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� Natural rubber/rGO composite foam
was used as an oil sorbent.

� Addition of rGO enhanced the oil
adsorption capacity and strength of
NR sorbent foam.

� Inclusion of 0.5 phr rGO into NR
increased the crude oil adsorption
capacity to 17.04 g g�1.

� Oil adsorption mechanism of the
sorbent materials was proposed.

� Reusability of the NR/rGO sorbent
was greater than 70% oil adsorption
for 30 cycles.
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A green sorbent material was fabricated through the simple addition of reduced graphene oxide (rGO) to
natural rubber (NR) latex. The effect of rGO content in the NR foam on petroleum oil adsorption was
investigated. The addition of rGO in NR increased the petroleum oil adsorption capacity of the resulting
NR/rGO (NRG) composite foam (12–21 g g�1) with respect to those of the pure NR foam (8–15 g g�1) and
a commercial sorbent (6–7 g g�1). The adsorption capacity was optimal for 0.5 phr rGO (NRG-0.5).
Further, the environmental conditions (temperature and waves) affected the oil adsorption capacity of
the sorbent materials. The adsorption kinetics of the sorbent materials for crude AXL oil was best
described with pseudo-second-order kinetics. The interparticle diffusion model revealed three steps
whereas the adsorption isotherms approximated the Langmuir isotherms. Moreover, the oil adsorption
mechanisms of the NR and NRG sorbent materials were compared to that of a commercial sorbent.
The high elasticity of the NRG-0.5 composite foam improved not only the oil adsorption capacity but also
the reusability of the sorbent material. The presence of rGO increased the strength of the NRG-0.5 com-
pared to that of pure NR, which resulted in a high-performance and reusable material with an oil removal
efficiency higher than 70% after 30 uses.
� 2019 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
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Introduction

Since the industrial revolution, the demand for petroleum prod-
ucts has remarkably increased, thereby leading to an increased risk
and frequencies of oil leakages through the extraction, transporta-
tion, transfer, and storage of oil. Oil spills in the natural environ-
ment cause catastrophic effects on the environment and
ecosystem [1–3]. Various methods have been developed to solve
this serious problem, such as physical [4–7], chemical [8–10],
and biological [11–13] approaches. The physical adsorption by an
adsorbent is considered to be an efficient technique for the treat-
ment of oil spills because it is simple, environmentally friendly,
and requires low costs. The method involves using a sorbent to col-
lect and transform the liquid oil into a semi-solid or solid phase
that can be easily removed from the contaminated site. Generally,
sorbent materials can be classified into three groups: synthetic
materials [14–16], inorganic minerals [17–19], and natural prod-
ucts [20–23].

Currently, three-dimensional hydrophobic and oleophilic por-
ous materials are popular candidates for the oil absorption of spills
because of their suitable selectivities for oil and organic solvents,
high absorption capacities, and excellent reusability and oil recov-
ery. However, most reported studies have focused on synthetic
materials, such as polyurethane foam [14–16], poly(tetrahydrofu-
ran) [3], and polydimethylsiloxane sponges [24–27]. The disadvan-
tages of these synthetic sorbents are their high production costs
and large waste volumes. Although polystyrene [28,29] is cheap
and lightweight, it burns easily and produces toxic combustion
fume. Thus, natural rubber (NR) is a more interesting alternative.

Natural rubber (NR) is an important renewable polymeric mate-
rial with outstanding flexibility and excellent mechanical proper-
ties. It can be easily produced as NR foam, which has a high
porosity, low density, and strong hydrophobic property [30,31].
Therefore, NR foams are good candidates as oil sorbent materials.
Several techniques have been studied to improve the oil adsorption
capacity of NR foams, including chemical modifications [32,33] and
the preparation of composite materials [26,34–37].

