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Abstract
The present work describes the fabrication of superhydrophobic and superoleophilic reduced graphene oxide-coated cotton
(rGO@cotton) by a facile one-step hydrothermal used method for oil-water separation. Results from X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), and field emission scanning electron microscopy (FESEM) analysis show the
formation of a composite structure with the presence of an ultrathin coating of rGO on the cotton fibers. The contact angle (CA)
between a static water droplet and the rGO@cotton surface in air was measured ~ 162.9°, which suggests the formation of a
superhydrophobic surface on the synthesized product. Moreover, the rGO@cotton showed excellent absorption capacity for oils
where 1 g of rGO@cotton was able to remove ~ 30–40 g of various oils in the first cycle from oil-water mixtures. The flexible
rGO@cotton was reusable and demonstrated oil retention up to ~ 35–50% at the tenth cycle using simple sorption-mechanical
squeezing test. Overall, the present work identifies that the rGO@cotton is an efficient absorbent for effective separation of oil
from oil-water mixtures.
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1 Introduction

Over the last few decades, water pollution through the oil spill,
and industrial waste such as crude oil, petroleum by-products,
and hazardous organic solvents from chemical industries have

posed a severe threat to the humanity and marine lives with
growing ecological and environmental concerns throughout
the world [1, 2]. Moreover, most of the oil spill accidents
occurred in the sea during oil extraction, transportation, and
storage. To date, oil spill remains a real threat to natural hab-
itats, and there are few solutions to resolve this problem.
Traditional methods of centrifugation, oil skimmer, flotation,
and gravitational separation suffer due to poor efficiency and
long cycle times for efficient separation of oil from water [3,
4]. Also, conventional remedies like mechanical extraction,
chemical degradation, and in situ burning for massive oil spills
are inefficient and require high operational cost [5].
Traditional hydrophobic/oleophilic materials studied for the
removal and collection of oil have limits such as low absorp-
tion capacity, the high cost of fabrication, and poor reusability.
Notably, some materials absorb water and oil simultaneously,
which indicate a weak hydrophobicity and low oil-water sep-
aration efficiency [6].

In recent times, superhydrophobic (contact angle > 150○)-
based and superoleophilic (contact angle < 10○)-based mate-
rials explored for oil separation or hazardous organic solvent
clean-up from the oil-water mixture owing to their excellent
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selectivity, high absorption capacities, stability, and recycla-
bility [7, 8]. In this regards, metal oxide, inorganic clay, mag-
netic materials, polymer microfiber bundles, polymer-based
superhydrophobic materials, and sponge-like aerogels have
been explored for oil-water separation because of its high
surface area, coupled with excellent mechanochemical stabil-
ity, and hydrophobicity [4, 9–13]. In addition, metal meshes
have also been reported explored for oil-water separation but
have limitations of low separation efficiency and poor
cyclability [14, 15]. However, the high cost of the chemicals
required for the synthesis of above materials and associated
environmental and ecological concerns restrict their wide-
spread use [16, 17].

Over the last few years, carbonaceous materials such as
carbon nanotubes [18], carbon black [19], expanded graphite
[10, 20], graphene aerogels [21, 22], reduced graphene oxide
(rGO) [23], and carbon nanofibers [24] have emerged as ma-
terials of choice for oil spill clean-up owing to their excellent
non-wettability towards water. Among all, graphene-based
sorbents have attracted significant attention for oil-water sep-
aration due to their ease of fabrication, superhydrophobicity,
and high surface area, along with excellent chemical, thermal,
and mechanical stability [25, 26]. Graphene, generally obtain-
ed by chemical oxidation of graphite to graphene oxide (GO)
followed by chemical/thermal reduction to graphene or re-
duced graphene oxide (rGO), demonstrates excellent sorption
behavior [27, 28]. Interestingly, GO displays hydrophilic na-
ture due to the presence of oxygen-rich functional groups
(carboxylic, hydroxyl, and epoxy groups) protruding out from
the two-dimensional ring structure. On the contrary, rGO
shows hydrophobic behavior due to the absence of any func-
tional groups [29, 30]. Recently, rGO/cotton fabric [23], rGO/
membrane [31], and rGO/polyurethane-based sponges [32]
have shown promise as sorbents for oil-water separation.
Gupta and Tai [9] recently reviewed various carbonaceous-
based compounds as oil absorption materials which highlight
that rGO or graphene has superior oil absorption capacities.
Sun et al. [23] demonstrated rGO-coated cotton functionalized
by polydimethoxysilane could remove oils ~11–25 times of its
weight. Ge et al. [33] reported ~30–50 times absorption ca-
pacities for various oils using rGO-coated cotton. Upadhyay
et al. [34] showed rGO-coated sparse cloth is capable of oil-
water separation with absorption capacity ~10 times of its
weight. Liu et al. [31] reported polydopamine-coated rGO
membranes for oil-water emulsions separation. Most recently,
graphene-wrapped sponge displayed ~ 94.6% oil-water sepa-
ration efficiency [35], and polymer/rGO sponges [36], spongy
graphene aerogel [37], and rGO foam [38] exhibited excellent
superhydrophobicity and selective oil absorption. Wang et al.
[39] reported a drop-coating method for the fabrication of
superhydrophobic/superoleophilic cotton textile using stearic
acid modified ZnO particles and polystyrene. Zhou et al. [40]
modified cotton fabrics using polyaniline and fluorinated

