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a b s t r a c t
In this study, expanded graphite (EG) by an environmentally friendly and mild oxidation interca-
lation and binary composite microbeads adsorbent (EG-xGel) was prepared to purify dye and oily 
wastewater. The synthesized EG and EG-xGel were characterized. A characteristic homogeneous 
dilation and vermicular structure with interconnected pores for EG and relatively uniform spher-
ical with well dispersion for EG-64Gel were detected. Within 30 min, the adsorption amount of 
EG to engine and edible oil reached 23.89 and 26.03 g g–1, respectively. In the oily wastewater sys-
tem, the corresponding amount increased slightly from 22.25 to 23.97 g g–1, and 26.38 to 30.92 g g–1 
respectively, with the introduction of 15 g L–1 NaCl, which might be due to the higher ionic strength 
reduced the solubility of the adsorbate in the solution. The highest removal of 68.2% and 87.2% was 
observed for 50 mg L–1 methylene blue (MB) at the original pH for 2 h and congo red (CR) at pH 3 
for 40 min, respectively, with 0.1 g EG-64Gel microbeads by air dried applied at room tempera-
ture. The pseudo-second-order kinetics described MB and CR adsorption process better. Moreover, 
EG-64Gel exhibited excellent separation performance under acidic condition with CR dye almost 
removed completely in the binary MB/CR system. All these results indicated that EG and EG-xGel 
are expected to be promising candidates for the frequent oil-spill accidents and dye wastewater 
pollution.
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1. Introduction

Marine oil pollution is one of the environmental concerns 
that are currently becoming major issues in the petroleum 
industry, which may arise from oil run-offs from onshore 
facilities or oil tanker spills during transportation [1–3], and 
has become more severe with increasing petroleum activities 
[4,5]. Nowadays, the pollution of dye wastewater to surface 
water and groundwater also has become a global environ-
mental problem, which poses a great threat to human and 
aquatic life. 

Frequent oil-spill accidents and dye wastewater pol-
lution not only cause severe and long-term damages to 
marine ecosystems but also lead to a great loss of valuable 
resources [6,7]. To eliminate the environmental pollution of 
oil spills quickly, an efficient and environmentally friendly 
oil-recovery approach is highly demanded. As one of the 
most effective process with high efficiency and ease to apply 
in industries, adsorption has attracted much attention in 
various technologies [8–14].

Carbon-based material is a commonly used adsorbent 
for oil pollution and effluents treatment. Expanded graphite 
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(EG) is an inorganic porous carbon-based adsorbent with 
a low density, and usually prepared from well-crystallized 
natural flake graphite [15]. Because of its high lipophilic 
and hydrophobic properties, EG can selectively remove the 
oil slick in sea and lake with clumping up and floating on 
the liquid surface for easy collection and disposal [16]. Li et 
al. [17] applied EG to the removal of various dyes such as 
disperse blue 2BLN, acid black 210 and direct scarlet 4BS 
from aqueous solutions, and found that the removal process 
was relatively time consuming. Gelatin (Gel) is a straight-
chain polymer produced by controlling the hydrolysis of 
collagen with good biodegradability and hydrophilicity [18].

In this study, expanded graphite (EG) and its binary com-
posite microbeads with gelatin (EG-xGel) were prepared. 
The parameters such as ultrasonic time, drying temperature 
and time were optimized. The surface morphologies, com-
position and thermal stability of samples were characterized 
by scanning electron microscopy (SEM), Fourier transform 
infrared spectra (FT-IR) and thermogravimetric analysis 
(TGA). The adsorption properties of EG toward five different 
oily substrates were evaluated, and the effects of salt content, 
temperature and contact time on its adsorption properties 
were studied. The tunable adsorption property of EG-xGel 
toward congo red (CR) and methylene blue (MB) was inves-
tigated by changing the mass ratio of EG to gelatin. The 
effects of way of drying, contact time and initial pH of solu-
tion on the adsorption of CR and MB onto EG-64Gel were 
investigated. Its selective adsorption property in MB/CR 
binary system was evaluated under the co-presence of inor-
ganic salt NaCl and various pHs. The swelling property and 
the consecutive adsorption recycle of EG-64Gel were also 
investigated. In addition, the kinetics of adsorption process 
was discussed. 