In this study, reduced graphene oxide (rGO) was added to NR to
improve its oil adsorption capacity because the chemical rGO
structure is similar to that of graphene and it has a high surface
area and tensile strength [2,38,39]. Further, it causes fewer costs
than graphene. Additionally, rGO is compatible with the NR matrix
owing to its hydrophobic property, which enables a more homoge-
nously mixed phase. To create the green composite material, rGO
was synthesized from graphite waste obtained from a metal smelt-
ing company. Based on the previous study presented in [40], rGO
was prepared by the Hummer’s method. The rGO was used to
improve the conductivity and mechanical properties of the NR vul-
canizates. Therefore, its functions were investigated in the present
study. The focus of this study was to design and prepare a novel
NR/rGO (NRG) oil adsorption composite. The high elasticity of the
NR and the highly active surface area of the rGO led to an enhanced
oil absorptivity and stability of the composite under working con-
ditions. The sorption mechanisms were intensively investigated to
determine the factors that affect the oil sorption performance of
the composite. The results of this extensive study might provide
useful guidelines for the further development and exploitation of
NR for environmental conservation purposes.

More specifically, the aim of this research study was to study
the influence of the rGO content on the oil adsorption capacity of
an NRG foam composite material with respect to the properties
of pure NR foam and commercial polypropylene sorbent pads
(CM). The relationship between the morphology and adsorption
capacity of the different sorbent materials was investigated. Fur-
ther, the effects of the temperature and waves on the oil adsorption
capacity of each sorbent material were examined for their
applications in real oil spill removals in marine environments.
The kinetics and adsorption isotherms of the obtained sorbent
materials were evaluated and their oil adsorption mechanisms
proposed. Finally, the reusability of the selected NRG sorbent was
examined in comparison to that of the CM sorbent.
Material and methods

Materials

The graphite waste was obtained from a local metal smelting
company (Mahamek Flow Innovation Co., Ltd., Bangkok, Thailand),
and the sulfuric acid (98% (w/v); H2SO4), potassium permanganate
(KMnO4), hydrochloric acid (36% (w/v); HCl), and L-ascorbic acid
(L-AA) were purchased from QREC Chemical Ltd. (Chonburi, Thai-
land). The sodium hydroxide (NaOH) was purchased from Ajax
Finechem Ltd. (Auckland, New Zealand). Further, the high-
ammonia NR latex (60% dry rubber content) and following curing
agents: 10% potassium oleate (K-oleate) dispersion, 50% sulfur dis-
persion, 50% zinc diethyldithiocarbamate (ZDEC) dispersion, 50%
zinc-2-mercaptobenzothiazole (ZMBT) dispersion, 50% Wingstay

�
-

L, 33% dipropylene glycol (DPG) dispersion, 50% zinc oxide (ZnO)
dispersion, and 12.5% sodium silicofluoride (SSF) dispersion origi-
nate from the Rubber Research Institute, Bangkok, Thailand. The
gasoline (density of 0.74 g/cm3 and viscosity of 1.42 mPa) and
crude AXL oil (density of 0.84 g/cm3 and viscosity of 3.80 mPa)
were purchased from PTT Public Co., Ltd., and Thai Oil PCL Ltd.,
Bangkok, Thailand, respectively. The commercial polypropylene
sorbent pad (CM) originates from Surface Pro-Tech Co., Ltd. (Chon-
buri, Thailand).

Synthesis of rGO

The procedure for the rGO synthesis was performed according
to the modified Hummer’s method [37] and was followed by a
reduction with L-AA [38,41,42]. The graphite waste (3 g) was
added to 60 mL concentrated H2SO4 under agitation in an ice bath
at 10 �C. Then, KMnO4 (9 g) was slowly added, followed by the
careful addition of 150 mL deionized water under stirring and
heating to 95 �C for 15 min before an ultrasonic treatment at room
temperature for 30 min. The mixture was then adjusted to pH 8–9
through the addition of 1 M NaOH solution, whereupon 0.5 M L-AA
was added to the colloidal solution. The reaction was stirred at
95 �C for 1 h. The resultant black precipitate was filtered through
Whatman (No. 40) filer paper, washed with 1.0 M HCl and then
deionized water until the filtrated water exhibited a pH value of
7. The final product (rGO) was dried in an oven at 100 �C for 24 h.

Characterization of rGO

Raman spectroscopy was conducted with a DXR Raman micro-
scope (Thermo Fisher Scientific, Massachusetts, USA). A 780 nm
laser was used as light source with a spot size of approximately
3 mm. The Raman spectra were recorded from 800 to 1800 cm�1.

Further, water contact angle measurements were carried out
with a ramé-hart instrument (New Jersey, USA) at ambient tem-
perature. The powder sample was pasted onto a glass slide with
an adhesive tape. The water contact angle was measured by plac-
ing a 50 lL deionized-water droplet onto the sample surface with
a micro-syringe. Each sample was measured from five different
positions and evaluated with the averaged values.