alkyl silane by a vapor phase deposition process render it
superhydrophobic/superoleophilic for oil-water separation.
From the above literature, it appears that cotton-based mate-
rials with surface modified by rGO or graphene have tremen-
dous promise as sorbents for oil-water separation. Cotton is a
natural plant fiber which is porous, soft, and flexible, and
possesses excellent mechanical stability and ideal for a
supporting host in a three-dimensional porous structure.
Therefore, there is a merit to fabricate cotton-based
hydrophobic/oleophilic materials for efficient oil-water
separation.

Herein, we report a facile single-step hydrothermal method
for the preparation of superhydrophobic/superoleophilic cot-
ton modified by rGO (rGO@cotton) as an active sorbent for
oil-water separation with water contact angle (CA) ~ 162.9°.
Firstly, the pristine cotton immersed in GO solution that al-
lows complete wetting of each fiber. The dried and as-
prepared GO@cotton was hydrothermally treated using hy-
drazine hydrate as a reducing agent to prepare the
rGO@cotton material. The composite rGO@cotton repelled
water entirely while at the same time allowed complete per-
meation of oils and organic solvents for effective separation of
the oil-water mixture. Importantly, the as-prepared
rGO@cotton maintained separation efficiency ~ 30–60 g/g
of its weight and excellent reusability for ten cycles.
Furthermore, the rGO@cotton can withstand a temperature
up t o 150 °C w i t h s up e r hyd r ophob i c i t y, a nd
superoleophobicity properties remain unchanged which dem-
onstrates the versatility of the synthesized product for efficient
oil-water separation.

2 Experimental

All the chemicals were analytical grade reagents without fur-
ther purification. De-ionized water was used throughout the
synthes i s and exper iments . Ace tone , propano l ,
dimethylformamide (DMF), and n-methyl-pyrrolidone
(NMP) were obtained from Loba Chemie India. H2SO4,
NaNO3, KMnO4, and H2O2 were purchased from Merck,
India. Organic dye (oil red IV, practical grade) was purchased
from HiMedia Laboratories Pvt. Ltd. The pristine cotton, en-
gine oil, and pump oil were procured from a local store. The
natural graphite flakes and hydrazine hydrate (99%) were pro-
vided by Thermo Fisher Scientific India Pvt. Ltd.

2.1 Synthesis of graphene oxide

Graphene oxide (GO) was synthesized from natural graphite
by a modified Hummers method [27, 28, 41]. Briefly, 3 g
graphite powder and 1.5 g NaNO3 was added into 70 ml of
H2SO4. Then, the mixture was cooled in an ice bath. Nine
grams of KMnO4, acting as an oxidizing agent, was gradually
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added while stirring. The reaction temperature wasmaintained
below 20 °C by carefully controlling the rate of addition and
continuously stirred for 12 h. Subsequently, the reaction mix-
ture was diluted with distilled water in an ice bath, and the
temperature rapidly increased to 90 °C. Further, the suspen-
sion stirred at 90 °C for 1 day and 3 ml H2O2 was added to
terminate the reaction. The solid GO thus obtained was fil-
tered followed by centrifugation and washed several times
with 5% HCl, distilled water, and ethanol, respectively. The
resulting brown color precipitate was dried in vacuum oven at
60 °C for 12 h.