2. Materials and methods

2.1. Materials

Natural flake graphite (NG, 99%, grain size 50 mesh) was 
purchased from Kim To Qingdao Graphite Co. Ltd. (China). 
Ammonium persulfate ((NH4)2S2O8), concentrated sulfuric 
acid (H2SO4), benzene (C6H6), n-heptane (n-C7H14), p-xylene 
(C8H10), anhydrous ethanol (C2H5OH), acetone (CH3COCH3), 
methylene blue (C16H18N3ClS), congo red (C32H22N6Na2O6S2) 
in A.R. were supplied by Sinopharm Chemical Reagent 
Co. Ltd., (Shanghai, China). Gelatin was supplied by Xi’an 
Guo’an Biotechnology Co. Ltd., (Xi’an, China). Sunflower 
oil was supplied by Yihai Kerry Food Co. Ltd., (Hong Kong, 
China). Triply distilled water was used in all experiments.

The synthetic wastewater was prepared in laboratory by 
dissolving proper amount of commercial dyes in distilled water.

2.2. Preparation of expanded graphite and EG-xGel microbeads

2.2.1. Preparation of expanded graphite

Expanded graphite (EG) derived from natural flake 
graphite was prepared according to the literature [19]. Briefly, 
(NH4)2S2O8 (5.00 g) was mixed with H2SO4 (3 mL) at room 
temperature and stirred continuously for 15 min, and 
treated in an ultrasonic cleaning bath at 100 W (KQ-5200DE, 
Kunshan Ultrasonic instrument Co. Ltd., Jiangsu) for 5 min, 

then added to 1.00 g natural flake graphite (NG) and fur-
ther treated by ultrasonic for 0–50 min at 80°C, then dried at 
40°C–120°C for 15–60 min for further expansion. After that, 
the solid was washed to neutral and dried to obtain EG.

The expansion volume (VE, mL g–1) of EG was calculated 
as Eq. (1).

V V
mE =  (1)

where V and m are the volume (mL) and mass (g) of EG, 
respectively.

2.2.2. Preparation of EG-xGel microbeads

Various amounts of EG were added into 10 mL acetone 
and dispersed by ultrasound at 100 W for 30 min to obtain 
EG dispersion [20]. The gelatin powder was dissolved in 
deionized water with stirring at 60°C, then introduced 
slowly into EG dispersion, and stirred overnight at 45°C. 
The obtained uniform solution was dropwise added into 
200 mL cold sunflower oil with a 5 mL syringe under con-
tinuously stirring, and then kept in an ice water mixture for 
2 h. The produced microbeads were separated and washed 
with distilled water and ethanol several times, and dried 
at room temperature. The obtained composite microbeads 
were denoted as EG-xGel (x is the mass ratio of Gel to EG, 
x = 64, 48 and 24).

2.3. Characterization

Fourier transformed infrared spectroscopy (FT-IR, 
Tensor27, Bruker, Germany) analyses were performed in 
the range of 4,000–400 cm–1 with KBr pellets. The surface 
morphologies of the samples were observed by scanning 
electron microscope (TM3030, Hitachi Limited, Tokyo, Japan), 
after the deposition of a thin gold layer on the surface of the 
samples. The thermal stability of natural graphite, expanded 
graphite, gelatin and EG-64Gel was tested using TGA 
(Q600SDT, USA), with a temperature range of 25°C–800°C 
at a scanning rate of 10°C/min under nitrogen atmosphere. 
The Zeta potentials of the EG-64Gel composite microspheres 
at different pH values were determined with Zetasizer Nano 
ZS (Malvern Instruments Ltd., UK). 

2.4. Evaluation of adsorption performance of expanded graphite 
and EG-xGel

2.4.1. Adsorption performance of expanded graphite 
toward various single oil substrates

Several oily substrates, such as engine oil, edible oil, ben-
zene, n-heptane and p-xylene, were chosen as the simulated 
single spills oil system, to investigate the adsorption capac-
ities of EG. A certain amount of EG was immersed into an 
above-mentioned single system. After 30 min, the adsorbed 
EG was separated and measured, the adsorption quantity 
qt (g g–1) was calculated according to Eq. (2).

q
m m
mt =
−2 1

1

 (2)
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where m1, m2 are the mass of EG before and after adsorption, 
respectively.

2.4.2. Selective adsorption performance of expanded graphite 
in oily wastewater system

The mixture of edible oil or engine oil and water in 
volume ratio 1:4 was selected as the simulated oily waste-
water. A certain amount of EG was added into the mixture 
system with constant stirring. At a certain interval, the vol-
ume of distilled water was measured after standing, the 
mass of EG before and after adsorption was recorded, and 
the adsorption quantity was calculated according to Eq. (2). 
The effects of temperature and NaCl at various concentra-
tions (1, 5, 10 and 15 g L–1) on its adsorption properties were 
evaluated.