The morphologies of the graphite, graphite oxide (GO), and rGO
were examined by transmission electron microscopy (TEM) (TEC-
NAI 20, Philips, Oregon, USA). A sample (0.1 g) in absolute ethanol
was sonicated in a sonication bath for 15 min followed by a vortex
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treatment for 5 min. Afterward, the colloidal solution was dropped
onto the TEM grid.

Preparation of NR and NRG sorbent materials

The formulations for the NR and different NRG-X (where X is
the rGO content in parts by weight per hundred parts of rubber;
phr) foam sorbents used in this study are shown in Table 1. The
NR latex and all curing agents were mixed in a cake mixer at room
temperature, compounded with the desired amount of rGO (0,
0.25, 0.5, 1, and 1.5 phr), quickly poured into an aluminum mold,
and vulcanized at 100 �C for 2 h. The vulcanized NR and NRG-X
foams were then washed with water to remove unreacted ele-
ments. Finally, they were dried in an oven at 60 �C for 24 h.

Characterization of sorbent materials

The morphologies of the sorbent materials were characterized
by scanning electron microscopy (SEM) (JEOL JSM-6480LV; Tokyo,
Japan) at an acceleration voltage of 10 kV. The sorbent materials
were cut and stitched onto an SEM stub and coated with gold
before the SEM analysis.

The surface wettabilities of the sorbent materials were mea-
sured by dropping 0.1 mL of water, seawater, and crude oil onto
each sorbent surface at room temperature. The digital images of
the liquid droplets were recorded at a magnification of 2.5.

Dynamic mechanical properties of NR composite foam were
examined by dynamic mechanical analyzer (DMA, GABO, model
EPLEXOR QC 100, Ahlden, Germany). The sample size was
8 mm � 8 mm � 4 mm. The tensile mode was used at a frequency
of 10 Hz, a static strain of 1.0% and a dynamic strain of 0.1%. The
temperature was in the range of �100 �C to 80 �C with a heating
rate of 2 �C/min.

Determination of oil sorption capacity

The method for the determination of the oil adsorption capacity
was based on the standard test method for the adsorbent perfor-
mance (ASTM F726-12). The oil sorption experiment was con-
ducted by pouring 3 g oil into 100 mL water or seawater. The
sorbent materials were cut into cubes (0.7 � 0.7 � 0.7 cm3) and
weighed before their immersion into the oil–water or oil–seawater
systems. After 15 min, the sorbents were removed from the sys-
tems. The excess oil on the sorbent surface was removed, and the
sorbents were weighed. The effects of the temperature (4–70 �C)
and waves (0–200 revolutions per minute: rpm) were investigated.
The waves were generated by a shaker (VS-202P, Vision Scientific
Co., Ltd., Korea) at room temperature. The sorption capacity (%)
was calculated with Eq. (1) [43]:
Table 1
Formulation of NR foam and NRG-X composite foams.

Reagent

NR NRG-0.25

NR Latex (60% DRCb) 100.00 100.00
10% K-oleate 1.50 1.50
50% Sulfur dispersion 2.00 2.00
50% ZDEC 1.00 1.00
50% ZMBT 1.00 1.00
50% Wingstay�L dispersion 1.00 1.00
33% DPG 0.66 0.66
50% ZnO 5.00 5.00
12.5% SSF 1.00 1.00
rGO – 0.25

a Parts by weight per hundred parts of rubber.
b Dry rubber content.
Qðg � g�1Þ ¼ W1 �W0ð Þ
W0

; ð1Þ

where Q is the oil adsorption capacity (g g�1), and W0 and W1 rep-
resent the initial weight and weight of the foam after the adsorp-
tion, respectively.