2.2 Synthesis of reduced graphene oxide-coated
cotton

First, a cotton ball was treated with acetone and distilled
water, followed by drying at 60 °C for 4 h. Then, the
pretreated cotton was dipped into a 150 ml exfoliated GO
aqueous solution to wrap each cotton fiber entirely by GO.
To determine the maximum absorption capacity of the re-
duced graphene oxide-coated cotton (rGO@cotton), a se-
quence of synthesis was carried out by varying the concen-
tration of GO (0.5, 1, 1.5, 2, and 2.5 mg ml−1) in cotton.
Then, the GO@cotton solution was filled into a 200 ml
Teflon-lined stainless steel autoclave and hydrothermally
treated using hydrazine hydrate as reducing agent at 90 °C
for 12 h. Finally, the rGO@cotton thus obtained was kept
in an oven at 110 °C for complete removal of moisture. For
the preparation of rGO, the same synthesis method was
repeated without the cotton.

2.3 Absorption capacity and recyclability test

The absorption capacity can be expressed by the ratio of the
weight gains to initial weight of rGO@cotton. The absorption
capacity was defined as follows:

Absorption capacity ACð Þ ¼ W f–W ið Þ=W i

where Wi and Wf are the weight of the rGO@cotton be-
fore and after absorption, respectively. To evaluate the
absorption capacity, equal weight (~ 200 mg) of
rGO@cotton was taken for all the experiments. First, the
rGO@cotton was immersed in the mixture of oil/organic
solvent with water with a volume:volume ratio of 1:4, and
the absorption capacity was determined by immediate val-
ue taken at 0 min for each cycle. The initial weight of
rGO@cotton was noted as Wi, and after immersion in
different media, it was noted as Wf. The oil-loaded
rGO@cotton was mechanically squeezed to release the
oil/organic solvent, and the residual weight was noted as
Wr, to calculate the collection efficiency. The absorption/
collection capacity was repeated for ten cycles with three

measurements for each period to evaluate the reusability
of the rGO@cotton [42].

Collection capacity CCð Þ ¼ W r–W ið Þ=W i

Here, Wr = residual weight of rGO@cotton after
desorption.

2.4 Material characterization

GO, rGO, pristine cotton, and rGO@cotton were character-
ized byX-ray diffraction (XRD), field emission scanning elec-
tron microscopy (FESEM), thermogravimetric (TG) analysis,
and Fourier transforms infrared spectroscopy (FTIR). XRD
was performed using Philips Rigaku Ultima-IV system with
CuKα radiation (λcu = 1.5418 Å) within the 2θ range of 5○–
65○. TG analyses were performed using a Netzsch TG209 F3
Tarsus thermal analyzer from room temperature to 800 °C at a
heating rate of 10 °Cmin−1 under Ar atmosphere. FESEM and
FTIR analyses were performed using Nova Nanosem FEI450
operating at 15 kV and Perkin Elmer Spectrum version
10.4.00 in wave number range of 400–4000 cm−1 at room
temperature, respectively. A drop shape analyzer (Model
DSA25, Kruss, Germany) and ImageJ software with pre-
installed plug-in were used for CA measurement [43].

3 Results and discussion

3.1 Phase and microstructural analysis

The present approach explores cotton as an effective absor-
bent for oil/organic solvent removal from water by surface
modification and functionalization using rGO by the simple
hydrothermal method. The fabrication of rGO@cotton is il-
lustrated in Scheme 1. The pristine cotton was dipped into GO
solution and hydrothermally treated using hydrazine hydrate
to convert GO into rGO. Thus, we postulate that rGO-
anchored cotton (rGO@cotton) was formed due to the weak
electrostatic attraction between negatively charged GO spe-
cies and positively charged hydrogen which transform the
hydrophilic cotton to the superhydrophobic surface. XRD of
GO synthesized by modified Hummer’s method was utilized
to investigate the crystalline structure and phase formation as
illustrated in Fig. 1a. The diffraction peak of natural graphite
powder exists at 26.6○ of 2θ value with d-spacing of 0.336 nm
[44]. Upon chemical oxidation in the presence of NaNO3 and
KMnO4, the Bragg diffraction peak of graphite at 26.6

○ of 2θ
value shift to 11.8○ due to increase in the interplanar d-spacing
of graphite to 0.74 nm. Here, the increment in the interplanar
d-spacing was observed in the case of GO due to oxidation of
graphite and the presence of different oxygen functional
groups [27]. Figure 1b shows the XRD pattern of rGO, where
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the hydrothermal treatment of GO has shifted the diffraction
peak from 11.8○ to 26.6○ of 2θ value with a decrease in d-
spacing value to 0.336 nm due to the removal of oxygen
functional groups and restacking of graphene sheets.
However, the prepared rGO has a diffraction peak at 26.6○

which could be attributed to the graphitic structure (002) of
the short-range order in stacked graphene sheets showing a
reduction of oxygen bonds [41]. In the XRD profile of pristine
cotton, four peaks can be indexed due to the monoclinic struc-
ture of cellulose [(C6H10O5)x] with Bragg’s reflection at

16.62○, 22.4○, 26.6○, and 34.2○, respectively, as shown in
Fig. 1c [45]. For rGO@ cotton, the XRD pattern was similar
to that of pristine cotton with an additional peak at 26.6○ due
to the presence of rGO in the cotton (see Fig. 1d). The pres-
ence of diffraction peak at 26.6○ of 2θ value in the XRD
pattern of rGO@cotton also confirms that cotton fibers were
completely covered by rGO sheets.

