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Seeking highly-efficient, low-cost and robust methods to disinfect and decontaminate water from
source to point-of-use is very much in demand. Here, we developed a new material, graphene sponge
(GS), for water treatment, which was assembled with graphene oxide sheets by hydrothermal treatment
with the assistance of thiourea. These GSs show a tunable pore structure and surface properties, and are
mechanically strong. They show high adsorption ability for various water contaminations such as dyes,
oils and many other organic solvents. The adsorption capacity of methylene blue and diesel oil in GSs
can reach 184 mg g~ ' and 129 g g~', respectively. Moreover, the GSs can be repeatedly used by simple
treatment without obvious structure and performance degradation. Additionally, we studied the
relationship between the structure and contamination adsorption performance of GSs. It was found
that the dye adsorption performance of GSs strongly depends on their surface charge concentration
and specific surface area, but the oil adsorption capacity is mainly related to their specific surface area,
indicating the different adsorption mechanism. These findings open up many possibilities for the use of
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graphene in water cleaning, including disinfection, decontamination, re-use, reclamation and

desalination.

Introduction

One of the most pervasive problems throughout the world is
inadequate access to clean water and sanitation.! Nowadays, in
both developing and developed countries, a growing number of
contaminants including heavy metals, oils and dyes are entering
water supplies from human activities. Therefore, seeking highly-
efficient, low-cost and robust methods to disinfect and decon-
taminate water from source to point-of-use is very much in
demand.! Dyes are usually used to color products in industries,
and are one kind of major contaminations in water. From an
environmental point of view, the removal of synthetic dyes is of
great concern, since some dyes and their degradation products
may be carcinogens and toxic.? Oil is another serious contami-
nation, which can cause widespread pollution in sea and coastal
waters.>* Among the currently developed treatment methods,
such as coagulation, flocculation, biological treatment and
adsorption, the latter is extensively growing in use for water
treatment due to its ability to remove different types of
contaminations and to provide high-quality water, and ease of
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operation.® The materials for adsorption must have a high
specific surface area and chemical stability, so carbon materials
are a good candidate for adsorption. Currently, many kinds of
carbon materials have been developed to remove water
contaminations, such as activated carbon,>*® activated carbon
fibers,'**? and carbon nanotubes (CNTs).'3"7

Graphene is a new carbon material with a two-dimensional
structure and many excellent properties.”®*' The high specific
surface area (theoretically ~2600 m? g~') and good chemical
stability make graphene a good material for adsorption treat-
ment of polluted water. However, graphene is hydrophobic and
tends to aggregate due to the van der Waals interactions between
neighbouring sheets in water. Aggregation leads to great reduc-
tion in the surface area, and is not beneficial for the adsorption of
contaminants. Moreover, the affinity of materials to adsorb
molecules is mainly determined by H-bonding, van der Waals
interactions, 77 interactions and electrostatic interaction
between them.?>*® Therefore, proper chemical modification of
graphene is required to make it water soluble and have suitable
surface properties to improve its adsorption capacity. In addi-
tion, high structural stability during the adsorption and
desorption processes is also required so that it can be collected
easily and used repeatedly, avoiding recontamination of the
treated water. Graphene oxide (GO) is an important derivative of
graphene and can be produced on a large scale and at low cost by
chemical exfoliation of graphite.?** The presence of many
oxygen-containing functional groups makes it water soluble and
easily chemically modified, which can consequently improve the
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accessibility and affinity of GO to adsorbate molecules. For
example, pristine GO powders show high dye adsorption
performance (Fig. S11), but unfortunately they cannot be easily
collected and separated from treated water, leading to serious
recontamination. It is worth noting that most of the developed
adsorbants also exist as powders,**>® and have the same prob-
lems with GO powders.

In this study, we developed a new method to reduce and
modify GO sheets and assemble them into graphene sponges
(GSs). The GSs obtained have a tunable pore structure and
surface properties, and are mechanically robust. They show
excellent adsorption and desorption performance for various
water contaminations such as dyes, oils and many other organic
solvents, and can be repeatedly used many times without obvious
structure and performance degradation. We also studied the
relationship between the structure and contamination adsorption
performance of GSs. It was found that the dye adsorption
performance of GSs strongly depends on their surface charge
concentrations and specific surface area, but oil adsorption
capacity is mainly related to their specific surface area, indicating
the different adsorption mechanism.