To assess the reusability of the sorbents, the oil was removed
from the saturated sorbent by squeezing. Next, the sorbent was
weighed and immersed again into the oil–seawater system. This
adsorption–desorption cycle was performed for up to 30 cycles
to determine the oil removal efficiency (Re) [32]:

Re %ð Þ ¼ ðW1 �W0Þ
W1

� 100: ð2Þ
Kinetic and isotherm studies

The pseudo-first-order, pseudo-second-order, and intraparticle
diffusion models are expressed in Eqs. (3)–(5) [44–47]:

Pseudo� first� order model :
ln Qe � Qtð Þ ¼ lnQe � k1t; ð3Þ

Pseudo� second� order model :
t
Qt

¼ 1
k2Q

2
e

þ 1
Qe

; ð4Þ

Intraparticle model :

Qt ¼ kdt1=2; ð5Þ
where Qt and Qe are the amounts of adsorbate (g g�1) at time (t) and
equilibrium, respectively; k1 (min�1) is the pseudo-first-order rate
constant, k2 (g g�1 min�1) is the pseudo-second-order rate constant,
and kd is the intraparticle diffusion rate constant (g g�1 s1/2).

The adsorption isotherm was calculated with the Langmuir and
Freundlich models based on Eqs. (6) and (7) to estimate the max-
imal amount of adsorbed oil [47–49]:

Ce

Qe
¼ 1

QmkL
þ Ce

Qm
; whereRL ¼ 1

1þ kLCo
ð6Þ

ln Qe ¼ ln kF þ 1
n
ln Ce ð7Þ

where Qm and Qe are the maximal adsorption capacity (g g�1) and
the amount of adsorbed oil at equilibrium, respectively; Ce (g L�1)
is the oil concentration at equilibrium, and kL (L g�1) is the Lang-
muir constant that is related to the adsorption energy. An important
characteristic of the Langmuir isotherm is the separation factor (RL),
which expresses the adsorption nature as irreversible (RL = 0),
Dry weight (phra)

NRG-0.5 NRG-1.0 NRG-1.5

100.00 100.00 100.00
1.50 1.50 1.50
2.00 2.00 2.00
1.00 1.00 1.00
1.00 1.00 1.00
1.00 1.00 1.00
0.66 0.66 0.66
5.00 5.00 5.00
1.00 1.00 1.00
0.50 1.00 1.50
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favorable (0 < RL < 1), linear (RL = 1), or unfavorable (RL > 1) [49]; Co
(g L�1) is the initial oil concentration. The term kF (g g�1) is the Fre-
undlich constant related to the adsorption capacity. The slope 1/n
describes the adsorption intensity or surface heterogeneity [47].

Results and discussion

Textural properties of rGO

The Raman spectra of the graphite, GO, and rGO are shown in
Fig. 1. The Raman spectrum of graphite exhibits a strong G band
at 1580 cm�1, which is related to the in-plane vibrations of the
sp2-hybridized carbon atoms [50,51]. The weak D band corre-
sponding to the presence of vacancies or dislocations in the gra-
phene layer and at the edges is approximately located at
1300 cm�1 [51,52]. The Raman spectra of GO and rGO exhibit
broad G and D (with high intensities) bands owing to the disor-
dered arrangements of the carbon planes.

The TEM image (Fig. 2) of the graphite displays a dark flake due
to the stacking of multi-layer graphene sheets through van der
Waal forces. The GO structure was more transparent and consisted
of few-layer sheets after the oxidation process. The oxygen-
containing groups destroyed the van der Waal interactions among
the graphene sheets of the GO structure. Thus, the graphene sheets
Fig. 2. TEM images and contact angles o

Fig. 1. Raman spectra of (a) gra
were easily separated by the exfoliation step. After the reduction,
the transparent rGO had few thin sheets with typical wrinkled
and scrolled structures.

A high contact angle was obtained for graphite (151�), as shown
in Fig. 2, whereas that of rGO tended to decrease (133�) owing to
the different surface wettability of the graphite after the chemical
treatment through the modified Hummer’s method. Unfortunately,
the wettability measurements could not be conducted for the GO
sample owing to its high hydrophobicity originating from the
oxygen-containing groups in the GO.

Morphologies of sorbent materials

The SEM images of each sorbent material are shown in Fig. 3.
The morphologies of the NR and different NRG-X sorbent materials
exhibited open-cell structures with spherical shapes. Each cell
structure consisted of pores of various sizes. The cell sizes of the
NRG-X composite materials tended to increase with increasing
rGO content owing to the rGO interference during the foaming pro-
cess. The aggregation or agglomeration of rGO particles was evi-
dent (inset in Fig. 3) and became more evident with increasing
rGO content. This result implies that the aggregation/agglomera-
tion of rGO particles might affect not only the formation of the cell
structure but also the composite properties in terms of mechanical,
f (a) graphite, (b) GO, and (c) rGO.

phite, (b) GO, and (c) rGO.