FTIR analysis (see Fig. 2a) shows that the peaks of GO
positioned at 3400, 1726, 1622, and 1215 cm−1, respectively,
which were attributed to C–OH stretching vibrations, C=O

Fig. 1 X-ray diffraction patterns
of (a) GO, (b) rGO, (c) pristine
cotton, and (d) rGO@cotton

Scheme 1 The proposed mechanism of self-assembly of rGO and pristine cotton during hydrothermal treatment
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from ketone species and COOH from the carboxylic group,
and C–OH stretching for hydroxyl groups [26]. The FTIR
pattern of rGO@cotton confirms that hydrothermal treatment
indeed resulted in the formation of rGO [42, 44]. The broad
absorption peak at 3427 and 2900 cm−1 originates due to the
stretching vibration of surface −OH and C=O, respectively,
whose intensity decreases as compared to that of pristine cot-
ton.Meanwhile, stretching of COOH groups and the function-
al group present at 1726 and 1215 cm−1 was completely ab-
sent due to the removal of oxygen group which confirms that
GO was reduced into rGO or graphene nanosheets [33].
Moreover, the skeletal vibration appeared at 1642 cm−1 was
due to absorption band in both pristine and rGO@cotton.
Besides, the relative intensity of peaks was decreased in the

rGO@cotton as compared to that in pristine cotton in the low-
frequency region which confirms the restoration of the aro-
matic sp2 hybrid carbon skeleton of graphene [26].

TG analysis was performed to observe the thermal stability
of the as-synthesized rGO@cotton and pristine cotton, rela-
tively. Figure 2b shows the mass loss behavior of
rGO@cotton and pristine cotton. An identical TG profile with
the negligible mass loss was observed up to 250 °C for both
pristine cotton and rGO@cotton. However, a rapid mass loss
(~ 70%) within the temperature range of 250 to 300 °C was
evident due to thermal decomposition and evaporation of ox-
ygen molecules from the cotton structure [46, 47]. Moreover,
~ 20% mass loss associated with both pristine cotton and
rGO@cotton above 350 to 800 °C is mainly due to the

Fig. 2 a FTIR spectra of GO,
pristine, and rGO@cotton, and b
TG analysis of pristine and
rGO@cotton from room
temperature to 800 °C under
argon atmosphere
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Fig. 3 FESEM images of a GO, b rGO, and c–f rGO@cotton; g–i elemental X-ray mapping showing the elemental distribution of rGO@cotton; and j
EDS spectra of rGO@cotton
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breakdown of the oxygen and hydrogen bonds of the cel-
lulose structure which converted into carbonaceous resi-
dues [48]. The similar TG profile for both pristine and
rGO@cotton proves that rGO was formed on the cotton
surface during hydrothermal treatment, since rGO hardly
displays any mass loss behavior during thermal treatment
under inert atmosphere [44].

The morphology and microstructure of GO and rGO nano-
sheets were examined through FESEM analysis. Figure 3a
represents the FESEM image of free-standing GO, displaying
a rippled and crumpled structure due to exfoliation and
restacking processes [49]. FESEM image of the rGO sheets
confirmed the restacking of GO occurs in the form of irregu-
lar, folded, and wrinkled few layers’ sheets (see Fig. 3b).
FESEM image of the pristine cotton shows that it has a
three-dimensional fibrous network with smooth surface mor-
phology (see Fig. 3c). However, it was apparent that after
hydrothermal treatment, the soft cotton fiber was uniformly
coated with rGO sheets due to the reduction of GO (see Fig.
3d) [50]. High-magnification FESEM image of the
rGO@cotton illustrated in Fig. 3e, f depicts that rGO sheet
agglomerated and formed a hierarchical structure. Such a hi-
erarchical structure dramatically increases the surface rough-
ness, and thus, more air can be trapped [33]. However, the
roughened surface composed of the micropores is adequate
to acquire hydrophobicity and useful during separation of an
organic solvent or oil mixed withwater. Elemental X-raymap-
ping of FESEM image (Fig. 3g–i) shows that rGO@cotton
contains mainly carbon and oxygen, distributed uniformly.
Figure 3j illustrates a full frame EDS spectra of rGO@cotton
where the atomic percentage ratio of carbon and oxygen was

found ~ 92.11 and 7.89%, respectively, and in good agreement
with the nominal composition [33]. Moreover, EDS spectra
confirm the presence of thin rGO sheets on the cotton fibers.