2.4.3. Adsorption of expanded graphite and EG-xGel 
microbeads toward methylene blue and Congo red dyes

Congo red (CR) and methylene blue (MB) were cho-
sen as the representative anionic and cationic dyes, due to 
their wide utilization. Typically, 0.10 g adsorbent was added 
into 10 mL of 50 mg L–1 MB or CR dye solution. 0.05 M HCl 
or 0.2 M NaOH was employed for pH adjustment. All the 
sorption experiments were carried out in duplicate. The con-
centration of the dye was determined using a UV-vis spec-
trophotometer (UVT6, Beijing Purkinje General Instrument 
Co. Ltd., China) at the maximum absorbance wavelength 
(662 nm for MB and 500 nm for CR, respectively).

The removal efficiency (R%) of the dyes was calculated 
according to Eq. (3):

R
A A
A

C C
C

t t% % %= −
−

× =
−

×0

0

0

0

100 100  (3)

where A0 and At are the respective dye absorbance in solu-
tion at initial time and at time t, C0 and Ct are the respective 
dye concentration (mg L–1) in solution at initial time and at 
time t. 

2.4.4. Selective adsorption properties of EG-64Gel microbeads 
in MB/CR binary system

5 mL MB solution (50 mg L–1, pH 7.15) and 5 mL CR 
solution (50 mg L–1, pH 3.13) were carefully mixed to form a 
MB/CR binary dye system. Then 0.10 g EG-64Gel composite 
microbeads were added, and the effects of contact time, ini-
tial pH and presence of various concentrations of NaCl on 
the selective adsorption performance of EG-64Gel composite 
microbeads were investigated by detecting UV-vis spectros-
copy of binary dyes solution in the range of 300–800 nm at 
room temperature, especially the absorbance at the maximum 
absorbance wavelength of dyes. 

2.5. Desorption and recycle performance of EG-64Gel microbeads

0.10 g EG-64Gel microbeads were immersed into 10 mL 
dye solution (50 mg·L–1). When the adsorption equilibrium 
reached, the adsorbed EG-64Gel microbeads were separated 

by centrifuge and then put into 50 mL of CH3CH2OH as 
desorption solution. The concentration of dye solution 
was analyzed and the desorption ratio (D%) was calculated 
as Eq. (4):

D
C V

C C V
d d

e i

% %=
−( ) ×

0

100  (4)

where C0 and Ce are concentrations (mg L–1) of dye solution 
at initial time and equilibrium time, respectively. Cd is the 
concentration of dye in the desorption solution (mg L–1). Vi 
and Vd are the volumes of the adsorption and desorption 
solution (mL), respectively. After desorption, the recovered 
adsorbent was separated by centrifuge, washed several times 
by distilled water and then immersed into the dye solution 
again for reuse.

2.6. Swelling behavior of EG-64Gel microbeads

An appropriate amount of the composite beads EG-64Gel 
was dried at room temperature and then put into 10 mL 
of deionized water until the swelling equilibrium was 
achieved. The swollen microbeads were separated and dried 
superficially with filter paper. The swelling ratio (S%) was 
calculated according to Eq. (5):

S
W W
W
s i

i

% %=
−

×100  (5)

where Wi and Ws are the weights of composite microbeads 
at initial and time t.

2.7. Adsorption kinetics

The adsorption quantity of CR and MB at various con-
tact time onto EG-64Gel at 298 K was analyzed by two kinetic 
models including pseudo-first-order and pseudo-second- 
order kinetics [21,22], as given in Eqs. (6) and (7): 

log log
.

q q q
k

te t e−( ) = − 1

2 303
 (6)

t
q k q q

t
t e e

= +
1 1

2
2  (7)

where k1 and k2 are the pseudo-first-order and pseudo- 
second-order rate constants, respectively, qe and qt are the 
adsorption amounts of dyes at equilibrium contact time 
and t min, respectively. 