Fig. 3. SEM images (50� magnification) of (a) NR, (b) NRG-0.25, (c) NRG-0.5, (d) NRG-1.0, (e) NRG-1.5, and (f) CM sorbents.
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thermal, physical, or electrical properties [40]. By contrast, the CM
sorbent exhibited an entangled fibrous structure of various sizes.
Surface and viscoelastic properties of sorbent materials

Fig. 4 compares the surface wettabilities of the sorbent materi-
als for water, seawater, and crude AXL oil on the sorbent surfaces.
Each sorbate exhibited a different behavior during the adsorption
process. Among the three sorbent materials (NR, NRG-0.5, and
CM), the water or seawater droplet was more stable (with a half-
spherical shape and contact angle of 124�) on the CM, which
implies that the surface of the CM sorbent was more hydrophobic.
However, the hydrophobicities of the NR and NRG-0.5 sorbents
tended to decrease, as indicated by the decreased contact angles
(74� and 83�, respectively). Further, the water and seawater droplet
shapes became oval. Owing to the insignificant difference between
the water contact angles of NR and NRG-0.5, it can be concluded
that the added rGO in the NR was compatible with the NR surface.
However, the surfaces of NR and NRG-0.5 were highly porous. The
sorbate (water or seawater) could penetrate into the pores, thereby
resulting in a decreased contact angle. Accordingly, these three sor-
bent materials could adsorb the crude oil well. The adsorption of
highly viscous oil causes the formation of a shear layer of large vol-
ume across the sorbent surface. The dispersion of crude oil on the
CM surface during the adsorption led to a larger coverage com-
pared with those on the NR and NRG-0.5 sorbent materials. This
was due to the different morphologies of the sorbents. Regarding
the CM, the diffused oil traveled along the fiber length, whereas
those of the NR and NRG-0.5 sorbents penetrated the pores. The
dynamic mechanical properties of NR composite foams were
shown in Fig. 5. The presence of rGO in the rubbery matrix did
not affect the viscoelastic properties in terms of the storage mod-
ulus (E0) and tan d, due to dilution effect of rGO.
Adsorption abilities of sorbent materials

Oil adsorption
The adsorption performances of the sorbent materials for differ-

ent aqueous media are shown in Fig. 6. Two types of oil (gasoline
and crude AXL oil) were used as representatives of a petroleum
oil leakage. In the oil–water system (Fig. 6(a)), the oil adsorption
capacity of the NRG-X composite foams was higher (1.2–1.36 times
and 1.5–1.98 times for gasoline and crude oil, respectively) than
that of the NR foam. This was because the rGO content in the NR



Fig. 4. Images of surface wettabilities of (a) NR, (b) NRG-0.5, and (c) CM sorbents for
sorbate droplets of 0.1 mL water, seawater, and crude AXL oil.

Fig. 5. (a) Storage modulus (E0) and (b) Tan d versus temperature of NR composite
foams.
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foam created an increased surface area for the sorbent materials,
thereby resulting in an enhanced oil adsorption. The oil adsorption
increased with increasing rGO levels up to 0.5 phr. However, the
addition of more than 0.5 phr rGO in the NR foam decreased the
oil adsorption capacity because the petroleum oil could not be
retained in the large pores of the sorbent matrix, as discussed in
the previous section.

In the oil–seawater system (Fig. 6(b)), the oil adsorption of the
sorbent materials was slightly (<1.2-fold) higher than that in the
oil–water system, which was due to the effect of salinity, ions,
and foreign matter. The salinity in seawater can increase the elec-
trical double layer between the sorbate and sorbent materials,
thereby leading to an increased oil adsorption capacity [53]. The
maximal oil adsorption performance was obtained with NRG-0.5.
Thus, the NRG-0.5 sorbent was selected for further studies.

Furthermore, the oil adsorption capacity depended on the den-
sity and viscosity of the oil. The lowly viscous oil (gasoline) could
easily diffuse on the surface and immediately penetrate the sor-
bent pores, whereas the highly viscous oil (crude AXL oil)
remained at the sorbent surface and retarded the oil penetration
into the interior pore structure. Accordingly, the sorbent materials
swelled more rapidly with a lowly viscous oil than with a highly
viscous oil.