3.2 CA measurement

The rGO@cotton derived from the hydrothermal treatment
was tested for hydrophobicity and oleophilicity test.
Importantly, water droplets kept near-spherical shapes and
oil/organic solvents absorbed entirely on the surface of
rGO@cotton as shown in Fig. 4a, b. Hydrophobicity and
oleophilicity of the rGO@cotton were determined by CA
measurement that depends upon CA between a static liquid
drop and the solid surface underneath as shown in Fig. 4c. If
the CA is less than 90°, then it illustrates the hydrophilic
properties of the material as per Young’s equation [51]:

Cosθ ¼ γsv−γslð Þ
γlv

where γsl, γsv, and γlv are the interfacial free energies per unit
area of the solid-liquid, solid-vapor, and liquid-vapor inter-
faces, respectively. However, if the contact angle is greater
than 90° and 150°, that demonstrates hydrophobic and
superhydrophobic properties of the material, respectively
[52–54]. The CA of water-in-air on rGO@cotton was mea-
sured ~ 162.9° by the drop shape analyzer, and ImageJ soft-
ware (inset) suggests the formation of superhydrophobic sur-
face (see Fig. 4c). Also, it was evident that air bubbles got
trapped at the bottom of the water droplet to avoid absorption,
which suggests the formation of a non-wetting Cassie-Baxter

Fig. 4 Digital images of a water
droplet; b a static water drop and
absorbed oil/organic solvents
drop; c CA measurement of static
water droplet, using Drop Size
Analyzer and ImageJ software
(inset); d CA measurement of
static water droplet on pre-oil-
wetted rGO@cotton; e hydrophi-
licity, hydrophobicity, and
oleophilicity of pristine cotton
and rGO@cotton, respectively,
towards oil-water mixture
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surface on the rGO@cotton [39]. Moreover, the CA of water-
in-oil on rGO@cotton was measured ~ 158.9° by placing a
water droplet as the probe on the pre-oil-wetted rGO@cotton
surface as shown in Fig. 4d. The as-synthesized rGO@cotton
displayed superhydrophilic behavior for oil/organic solvents
by rapidly absorbing oil and organic solvents, which sug-
gested the 0° CA of oil or organic solvents-in-air on the
rGO@cotton (see Fig. 4b). However, it is to be noted that
rGO@cotton surface exhibited hydrophilic behavior for water
on pre organic solvents-wetted rGO@cotton surface because
superhydrophobicity of the sorbent weakened after it was wet-
ted with organic solvent before the onset of separation test.
The hydrophobicity and oleophilicity of the rGO@cotton are
evident in a series of photographs depicted in Fig. 4e. The
pristine cotton is hydrophilic as it gets completely submerged
in water; however, the rGO@cotton floats and remains stable
in water and absorbs oil entirely due to its hydrophobic and
oleophilic nature, respectively (see Fig. 4e and Video 1 in
electronic supplementary information). The primary reason
for superhydrophobicity, superoleophilicity, and high selectiv-
ity of modified rGO@cotton is equal surface energies between
rGO@cotton and oils [55]. It is worthy to note that
rGO@cotton absorbs oil or different organic solvent en-
tirely and thoroughly wets the surface due to close surface
energies between rGO@cotton (~ 46.7 mJ/m2) and oil (~
31.6 mJ/m2) [54]. However, rGO@cotton shows
superhydrophobicity with water due to a significant differ-
ence in surface energies between rGO@cotton (~ 46.7 mJ/
m2) and water (~ 72 mJ/m2) [56].

3.3 Absorption capacity

To calculate the absorption capacity, a mixed solution of oil/
organic solvent with water with a volumetric ratio of 1:4 was
filled in a 100-ml beaker. To get the accurate results, the ex-
periment was repeated ten times using the 200 mg equal
weight of rGO@cotton. It was observed that rGO@cotton
rapidly soaked the oil/organic solvent within 30 s when placed
in the solution mixture. However, rGO@cotton did not inter-
act with the water due to hydrophobicity as mentioned earlier.
Moreover, the increment of the initial weight of rGO@cotton
and decrement in the total volume of the solution after first
cycle absorption test confirm the oleophilicity and hydropho-
bicity of the synthesized product. Interestingly, absorption ca-
pacities of rGO@cotton depend on the viscosity and density
of different organic solvents and oils. Oil-loaded rGO@cotton
was collected on a petri dish which shows that substantial
volume of oil was absorbed from the mixture. Similarly, or-
ganic solvents (dyed with oil red IV) soaked into rGO@cotton
was also collected in petri dishes, which showed a decrease in
total volume and level in the beaker confirms the removal of
organic solvent from the water (see Video 2 in electronic sup-
plementary information). Importantly, oils and organic

solvents can be easily collected by mechanically squeezing
the rGO@cotton and reused for further absorption test.