Experimental
Preparation of GSs

Large and small GO sheets were prepared by modified chemical
exfoliation,?® using natural flake graphite with a size of 500—
600 um and natural flake graphite powders with a size of 40—
60 um as raw materials, respectively. The GSs were fabricated by
hydrothermal treatment of GO suspensions with the assistance
of thiourea. Firstly, a specific amount of thiourea was added into
50 ml homogeneous GO aqueous dispersion, and then the
mixture was sealed in a 80 ml Teflon-lined stainless steel auto-
clave and maintained at 180 °C for 4.5 h. After that, the graphene
assembly was dipped into distilled water for 24 h to remove the
residual thiourea. Finally, vacuum freeze-drying was used to
remove water and obtain GSs. In order to tune the structure and
surface properties of GSs, we changed the thiourea quantity,
concentration of GO solution and the size of GO sheets during
the hydrothermal treatment process. Table S11 shows five
different experimental conditions and the corresponding GS
products, which are denoted as GS1, GS2, GS3, GS4 and GSS5.

Characterization of GSs

The structure of GSs before and after adsorption as well as after
desorption was characterized by SEM (FEI Nova NanoSEM
430, 15 kV), and their composition and surface properties were
evaluated by XPS (ESCALAB 250 using focused mono-
chromatized Al K radiation (1486.6 e¢V)).

Dye adsorption and desorption

Taking rhodamine B (C,3H3;CIN,O3, relative molecular mass:
479) as an example, a GS was first put into a rhodamine B
solution (100 ml, concentration: 2 x 10~* mol 1’]), and then the
solution was stirred at 25 °C until the color did not change.
During the stirring process, the concentration of rhodamine B
was measured every half an hour wusing a UV-vis

spectrophotometer (JASCO V-550). For desorption, the GS
adsorbed with rhodamine B was put into ethanol. With shaking,
the adsorbed rhodamine B gradually desorbed from the GS and
changed the color of ethanol to pink. After the ethanol solution
became colorless by repeated washing with ethanol, the GS was
dried by vacuum freeze-drying for repeated use.

The dye adsorption amount within time ¢ (min), ¢, (mg g~ '),
was calculated by ¢, = (Cy — C,)VIW.2 Here, Cyand C, (mg17})
are the liquid-phase concentration of dyes at the beginning and
after time ¢ (min), respectively. V(1) is the volume of the solution,
and W (g) is the mass of the GS used.

Oil and other organics adsorption

We measured the adsorption capacity (Q) of GSs for various
organic solvents with different densities, including n-heptane
(density = 0.68 g cm ™), ethanol (0.78 g cm ™), diesel oil (0.84 g
cm ™), acetic ester (0.90 g cm™?), vegetable oil (0.89 g cm ™),
ethylene glycol (1.11 g em™>) and chloroform (1.48 g cm ™). The
GS was first put into the organic solvents for 10 min. After
picking out, the weights of the sponge before (Wt GSpefore) and
after (Wt GS,pe;) adsorption were measured for Q calculation
with the equation Q = (Wt GS,ger — Wt GSpetore)/Wt GSpefore-

Zeta potential measurement

The GS was first crushed into powders. Then, 0.01 g GS powder,
1 ml Triton X-100 and 40 ml distilled water were mixed in a
beaker, and the mixture was dispersed by a tip sonicator (SCI-
ENTZ-IID) for 1 h. The obtained uniform graphene dispersion
was used to measure the Zeta potential by ZETASIZER Nano
series, Nano-ZS90.