The oil adsorption capacities of the CM, NR, and NRG-0.5 sor-
bents were evaluated for constant weights and volumes (0.05 g
and 0.34 cm3). The oil adsorption capacity of the CM sorbent in
the oil–water or oil–seawater systems was remarkably lower
(30–40%) than those of the NR and NRG-0.5 sorbents. Moreover,
the effect of the oil viscosity on the adsorption performance of
the CM did not change noticeably. This was due to the different
morphological structures of CM compared with those of the NR
and NRG-0.5 sorbents.
Effect of environmental conditions

The application of these sorbent materials to a marine oil spill
situation was the main objective of this study. Accordingly, the
effects of environmental marine conditions (temperature and
waves) on the adsorption capacities for crude AXL oil of the differ-
ent sorbent materials (NR, NRG-0.5, and CM) were examined. The
results are presented in Fig. 7. When the temperature increased
from 4 to 45 �C and 100 rpm waves were created, the oil adsorp-
tion capacities of the NR and NRG-0.5 sorbents increased 3 and
2.4 times, respectively. However, they decreased at higher temper-
atures (60 and 70 �C) with a maximal capacity at 45 �C (Fig. 7(a)).
The temperature is a main factor affecting the oil adsorption capac-
ities of the sorbent materials because it changes the oil viscosity
[54–57]. Generally, the viscosity of a material decreases with
increasing temperature. However, in addition to the temperature
effect, the increasing temperatures cause an NR and NRG-0.5 sor-
bent shrinkage owing to the elastomeric behavior. This could
explain why the oil adsorption capacities of the NR and NRG-0.5
sorbents decreased above 45 �C. As the rubber chains shrank at
higher temperatures, the retention of the oil in the rubber pores
decreased. This behavior was not observed for the CM sorbent



Table 2
Comparison of kinetic and isotherm parameters of NR, NRG-0.5, and CM sorbent
materials.

NR NGO-0.5 CM

Qe,exp (g g�1) 9.47 16.80 6.58

Pseudo-first-order: ln Qe � Qtð Þ ¼ lnQe � k1t
Qe,cal (g g�1) 17.45 11.47 1.37
k1 (s�1) 2.87 0.64 0.55
R2 0.98 0.98 0.88

Pseudo-second-order: t
Qt

¼ 1
k2Q

2
e
þ 1

Qe

Qe,cal (g g�1) 9.87 17.42 6.97
k2 0.47 0.52 0.45
R2 0.99 0.99 0.99

Langmuir: Ce
Qe

¼ 1
QmkL

þ Ce
Qm

Qm 9.80 16.80 6.22
R2 0.99 0.99 0.99
kL (L g�1) 36.52 37.30 14.09

Fig. 7. Effect of environmental conditions: (a) with respect to temperature and
100 rpmwaves and (b) waves at a temperature of 45 �C on the adsorption capacities
of the sorbent materials for crude AXL oil.

Fig. 6. Oil adsorption capacities of sorbent materials in (a) oil–deionized water and
(b) oil–seawater systems.

S. Songsaeng et al. / Journal of Advanced Research 20 (2019) 79–89 85
owing to the different thermal properties of the NR elastomer and
polypropylene plastic.

The effect of the waves on the oil adsorption capacities of the
NR, NRG-0.5, and CM sorbents at 45 �C is shown in Fig. 7(b). When
the waves were introduced with a shaker, the oil adsorption capac-
ities of the NR and NRG-0.5 sorbents gradually increased with
increasing waves; they were 1.6 and 1.4 higher at 200 rpm than
at 0 rpm, respectively. The enhanced oil adsorption capacities were
due to the external force applied by the waves, which resulted in
an increased oil diffusion into the sorbent matrix. By contrast,
the oil adsorption capacity of CM under different waves remained
essentially constant owing to the limitation of the oil diffusion
along the fiber length. In addition, all sorbents continued to float
on the seawater surface after the complete saturation, thereby
illustrating their good buoyancies. Therefore, the NR and NRG-0.5
sorbents can potentially be used as petroleum oil sorbents in real
oil spill situations.
RL 0.05 0.05 0.12