We also investigated the maximum rGO loading on the
cotton which requires for obtaining the maximum oil absorp-
tion capacity by varying the concentration of GO during
rGO@cotton synthesis. Figure 5a illustrates the absorption
capacity of engine oil with various rGO loadings. It was found
that with increasing GO concentration from 0.5 to 1.5 mg/ml,
absorption capacity increases, but above 1.5 mg/ml GO level,
there was a decrease in absorption capacity.Moreover, absorp-
tion capacity of ~ 46.54, ~ 51.83, ~ 57.01, ~ 51.49, and ~
45.9 g/g was observed for the concentration of 0.5, 1, 1.5, 2,
and 2.5 mg/ml of rGO@cotton after 0 min, respectively (see
Fig. 5b). Therefore, it was apparent that maximum absorption
capacity was achieved with 1.5 mg/ml rGO@cotton compares
to other rGO loading even after 15-min time interval or after
24–48 h. To understand the absorption capacity of
rGO@cotton, various oils and organic solvents were selected,
including engine oil, pump oil, acetone, propanol, DMF, and
NMP. In a typical oil-water separation experiment, an
rGO@cotton was dipped in engine oil mixed with water as
shown in Fig. 5c–f and within a few seconds, the oil was
absorbed completely by the rGO@cotton without absorbing
any water. Superoleophilicity of rGO@cotton depends on the
open pores that exist in the cotton because oil can permeates
through the channel by a capillary force, resulting in higher
wettability of rGO@cotton by oil. However, water remains on
the surface of rGO@cotton due to superhydrophobicity. The
absorption capacity was determined by mass gain or the ratio
of the absorbed oil mass to the as-prepared rGO@cotton, de-
fined as gram per gram. The as-prepared rGO@cotton
displayed excellent absorption capacities ranging from
~40 to 55 times of its weight for a variety of oils and
organic solvents (see Fig. 5g and Video 3 in electronic
supplementary information). The absorption efficiency
for rGO@cotton was much higher than that for various
sorbents hitherto reported in the literature [26–29].
However, it was noticed that rGO@cotton releases oil/
organic solvent with time if placed in a petri dish. It was
found that absorption capacity decreased from ~ 33 to ~
24.3% of engine oil within 60 min. A similar trend was
also noticed for other oils mainly due to surface tension
force that develops between the oil and the petri dish which
helps the oil to release from the sorbent with time. The
maximum difference in absorption capacity was observed
in the case of pump oil and acetone. Since acetone has a
low boiling point (~ 56 °C), it may be possible that partial
mass loss originated due to volatilization (see Fig. 5h).

3.4 A kinetic model for sorption mechanism

To investigate the absorption behavior of rGO@cotton, the
absorption capacity and sorption mechanism of oil and
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organic solvent were studied using pseudo-second-order ki-
netic equation as given below [57–59]:

1

Qs−Qt
−

1

Qs
¼ K:t

where Qs indicates the saturated sorption capacity, Qt is the
amount of sorption at time t, t represents the sorption time, and
K is the sorption constant which is viscosity-dependent.
rGO@cotton possesses an interconnected highly porous struc-
ture that rapidly absorbs oil and organic solvents with time.

Fig. 5 aVariation of absorption capacity with rGO loading for engine oil,
b variation of absorption capacity with rGO loading at different holding
time for engine oil, c–f digital images showing oil-water separation test, g

absorption capacity of oils and organic solvents by rGO@cotton at the
first cycle, h absorption capacity of oils and organic solvents by
rGO@cotton at the first cycle with different holding time
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However, sorption characteristics of oil and organic solvents
depend not only on porosity but also on the viscosity of the oil.
Kinetics behavior of rGO@cotton for various oils is shown in
Fig. 6. It is apparent that absorption behavior of high viscous
engine oil and pump oil takes longer time compared to low
viscous acetone and propanol. The absorption capacity of
low viscous acetone and propanol reached to saturated ab-
sorption capacity (Qs) within 1 s but sorption of high vis-
cous oil took more than 20–30 s to reach the saturated ca-
pacity. Interestingly, low viscous solvents penetrate rapidly
inside the interconnected porous structure of rGO@cotton
due to the faster diffusion process. However, high viscosity
oil retains on the surface and diffusion into the pore takes
longer time.

