery. These materials, although used as oil sorbents, are 

Table 2   Comparison of cottons hydrophobized by GM in terms of application as potential hydrophobic oil sorbents

GM/treatment GM synthesis Reduction process θ [o] SC (g/g) (oil/organic solvent) References

Amphiphilic GO Hummer’s method None 143 Not applicable Tissera et al. 2015)
rGO – Thermal 125 Not applicable Cai et al. 2017)
rGO Hummer’s method Hydrothermal 151 30 (hexane)

50 (chloroform)
Ge et al. 2014)

rGO Hummer’s method Thermal 151 23 (hexane)
45 (chloroform)

Hoai et al. 2016)

rGO Hummer’s method Hydrothermal 163 55 (engine oil) Dashairya et al. 2018)
rGO Hummer’s method Hydrothermal  > 150 85–95 (crude oil) Shiu et al. 2018)
Graphene powder Microwave plasma synthesis None 148 32 (chloroform)

30 (motor oil)
Łukawski et al. 2018b)

p-xGNP Chemical exfoliation Thermal 142 ± 8 53 (motor oil)
54 (chloroform)

This work

mGNP Microwave plasma synthesis None 132 ± 4 45 (motor oil)
50 (chloroform)

This work

p-mGNP Microwave plasma synthesis Thermal 148 ± 6 46 (motor oil)
60 (chloroform)

This work
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not as hydrophobic and, therefore, as effective as graphene-
coated cotton.

However, recent research efforts have focused on the 
development of biomimetic, nanostructured superhydropho-
bic biochars and aerogels. These advanced materials exhibit 
outstanding properties in terms of hydrophobicity, sorption 
capacity, and durability, surpassing those of conventional 
sorbents. Despite their superiority, the high cost and limita-
tions in their synthesis currently limit their large-scale appli-
cation in oil spill remediation.

Therefore, pyrolyzed graphene-coated cotton is still an 
interesting material that is easily scalable, inexpensive, envi-
ronmentally friendly, superhydrophobic, and highly sorptive. 
However, it is important to note that although cotton is a 
natural and environmentally friendly material, the impact 
of graphene on marine ecosystems is still under investiga-
tion and subject to ongoing debate (Peijnenburg et al. 2015; 
Marchi et al. 2018; Zhao et al. 2014). All potential environ-
mental hazards should be carefully assessed and addressed 
before any large-scale implementation of graphene-based 
sorbents for oil spill remediation.

Conclusions

Cotton roving was coated by GM materials, such as GrF, 
xGNP and mGNP to increase its water repellence. We found 
that the most important factors that influence the wetting 
properties are the average size of the flakes. However, the 
presence of defects and contaminations was also important. 
The mGNP material met both criteria, since it has the small-
est flake size and has no contaminations containing hydro-
philic groups. The material xGNP may also be used, but it 
requires further reduction treatment to make it hydrophobic. 
In addition, mGNP/cotton and xGNP/cotton may become 
even more hydrophobic by mild pyrolysis in vacuum. This 
process slightly modifies cellulose fibers and makes them 
less hydrophilic, therefore, improving water repellent prop-
erties. Moreover, mild pyrolysis causes an increase in SC 
towards organic solvents and oils.

The findings presented here offer a novel approach for 
the eco-friendly, cost-effective preparation of superhydro-
phobic sorbents for oil spill removal. However, the utility of 
pyrolyzed graphene-coated cotton may extend beyond this 
specific application, such as in the realm of oil–water sepa-
ration and water filtration, although further investigations 
are warranted.
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