3. Results and discussion

3.1. Characterization of expanded graphite and 
EG-64Gel microbeads

3.1.1. FT-IR spectra

In FT-IR spectra of natural graphite and expanded 
graphite (Fig. 1a), bands at 2,353; 669 cm–1 represented 
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C-O–C and C–H stretching vibration, respectively. The –
CH2 stretching vibration could be observed at 2,981 and 
2,889 cm–1 [23]. A broad band at around 3,675 cm–1 confirmed 
the existence of O–H group and adsorbed water, the peak 
centered at 1,701 cm–1 was ascribed to C=O group [24], bands 
at 1,530 and 1,420 cm–1 attributed to –COOH stretching vibra-
tion, indicating that those oxygen-containing functional 
groups formed during the oxidation of natural graphite. The 
absorption peak at 1,061 cm–1 attributed to the characteristic 
of SO4

2–, indicating that sulfate or sulfuric acid intercalated 
into graphite layer [25,26].

FT-IR spectra of expanded graphite, gelatin and EG-64Gel 
are presented in Fig. 1b. For gelatin, a broad band at 
3,409 cm–1 was assigned to the stretching vibration of N–H 
bond, bands at 2,958 and 1,461 cm–1 represented the stretching 
and bending vibrations of C–H, respectively; the characteris-
tic peak at 1,654 cm–1 was attributed to the stretching vibra-
tion of the carbonyl group of amide I; and the medium peak 
at 1,534 cm–1 presented the bending vibration of N–H bond 
of amide II [27,28]. The weak bands at 1,324 and 1,241 cm–1 

were assigned to C–N bond stretching vibration [29]. These 
characteristic bands were also observed in EG-64Gel, indi-
cated that layered structure of EG was maintained. Further, 
the intensity of the peak attributed to the stretching vibration 
of N–H bond in gelatin at 3,409 cm–1 was enhanced signifi-
cantly in EG-64Gel, indicating the interaction between EG 
and gelatin [30].

3.1.2. SEM images

A compact, stacked layer and scaly structure with orderly 
surface was observed for natural graphite (Fig. 2a), whereas 
expanded graphite exhibited a characteristic homogeneous 
dilation and vermicular structure with lots of V-type pores 
on the surface, with open or semi-open, interconnected 
pores, mostly in the shape of slit and wedges, and the pore 
size ranged from dozens of microns to hundreds of microns 
(Fig. 2b) [31]. Such special loosely bonded, porous vermicular 
structure of EG increased its surface and the pollutants could 
be adsorbed more easily and thus favorable for adsorption. 

A spherical smooth surface was observed for gelatin beads 
(Fig. 2c). The obtained EG-64Gel composite beads showed 
relatively uniform spherical with well dispersion and basi-
cally maintained the surface characteristic of gelatin (Fig. 2d), 
which may be due to the small amount of EG. The relatively 
uniform spherical beads should benefit to its separation 
from the liquid system.

3.1.3. TGA

TGA curves of various materials are presented in Fig. 3. 
Almost no mass loss was observed from room temperature 
to 800°C for natural graphite, indicating that natural graph-
ite applied was in high purity in this research. Whereas 
expanded graphite underwent roughly several stages [32]: 
the first stage took place in the range of 60°C–200°C with 
about 18% mass loss attributing to the physical adsorbed 
water molecules, the second stage took place at 200°C–600°C 
with about 10% mass loss attributing to the dehydration of 
bound water and the decomposition of part of oxygen-con-
taining functional groups [23], which indicated that the 
expansion of expanded graphite occurred at the initial tem-
perature of 200°C. The third stage with obvious mass loss 
about 50% took place between 600°C and 800°C, which could 
be ascribed to the decomposition of H2SO4 intercalation spe-
cies and the burn of carbon skeleton [28]. TGA inferred that 
at least 50% of oxygen-functional groups in weight were 
introduced in EG structure during the expansion of natural 
graphite.

For gelatin, the first stage with about 18% mass loss was 
observed at the temperature lower than 200°C, correspond-
ing to the physically adsorbed water molecules; then at the 
range of 200°C–500°C gelatin underwent thermal cracking 
[28]. EG-64Gel composite beads exhibited the similar TG 
curve to gelatin, the second stage of mass loss with 48% cor-
responded to the thermal cracking of gelatin, and the third 
stage corresponded to the oxidation decomposition of car-
bon skeleton in EG, with mass loss of 34%. These results 
showed that the thermal stability of EG-64Gel composite 
beads was similar to that of gelatin, and demonstrated that 

Fig. 1. FT-IR spectra of various adsorbents.
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the composite beads adsorbent could be applied in a wide 
temperature range.