Saturated sorption capacity (Qs), sorption constant (K), and
saturation time (ts) were calculated using pseudo-second-order
kinetics equation and summarized in Table 1. The experimen-
tal data were fitted with the pseudo-second-order kinetic mod-
el (see Fig. 6) and excellent agreement was achieved with R2

value greater than 0.95. For engine oil/water separation pro-
cess, rGO@cotton exhibits a slightly low sorption rate with K
value of ~ 0.11 s−1. On the contrary, pump oil, acetone, and
propanol/water separation showed relatively higherK value of
~ 0.48, ~ 0.80, and ~ 0.55 s−1, respectively. However, relative-
ly higher K value of pump oil, acetone, and propanol compare
to that of engine oil is due to fast absorption of pump oil,
acetone, and propanol by rGO@cotton as mentioned due to
viscosity difference. The above results validate that the sorp-
tion kinetics of oil and organic solvents depends not only on

sorbent structure but also on the viscosity of oil or organic
solvents which effectively accelerate or decelerate the absorp-
tion kinetics.

We also found the CA and absorption capacity remain sta-
ble with temperature for superhydrophobic/superoleophilic
rGO@cotton as shown in Fig. 7a. The CA of water-in-air
remains constant around ~ 155° from room temperature up
to 150 °C. It was noticed that absorption capacity increases
slightly (~ 1.03 g/g) with 30 °C increases in temperature (see
Fig. 7b). The above results confirm that rGO@cotton can
withstand high temperature and potentially be used during
oil spill burning. However, it may be possible that with in-
creasing temperature, the surface becomes hydrophilic due to
a decrease in surface tension of rGO@cotton [60].

3.5 Reusability

The reusability plays a major role in oil spill clean-up for any
practical sorbents. The absorption capacity (AC) and collec-
tion capacity (CC) for various oils/organic solvents were de-
termined for ten cycles [see Fig. 8a]. It was found that
rGO@cotton can absorb ~ 57.01, ~ 53.5, ~ 33.17, ~ 38.27, ~
48.2, and ~ 41.7 g/g of engine oil, pump oil, acetone,
propanol, DMF, and NMP for zero cycle, respectively.
However, AC decreases after the first cycle and remains con-
stant for the tenth cycle due to the presence of oil/solvent
residue after mechanical squeezing. The rGO-coated cotton
after the first cycle can absorb ~ 38 and ~ 37 g/g of engine
oil and pump oil, respectively, which remains as ~ 21 and ~
25 g/g the at tenth cycle (see Fig. 8a). Table 2 shows the AC
and CC retentions from the first cycle to tenth cycle of
rGO@cotton for different oil and organic solvents. It is true
that rGO@cotton exhibited excellent AC from ~ 41 to 57 g/g
for engine oil, pump oil, acetone, propanol, NMP, and DMF.
Moreover, rGO@cotton showed good agreement for recycla-
bility application with AC retention ~ 40–60% and ~ 30–35%
for the fifth cycle and tenth cycle, respectively. Importantly,
CC was always maintained in the scope of ~ 0.2 g/g after each
cycle validates the potential for reusability of rGO@cotton.
The slight fall in AC was mainly due to the presence of dif-
ferent amounts of residual oils and organic solvent in
squeezed cotton, which cannot be desorbed completely with-
out drying. It is also possible that AC for low molecular
weight solvents such as acetone, propanol, NMP, and DMF

Fig. 6 Sorption kinetics behavior of rGO@cotton with time for engine
oil, pump oil, acetone, and propanol

Table 1 Density, viscosity for oils and organic solvents and calculated parameter(s) obtained from the second-order kinetic equation

Reagent Density (g/ml) Viscosity (mPa s) K (s−1) Qs (g/g) ts (s) R2

Engine oil 0.87 155.31 0.11 57.02 20 0.98

Pump oil 0.86 204.00 0.48 51.18 10 0.96

Acetone 0.78 0.31 0.80 33.20 1 0.99

Propanol 0.80 2.05 0.55 37.83 1 0.99
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Fig. 7 Variation of a contact
angle and b absorption capacity
with temperature