Freundlich: ln Qe ¼ ln kF þ 1
n ln Ce

n 7.74 7.94 1.09
kF 12.51 18.33 5.32
R2 0.60 0.70 0.89
Adsorption kinetics and isotherm studies

In this study, the pseudo-first-order and pseudo-second-order
rate equations were used to study the kinetic adsorption of the sor-
bent materials for crude AXL oil. The results are summarized in
Table 2. The data of all three sorbent materials approximated the
pseudo-second-order model with a correlation coefficient (R2) of
approximately 1 (0.99). In addition, the Qe,cal values of the three
sorbent materials were approximately comparable to the experi-
mental value (Qe,exp). The highest oil adsorption rate (k2) was
obtained for NRG-0.5 because the presence of rGO in the composite
foam increased the sorbent surface area and thereby enhanced the
oil adsorption capacity. Several previous reports have reported that
the adsorption of petroleum-based oil into graphene-based mate-
rials is mediated through van der Waals, electrostatic, p–p stack-
ing, and hydrophobic interactions [58]. This result suggests that
the oil adsorption on a sorbent material occurs through a physico-
chemical process [47,59,60].
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Thus, the oil diffusion mechanisms of the sorbent materials
were investigated by the intraparticle diffusion model. The rela-
tionships between Qt and t1/2 of the three sorbent materials are
presented in Fig. 8. Each curve exhibited a linear plot of at least
two but, most probably, three steps. We consider them to have
three steps. In the first stage, the oil diffusion from the aqueous
media to the sorbent surface or ‘‘surface diffusion” was evident
and rapid. In the second stage, both intraparticle and pore diffusion
occurred. The slope of the curve decreased and reached a rate-
limiting step. In the final stage, the slope of each sorbent remained
approximately constant, and the adsorption approached an equi-
librium. The presence of rGO in the NR sorbent resulted in the
highest diffusion rate (kd) in all three stages and required the long-
est time to reach an equilibrium.

Based on the data, the oil diffusion mechanism is proposed in
Fig. 9. When the crude oil was adsorbed by the sorbent surface,
the oil dispersed widely and diffused into the sorbent surface.
Fig. 8. Plot of intraparticle diffusion of crude-AXL oil adsorption of NR, NRG-0.5,
and CM sorbent materials.

Fig. 9. Schematic of crude-AXL oil diffusion mechanisms
Afterward, the sorbent material swelled continuously until it
reached an equilibrium. However, the maximal oil adsorption
capacity was obtained for the NRG-0.5 sorbent because the NR net-
work, its porosity, and the rGO particles enhanced the adsorption
capacity. By contrast, the oil diffusion of the CM sample occurred
only along the fibers. Hence, the oil was adsorbed inside the fibers,
which resulted in a low oil adsorption capacity.

To study the maximal adsorption capacities of the sorbent
materials, two isotherm models (Langmuir and Freundlich) were
applied. The results are summarized in Table 2. The adsorption iso-
therm of each sorbent approximated the Langmuir isotherm with a
correlation coefficient (R2) of approximately 1 (0.99). The results
imply that the adsorbed oil covered the entire cell surfaces of the
materials with monolayer formations [16,47,61]. In addition, the
maximal adsorption capacity (Qm) of the sorbent materials approx-
imated the experimental data (Qe,exp). To clarify the adsorption
preference of each sorbent material, the separation factor (RL)
was calculated. The results are listed in Table 2. The RL values of
the three sorbent materials varied between 0.05 and 0.12. Thus,
crude AXL oil was preferred by each sorbent material. In addition,
the RL values of the NR and NRG-0.5 sorbents were 2.4 times lower
than that of CM. Thus, the crude-oil adsorption behaviors of NR and
NRG-0.5 were better than that of CM [47].
Recovery of sorbent materials

As well as the oil removal efficiency, the sorbent reusability is a
crucial criterium in an oil spill cleanup. The reusability of sorbents
minimizes the total amount of the waste generation for landfills
and reduces the costs of oil spill removals. The oil recovery efficien-
cies of the NRG-0.5 and CM sorbents during 30 (NRG-0.5) or 15
(CM) successive adsorption–desorption cycles are presented in
Fig. 10. The oil recovery of NRG-0.5 slightly decreased in the sec-
ond to fourth cycle (to approximately 82%) because of the small
amount of residual oil that was trapped inside the NR foam and
foam pores after the swelling. After the fifth cycle, the adsorption
capacity of NRG-0.5 saturated, which implies an oil removal of
of (a) NR, (b) NRG-0.5, and (c) CM sorbent materials.