Results and discussion
Preparation and characterization of GSs

The GO sheets were prepared by modified chemical exfoliation,
as we reported previously.? They are predominantly monolayers
(more than 95%), and have a size ranging from hundreds of
nanometers to 100 pm, depending on the experimental conditions

Fig. 1 Structure of GSs. (a) and (b) SEM images of (a) small GO sheets
(about several hundred nanometers) and (b) large GO sheets (up to
100 um). (c) and (d) SEM images of GSs prepared by (c) small GO sheets
in (a) and (d) large GO sheets in (b), showing their porous structure.
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(Fig. 1la and b). The GSs were prepared by a hydrothermal
process. Briefly, thiourea was first added into a homogeneous GO
aqueous dispersion, and then the mixture was sealed in a
container and maintained at 180 °C for 4.5 h, followed by vacuum
freeze-drying. The materials obtained show a porous structure
(Fig. 1c and d), which allows for a high specific surface area for
contamination adsorption, and behaves like a sponge, so they are
called GSs. The pore size and specific surface area of GSs can be
tuned by changing the size of GO sheets and the concentration of
GO solution. For example, under a high GO solution concen-
tration of 2 mg ml~!, the GSs (GS3) made by small GO sheets
with a size of hundreds of nanometers show a pore size of about
several microns and a specific surface area of 150 m*> g~! (Fig. lc
and Table S17), and the GSs (GS5) made by large GO sheets with
a size up to 100 pm show a pore size of hundreds of microns and a
specific surface area of 79 m> g~! (Fig. 1d and Table S1t). By
using a low concentration of GO solution (1 mg ml™!, GO size:
hundreds of nanometers), we can get GSs (GS4) with a surface
area of 399 m? g~! (Table S1 and Fig. S27).

Interestingly, the GSs show excellent mechanical properties,
very good processability and structural stability. It can be seen
that the sponges can be cut into different shapes without any
breaking and a pore structure change (Fig. 2a). A small GS (GS3,
see Table S1) with a diameter of 22.9 mm and thickness of
11.9 mm can support a counterweight of 500 g without any
deformation (Fig. 2b). The maximum compression stress that a
sponge (GS4, see Table S11) is able to sustain before structure
degradation can reach 140 kPa with a strain of ~82% (Fig. 2c).

édoo K
x =

© 300 [

w

g %10
w

200

[ 5
2100 8

2

-3 =3
E g
S s . > 1 i 18 ol

00 02 04 06 08 1.0 0.00 0.05 0.10 0.15 0.20 0.25

Compression strain

Compression strain

Fig.2 (a) Optical images of GSs cut with different shapes, showing their
high structural stability and good processability. (b) Optical images of a
GS before loading, loaded and after unloading a counterweight, showing
its good mechanical property. (c) Stress-strain curve for a GS with a
diameter of 23.6 mm and a thickness of 12.7 mm. (d) Cyclic stress—strain
curves for the same GS at a maximum compression strain of 25% in air.

Moreover, the sponge shows good cyclic performance under
loading and unloading compression. It maintains similar
compression stress (14 kPa) at the maximum strain (~25%) in
each cycle, and can almost recover to its original structure after
releasing the compression (Fig. 2d). The good mechanical
property indicates strong interactions between the neighboring
sheets in sponges. Such good processability, elasticity and
structural stability allow repeated use of GSs for contamination
adsorption and desorption without the risk of recontamination
to the treated water.

The use of thiourea plays important roles in the formation of
porous and strong GSs. During the hydrothermal process,
thiourea was decomposed to ammonia, hydrogen sulfide and
other compounds. On the one hand, these gases can make the
GO sheets separated. On the other hand, the reaction between
GO sheets and thiourea can not only reduce the GO sheets but
can also form many new functional groups such as amino
(-NH;) and sulfonic acid (-SO3;H) (Fig. S3, S4 and Table S27).
Similar to oxygen functional groups,*® these newly formed
functional groups binding on the graphene surface act as
roughness at the atomic scale to enable a strong crosslink
between the neighboring sheets, and consequently, the GO sheets
were assembled into compact porous sponges with good struc-
tural stability. Moreover, according to Raman measurements,
the graphene sheets in sponges changed from amorphous states
to more graphitic structures after thiourea treatment (Fig. S57).
In contrast, without the use of thiourea, only small GSs with a
smaller specific surface area were formed for the same quantity of
GO solution, in which GO sheets are strongly aggregated
(Fig. S67). Moreover, such sponges show a loose structure with
many large pores that can be seen by the eye.