Fig. 8 a Variation of absorption capacity and collection capacity of oils and different organic solvents up to ten cycles, b–c FESEM images of
rGO@cotton after ten cycles sorption-mechanical squeezing test
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remained constant up to ten cycles due to low viscosity nature
of those solvents. However, only ~ 35–40% oils can only be
recovered bymechanical squeezing due to high viscous nature
of the oils used here. FESEM analysis of recycled
rGO@cotton revealed a highly stable bond between rGO
and cotton fibers, which suggests the mechanical robustness
of the synthesized product after absorption/desorption test up
to ten cycles (see Fig. 8b–e). Importantly, stable AC from the
first to tenth cycle suggests the efficacy of rGO@cotton for
practical oil spill clean-up. Table 3 shows a similar data of
absorption capacity of various sorbents hitherto reported in
the literature with as-synthesized rGO@cotton. It is worthy

to mention that rGO@cotton showed excellent absorption ca-
pacity for engine oil, pump oil, acetone, propanol, DMF, and
NMP compare to previously reported data found in the litera-
ture. The sorption capacity of rGO@cotton is comparable to
that of robust and durable cotton fabrics [40], flower-like
TiO2@cotton [61], and superhydrophobic cotton [6].

4 Conclusions

In the present work, rGO@cotton was synthesized by hydro-
thermal method using GO, cotton ball, and hydrazine hydrate

Table 3 Comparison of oil and organic solvent absorption behavior of rGO- and cotton-based materials synthesized by different routes

Absorbent materials Synthesis route Absorption type Capacity References

Superhydrophobic cotton SiO2 nanoparticles modification Oil 50 times of its weight [6]

rGO-coated cottons Dip coating of polydimethylsiloxane Organic solvents and oils 11 to 25 times its weight [23]

Robust and durable cotton fabrics Chemical modification by
polyaniline (PANI)

Oil 97.8% of their weight [40]

rGO membranes Polydopamine-coated rGO Oil-in-water emulsion outstanding separation
efficiency

[31]

Graphene-coated cotton Hydrothermal method Oil 30 times its weight [33]

Multifunctional rGO-coated cloths Thermal treatment Oil and antibacterial
application

98% [34]

rGO cotton Thermal reduction Oil 22–45 times its weight [45]

Flower-like TiO2 @cotton Hydrothermal method Oil 99.8% [61]

Graphene oxide modified Al2O3

membrane
Solution immersion Oil-water separation Higher oil rejection [62]

Superhydrophobic fabrics Plasma-enhanced chemical vapor
deposition

Oil-water separation Higher water rejection [63]

Superhydrophobic fiberglass cloth Silane modification Oil-water separation 98% separation efficiency [64]

Graphene-wrapped sponge Centrifugation-assisted dip coating Oil recovery 94.6% [35]

Superhydrophobic cotton fabrics Polydimethylsiloxane and ZnO
coating

Oil-water separation Higher water rejection [65]

Hydrophobic-reduced graphene oxide Hydrothermal method Oil-water separation Excellent separation
efficiency

[29]

rGO@cotton (reduced graphene
oxide-coated cotton)

Hydrothermal method Engine oil
Pump oil
acetone
Propanol
DMF
NMP

57.01 g/g
53.50 g/g
33.17 g/g
38.27 g/g
48.20 g/g
41.70 g/g

Present
work

Table 2 Absorption capacities and collection capacities of rGO@cotton-based material with various oils and organic solvents after the fifth and tenth
cycle sorption-mechanical squeezing test

Oil and organic
solvents

AC at 1st
cycle (g/g)

CC at 1st
cycle (g/g)

AC retention after
5th cycle (%)

CC variation after
5th cycle (g/g)

AC retention after
10th cycle (%)

CC variation after
10th cycle (g/g)

Engine oil 57.02 0.10 60.09 0.03 35.17 0.03

Pump oil 51.10 0.04 74.88 0.08 50.67 0.08

Acetone 33.20 0.06 60.40 0.06 16.90 0.06

Propanol 37.83 0.05 70.40 0.07 34.21 0.07

DMF 48.17 0.10 38.62 0.06 25.81 0.06

NMP 41.74 0.07 40.30 0.02 30.00 0.02
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as reducing agents. rGO@cotton exhibited CA of water-in-air
~ 162.9° that confirms the superhydrophobicity of the surface.
Also, synthesized rGO@cotton showed excellent oil-water
separation behavior such as high selectivity, good absorption
efficiency, and excellent recyclability. It was observed that
rGO@cotton can separate 40–60 times oils/solvents of its
weight from water. Therefore, it can be concluded that modi-
fied rGO@cotton will be a promising alternative for the con-
ventional sorbents used in the large-scale oil spill clean-up
from the oil-water mixture.
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