3.2. Optimizing preparation parameters for expanded graphite 

Expanded graphite was derived from natural flake 
graphite by oxidizing and intercalating with (NH4)2S2O8/
H2SO4 at room temperature, following by ultrasonic, drying 
for further expansion. By providing unique reaction condi-
tions and generating bubbles via acoustic cavitation with 
effectively accumulating the diffuse energy, ultrasound has 
been widely used in the synthesis of nanostructured mate-
rials [33]. In general, the larger the expansion volume, the 
more the amount of worm vacuum and μm pore structure, 
and the higher adsorption capacity [34]. Here the influ-
ence of ultrasound time (tU), drying temperature (TD) and 

drying time (tD) on the expansion volume of EG was studied 
(Fig. 4). As can be seen from Fig. 4a, the expansion volume 
of expanded graphite without ultrasound treatment during 
the preparation process was 110.0 mL. With the increase of 
ultrasound time, the expansion volume increased constantly 
and reached the maximum of 189.3 mL g–1 at 40 min, then 
decreased with further extending. This might be due to the 
generation of bubbles by acoustic cavitation with effectively 
accumulating the diffusion energy, the interlayer interac-
tion of natural graphite was broken by the released energy 
derived from the transient, localized hot spots and began to 
expand, then the intercalation agent also entered the graph-
ite interlayer, and natural graphite continued to expand 
[34]. So the oxidation process and expansion were enhanced 
by the extreme micro-environment of high temperature 
and pressure from the cavitation and mechanical effects of 

 

Fig. 2. SEM images of (a) natural graphite, (b) expanded graphite, (c) gelatin, and (d) EG-64Gel.
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Fig. 3. TGA curves of natural graphite, expanded graphite, gelatin and EG-64Gel.

Fig. 4. Effects of (a) ultrasonic time, (b) drying time, and (c) temperature on the expansion volume of expanded graphite.
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ultrasound [35]. However, the particles will re-aggregate 
with long time treatment, which results in insufficient reac-
tion of the mixed solution and slightly reduced expansion 
volume [36]. 

After treated by ultrasonic for 40 min, EG volume 
expanded up to 120 mL g–1, then dried the sample at 100°C 
and recorded the expansion volume at every 15 min, the 
results are shown in Fig. 4b. The expansion volume increased 
gradually and reached 185.2 mL g–1 at 30 min, and then 
basically kept stable, suggesting that the intercalation and 
expansion process further proceeded with time increasing, 
even if ultrasound stopped. 

When the drying temperature increased from 40°C 
to 100°C, the expansion volume increased from 157.5 to 
199.7 mL g–1, and then decreased with the temperature further 
rising (Fig. 4c). This might be because that with the increase 
of temperature, the molecular motion was accelerated, thus 
the expansion volume increased. When the temperature 
was too high, the inserted species tend to run out from the 
layer of EG, so the expansion volume reduced [37,38].

To sum up, mild oxidation and intercalation of natu-
ral graphite with (NH4)2S2O8/H2SO4 at room temperature 

followed by ultrasonic for 40 min and dried at 100°C for 
30 min, the largest expansion volume of 199.7 mL g–1 of EG 
was obtained.

3.3. Evaluation of adsorption performance of expanded graphite

3.3.1. In single-oil system

Under the same conditions, the adsorption performance 
of EG toward five different oily substrates was studied at 
room temperature (Fig. 5a). The adsorption quantity of 
EG was different and reached 23.89, 26.03, 21.01, 14.54 and 
18.59 g g–1, for engine oil, edible oil, benzene, n-heptane and 
p-xylene, respectively, within 30 min. The highest adsorp-
tion quantity toward edible oil was obtained, indicating that 
the adsorption capacity of EG was closely related with the 
type of the substrates. In terms of composition, benzene, 
p- xylene and n-heptane are pure substances, both benzene 
and p-xylene have π bonds in their structure, which are con-
ducive to interact with EG by π–π interaction. Therefore, the 
adsorption capacities of EG toward benzene and p-xylene 
were superior to that of n-heptane. However, the main 

Fig. 5. Adsorption properties of expanded graphite for oily substrates in a single oil (a) and oily wastewater system ((b) contact time; 
(c) temperature; and (d) NaCl concentration).
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components of edible oil and engine oil are unsaturated 
fatty acids, triglycerides, hydrocarbon substances, etc., the 
higher adsorption capacities might due to the comprehen-
sive interaction of π–π and electronic attraction between the 
oxygen-containing functional groups. In addition, the viscos-
ity of edible oil (180 mpa s) was higher than that of engine 
oil (156 mpa s), indicating that the adsorption amount of EG 
increased with the viscosity of the oily substrates increase. 
Comparing the adsorption amount with reported [32,40,41] 
sulfuric intercalated EG adsorbents toward oily substrates 
(Table 1), the EG prepared in this study acted as an excel-
lent adsorbent with moderate adsorption performance for 
oil-based substances. This might be due to the destruction of 
its characteristic worm-like structure during the adsorption. 
These results demonstrated that the prepared EG exhibited 
excellent adsorption capacities toward the substrates with 
more π bond and higher viscosity. 