Fig. 10. (a) Oil removal efficiency for 30 (NRG-0.5) or 15 (CM) adsorption–desorption cycles and (b) physical characteristics of NRG-0.5 and CM sorbents before and after 30
(NRG-0.5) or 15 (CM) adsorption–desorption cycles.
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more than 75% in each successive cycle. In addition, the NRG-0.5
foam exhibited no damages on the material surface, which
expresses its good reusability.

By contrast, the oil removal ability of CM (32%) decreased
remarkably after the first cycle and then slightly decreased with
each subsequent reuse (up to 15 cycles) to <50%. Afterward, the
surface was badly deteriorated, as shown in Fig. 9(b). Thus, no fur-
ther adsorption–desorption cycles were performed. This result
indicates that the good reusability of NRG-0.5 originates from the
good elastic properties of the NR foam and the reinforcement effect
of the rGO. In conclusion, this material can be applied as oil sorbent
material to remove the leakage of oil in seawater.

The oil adsorption capacities of various oil sorbent materials are
compared in Table 3. Various sorbent materials can be applied for
the oil recovery in water. Additionally, several researchers suggest
that the addition of a filler can enhance the oil adsorption capacity
of sorbent foam including the present work. However, the oil
adsorption capacity of each sorbent material depends on several
factors such as the hydrophobic property of the sorbent material
and the oil characteristics.
Conclusions

In this study, NRG composite foams were successfully prepared
as petroleum oil sorbent material. The oil adsorption performances
of the NRG sorbent materials depend on various factors, such as the
morphology of the sorbent, rGO content, oil type, and oil proper-
ties. The high porosity of the NR foam in the presence of rGO
enhances the oil adsorption capacity, which is optimal at 0.5 phr



Table 3
Comparison of oil adsorption capacities of various oil sorbent materials.

Sorbent Oil type Maximal oil
adsorption
(g g�1)

Ref.

Graphene aerogel Diesel oil 21.5 [62]
Graphene/PDMSa-coated sponge Pump oil 95 [63]
Acetylated wheat straw Diesel oil 24.2 [64]
MWrGOb/PDMSa composite Pump oil 36.3 [27]
PUFc/nanoclay (3 wt%) Crude oil 21.5 [65]
PUFc/lignin (10 wt%) Crude oil 28.9 [16]
GN@PUd Lubricating oil 31.0 [66]
NR Crude oil 6–7 Present

study
NRG-0.5 Crude oil 17–21 Present

study

a Polydimethylsiloxane.
b Micro-wrinkled rGO.
c Polyurethane foam.
d Super-hydrophobic graphene-coated polyurethane.
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rGO (NRG-0.5). Both NR foam and NRG-0.5 composite foam are
more selective for gasoline than for crude AXL oil owing to the
lower viscosity of the former, which enhances the oil diffusion into
the sorbent materials. The NRG-0.5 composite exhibits the highest
oil adsorption capacity for gasoline (21.50 g g�1) and crude AXL oil
(17.04 g g�1). An increasing temperature of up to 45 �C or an exter-
nal force (waves) increases the oil adsorption capacity of the sor-
bent material. The adsorption of crude AXL oil by the NR, NRG-
0.5, and CM sorbents obeys the pseudo-second-order model,
whereas the adsorption diffusion mechanism of the adsorption
process is determined by the intraparticle diffusion model. The
Langmuir isotherm is suitable for the experimental data. Thus,
the crude-oil adsorption into the sorbents occurs as a mono-layer
adsorption process. The high adsorption capacity of the NRG-0.5
sorbent for crude AXL oil is achieved through surface and pore dif-
fusion through the NR network and rGO particles. By contrast, the
oil diffusion mechanism of CM occurs only through fibrous diffu-
sion. Most importantly, the high elasticity of NR and the presence
of rGO in the NR composite foam improve the strength of the sor-
bent material. Thus, NRG-0.5 can be reused for at least 30 cycles
without any damages. In conclusion, the NRG-0.5 composite foam
presented in this study is a promising alternative oil sorbent for oil
spill removals under critical field conditions in the ocean.
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