3.3.2. In oily wastewater system

In the edible oil–water binary system, the adsorption 
quantity increased with the contact time increasing and 
reached 23.05 g g–1 within 30 min, and then gradually kept 
stable (Fig. 5b). This was mainly because the adsorption site 
basically reached saturation, so the contact time in subse-
quent experiments was 30 min.

With the temperature rising, EG adsorption amount in 
edible oil–water and engine oil–water systems decreased 
gradually from 21.64 and 20.18 g g–1 at 20°C to 19.44 and 
18.21 g g–1, respectively, at 60°C (Fig. 5c). This result indi-
cated that the adsorption process was exothermic [40], lower 
temperature was conducive to the adsorption of the oily sub-
strates. This phenomenon might be related with the decrease 
in viscosity and increase in fluidity of oil with temperature 
increasing, which was unfavorable to the adhesion of oil 
to EG [39]. The higher adsorption capacity of EG to edible 
oil might also be attributed to the higher viscosity of edible 
oil. Considering the difference was insignificant, EG should 
be used in a wide range of temperature.

The influence of NaCl concentration showed that 
the adsorption quantity of EG increased from 22.25 to 
23.97 g g–1, and 26.38 to 30.92 g g–1 toward engine and edible 
oil, respectively, with increase of NaCl concentration from 
0 to 15 g L–1 (Fig. 5d). Moreover, the enhancement of edi-
ble oil was higher than that of engine oil. On one hand, it 
might be due to that the higher ionic strength reduced the 
solubility of the adsorbate in the solution, which was more 
conducive to the migration of the adsorbate from the liquid 
phase to the solid phase surface [41]. On the other hand, 
the interaction between the introduced NaCl and edible oil 
with more oxygen- containing polar component was stron-
ger than that of engine oil with more nonpolar constitutes, 
thus increased the viscosity and improved the adsorption 
capacity. Therefore, the adsorption efficiency of EG in oil–
water binary system with higher salinity was higher than 
that of lower salinity, which were consistent with literature 
reports [42]. These results indicated that EG was suitable 
for oil leakage accidents treatment under high salinity con-
ditions, especially for the treatment of marine petroleum 
pollution.

3.4. Evaluation on adsorption performance of EG-xGel

3.4.1. Effects of various parameters on methylene blue 
and Congo red removal

To remove various dyes in wastewater with EG-based 
adsorbent, EG-xGel composite microbeads with various 
EG to gelatin ratio, labeled as EG-64Gel, EG-48Gel and 
EG-24Gel, were synthesized and the comparison of adsorp-
tion performance was shown in Fig. 6a. Under the same con-
ditions, the removal efficiency of methylene blue (MB) and 
congo red (CR) by the single gelatin was 61.3% and 47.4%, 
respectively; whereas for EG, 40.2% and 80.7% removal were 
observed for MB and CR, respectively. These results indi-
cated that the single-component adsorbent exhibited good 
adsorption capacities toward dye molecules. Moreover, 
it was found that higher anionic CR removal by EG with 
positive charged surface and cationic MB removal by gela-
tin with negative charged surface, further suggesting that 
the electrostatic attraction plays an important role during 
the adsorption process [43]. However, with the composite 
microbeads as adsorbent, especially EG-64Gel, 68.2% MB 
and 79.2% CR removal could be obtained, superior to that 
of single gelatin and EG, indicating that excellent adsorption 
capacity of the single component was integrated into the 
composite beads adsorbent. Moreover, the granulating effect 
of microbeads was beneficial to separate from the liquid–
solid system and recycle in the real industry application. 
Therefore, EG-64Gel microbeads were further investigated.

The influence of contact time (Fig. 6b) showed that MB 
removal gradually increased with the increase of contact 
time within 120 min, and then reached the adsorption equi-
librium. For CR dye, the removal increased rapidly in the 
initial 40 min, then followed by a slight decrease. This was 
because at the initial stage of adsorption, there were a large 
number of vacant active adsorption sites on the surface of the 
microbeads available for the dye molecules. With the exten-
sion of contact time, the active adsorption sites were gradually 
occupied and reduced, and the adsorption process reached 

Table 1
Comparison of oily substrates onto sulfuric intercalated 
expanded graphite

Oily substrates Adsorption amount qt (g g–1) Viscosity 
(mpa·s)

Diesel oil 5.15 37.26 50.879 8
Crude oil 5.54 40.46 65.537 626
Engine oil 6.32 41.46 55.128 23.89 156
Gasoline 4.00 31.96 43.25 1
Kerosene 47.657 2
Gear oil 84.681 1,407
Edible oil 26.03 180
Benzene 21.01 0.652
n-Heptane 14.54 0.4
p-Xylene 18.59 0.648
Reference [40] [41] [32] This study
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equilibrium. Second, as the adsorption mainly occurred on 
the surface of composite microbeads, when the adsorbed dye 
reached a certain amount, the steric effect might also lead to 
a relatively gentle decline of the dye removal [44]. Therefore, 
the optimal contact time for MB and CR at 120 and 40 min 
with the maximum removal of 68.2% for MB and 87.2% for 
CR was obtained, respectively.

At acidic conditions (pH = 3), higher anionic CR and 
lower cationic MB removal were observed (Fig. 6c), due 
to that a large number of H+ resulted in the surface of the 
protonated microbeads positively charged, which was con-
sistent with zeta potential analysis. With the solution pH 
increasing, zeta potential of EG-64Gel gradually decreased 
from +30.7 mV at pH 3 to –38.5 mV at neutral condition, 

 

 

Fig. 6. Effects of various parameters on methylene blue and congo red removal ((a) component; (b) contact time; (c) pH; (d) recycle of 
EG-64Gel; (e) drying way; and (f) swelling of EG-64Gel).
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and then increased to –32.7 mV at pH 11. This might attri-
bute to the amine group protonated (–NH2 exists as –NH3

+) 
at the acidic condition, resulting in the surface of the adsor-
bent positively charged and the pH of zero point of charge 
(pHzpc) was about 6 [45]. Therefore, the enhancement of 
electrostatic interaction with anionic dye CR was conducive 
to its adsorption, while the electrostatic repulsion hindered 
the adsorption of cationic MB. With the increase of pH 
value, opposite results were obtained due to the ionization 
of –COOH and the composite was negatively charged [46]. 
On the other hand, gelatin is an amphoteric natural poly-
mer, so EG-64Gel composite microbeads also exhibited 
amphoterism at different pHs. 

The recycle of EG-64Gel microbeads (Fig. 6d) showed 
that after recycling for four times, MB and CR removal 
decreased obviously from 64.1% and 85.9% to 33.5% and 
47.2%, respectively. This might be due to that the occupied 
adsorption sites of the composite microbeads were not com-
pletely desorbed, which was not conducive to the recycle of 
the adsorbent, and effective desorption method need to be 
explored.

EG-64Gel composite microbeads were dried and the 
effect of the drying way is shown in Fig. 6e. Uniform size 
and compact structure with good integrity and dispersion 
were observed for air drying at room temperature, while 
irregular larger size microbeads with 1.5 mm in diameter 
were observed for freeze drying. No obvious differences in 
MB removal were observed; however, a distinct higher CR 

removal was observed for air drying at room temperature, 
which might be due to the larger diameters and lower specific 
surface area of the freeze-drying sample [47]. 

The swelling of EG-64Gel in water in Fig. 6f shows 
that at the initial stage, the swelling increased and then 
almost unchanged after 300 min. This was due to the 
three- dimensional spiral structure of gelatin linked by 
hydrogen bonding, which was weakened by the insertion 
of water molecules, then led to swelling and finally reached 
equilibrium. The results showed the strong water absorption 
capacity of EG-64Gel microbeads, which was conducive to 
the adsorption of dye molecules [48].

Although a comparable adsorption performance of 
EG-64Gel was obtained when compared with references 
reported [49–53], due to its tunable adsorption capacity, low 
cost and fast separation efficiency, EG-64Gel microbeads 
should act as an alternative adsorbent material in the future.

3.4.2. Selective adsorption properties of EG-64Gel in 
MB/CR binary system

The UV-vis spectra of MB/CR binary system at various 
pHs and NaCl concentrations are shown in Fig. 7. At the 
original pH (pH 7.23), the absorbance of CR was almost 
unchanged, while that of MB decreased with time increased 
from 10 to 120 min (Fig. 7a), suggesting that the compos-
ite microbeads exhibited selective adsorption capacity 
toward MB. While at acidic condition (pH 3.13, Fig. 7b), 

Fig. 7. Effects of (a) contact time, (b) pH, and (c) NaCl on MB/CR adsorption (0.10 g EG-64Gel; 10 mL 50 mg L–1 dye; room temperature).
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CR was almost removed completely, and MB removal was 
also higher than original neutral pH at the individual sys-
tem (Fig. 6c). It may be due to that the anionic sulfonate 
group in CR might interact with the co-existed cationic dye 
of MB, inferred that the co-existed cationic dye with oppo-
site charges exhibited a marginal effect on the adsorption of 
anionic dye onto EG-64Gel under acidic condition, while the 
co-existed anionic dye exhibited a promoting effect on the 
adsorption of cationic dye. This result might be explained 
by the electrostatic attraction between the preferential 
adsorbed CR and MB molecules, and the positive charged 
surface of the EG-64Gel composite beads [44]. So excellent 
separation performance of EG-64Gel was exhibited under 
acidic condition, thus the selective adsorption property of 
composite microbeads in binary system could be achieved 
facilely by adjusting the initial pH of solution. 

The adsorption performances of composites toward two 
dyes both were inhibited thoroughly in the presence of 
NaCl as Fig. 7c shown, perhaps because with the increase 
of ionic strength, more charged active sites on the adsorbent 
were shielded by Na+ and Cl– ions, thus led to the enhanced 
electrostatic repulsion interaction between adsorbent and 
adsorbate, and deteriorated the adsorption performance 
of composite microbeads [50].

3.5. Adsorption kinetics

Adsorption kinetics was used to analyze the adsorption 
rate of MB and CR onto EG-64Gel composite and the possible 
adsorption mechanism. The kinetic plots and parameters are 

given in Fig. 8 and Table 2, respectively. The experimental 
data fitted better with the pseudo-second-order than the 
pseudo-first-order model, with higher linear coefficient 
(R2) and the calculated adsorption quantity (qe,2) was closer 
to the experimental value (qe,exp). These results showed that 
chemisorption was the rate-limiting step and involved in the 
adsorption process [22].

4. Conclusion

New eco-friendly adsorbent EG and EG-xGel with high 
adsorption efficiency was prepared successfully and used for 
oily substrates and dyes removal from water, respectively. 
The adsorption quantities of EG toward engine oil, edible 
oil, benzene, n-heptane and p-xylene were 23.89, 26.03, 21.01, 
14.54 and 18.59 g g–1, respectively, indicated that EG exhibited 
excellent adsorption capacities toward the oily substrates 
with more π bond and higher viscosity. In oily wastewater 
system, the maximum adsorption quantities of EG toward 
engine and edible oil were 23.97 and 30.92 g g–1, respectively, 
in the presence of 15 g L–1 NaCl at 20°C within 30 min; this 
demonstrated that EG could act as a potential adsorbent in 
marine oil pollution treatment. By comparing the adsorp-
tion performance of composite microbeads EG-xGel toward 
MB and CR, the ratio of EG to gelatin at 1:64 was optimized. 
FT-IR showed that EG and gelatin were successfully com-
bined by physical interaction. SEM images showed that a 
regular shape, smooth surface and good dispersion were 
observed for EG-64Gel microbeads. The possible adsorp-
tion mechanism could be explained mainly by electrostatic 

Fig. 8. Pseudo-first-order (a) and pseudo-second-order and (b) kinetics plot for methylene blue and congo red adsorption onto EG-64Gel.

Table 2
Kinetic parameters for MB and CR adsorption onto EG-64Gel

Dyes qe,max (mg g–1) Pseudo-first-order model Pseudo-second-order model

qe,1 (mg g–1) k1 (min–1) R2 qe,2 (mg g–1) k2 (g m-g–1 min–1) R2

MB 3.412 3.950 0.0334 0.9482 4.064 0.0605 0.9940
CR 4.359 1.268 0.0158 0.5172 4.399 0.0517 0.9958
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attraction and the kinetics results showed that chemisorp-
tion was the rate-limiting step and involved in the adsorp-
tion process. Better separation performance of EG-64Gel was 
observed under acidic condition in MB/CR binary system. 
The addition of NaCl inhibited the adsorption of MB and CR, 
perhaps because the charged active sites of adsorbent were 
shielded by the increase of ionic strength. All these results 
demonstrated that EG-xGel microbeads could act as a poten-
tial effective adsorbent in oil leaking accidents and industrial 
dyes wastewater treatment.
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