Dyes adsorption and desorption in GSs

We studied the adsorption of GSs to three typical dyes, methylene
blue, rhodamine B and methyl orange (Fig. S7t). Here, the GS3
(Table S1%) with a specific surface area of 150 m* g~' was used. It
is worth noting that the GSs show good adsorption ability to
these three dyes (concentration: 2 x 10~% mol 171), although the
adsorption amounts and rates are different (Fig. S8+). Methylene
blue and rhodamine B can be mostly removed from water typi-
cally within 4 h, which is much faster than the adsorption of
methyl orange (24 h). Methylene blue shows the highest
adsorption amount (about 184 mg g~!) among the three dyes, but
cannot be desorbed easily. Methyl orange shows the lowest
adsorption amount of 11.5 mg g~'. Rhodamine B also shows a
high adsorption amount (72.5 mg g~'), and can be easily des-
orbed from the GSs in methanol or ethanol, which suggests
repeatable use of GSs for removing rhodamine B from water.
Therefore, we chose rhodamine B as a representative adsorbate to
study the adsorption and desorption processes in GSs as well as
the effect of the sponge structure on adsorption capacity.

Fig. 3 shows the adsorption and desorption of rhodamine B in
GSs. It can be found that, after putting a GS into rhodamine B
water solution (concentration: 2 x 10™* mol 17!) for 180 min, the
pink solution turned colorless and the characteristic absorption
peak of rhodamine B disappeared (Fig. 3b and S97), indicating
the removal of rhodamine B. When we put the GS adsorbed with
rhodamine B into ethanol, the colorless ethanol solution became

This journal is © The Royal Society of Chemistry 2012

J. Mater. Chem., 2012, 22, 20197-20202 | 20199


http://dx.doi.org/10.1039/c2jm34128j

Published on 13 August 2012. Downloaded by Tel Aviv University on 20/04/2014 20:45:14.

View Article Online

Fig.3 The adsorption and desorption of rhodamine B in GS. (a) and (b)
A GS in rhodamine B solution (a) at the beginning and (b) for 180 min.

(c) and (d) The same GS adsorbed with rhodamine B in ethanol for (c)
2 min and (d) 10 min.

light pink (Fig. 3c) after about 2 min and finally turned to dark
pink (Fig. 3d) after about 10 min, indicating that rhodamine B
was gradually released from the GS. Rhodamine B can be
removed completely after repeated washing with ethanol several
times. Moreover, we found that other solvents like methanol and
carboxylic acids can also be used to desorb rhodamine B from
GSs.

Fig. 4a shows that the GSs have a very good adsorption
performance towards rhodamine B with an adsorption amount
of 72.5 mg g ! and equilibrium time of 180 min for GS3. As
shown in Table S3+, this performance is much better than that of
reduced GO,** magnetite/reduced GO composites®*® and many
other materials such as multi-walled CNTs,3' CNTs/activated
carbon fiber composites,** materials derived from agriculture and
industry waste**=** and hypercrosslinked polymeric adsorbents,*®
and is comparable to those of activated carbon (20 to 400 mg g~
depending on its structure).’”*® Another very important feature
for the use of GSs for dye adsorption is that the GSs can be
repeatedly used without obvious performance degradation.
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Fig. 4 Cyclic performance of GSs for dye adsorption. (a) Adsorption
amount and the corresponding adsorption time of rhodamine B for
different cycles. (b) and (c) SEM image of a GS after (b) adsorption and
(c) desorption of rhodamine B.

From Fig. 4a, it can be found that the decrease in the adsorption
amount of rhodamine B is less than 2.3% and the corresponding
adsorption time is increased less than 4% after 6 adsorption and
desorption cycles. Moreover, it is worth noting that the GS
completely keeps its original structure after adsorption (Fig. 4b)
and desorption (Fig. 4c), which is believed to be responsible for
its high cycling stability shown above. Even after adsoption/
desorption operation many times, no visible graphene sheets
were observed in the treated water and no detectable weight loss
was observed in the GS as well, avoiding the recontamination
problem faced by powder-like adsorbants.

In order to tune the surface properties and elucidate the
adsorption mechanism of GSs, we changed the thiourea quantity
(0.1, 0.3, 0.5 g) used during the GS preparation process to obtain
different samples, which are denoted as GS1, GS2, and GS3,
respectively (Table S1t). Here, 50 ml GO solution (GO size:
hundreds of nanometers) with a concentration of 2 mg ml~"' was
used. We also tried to use higher thiourea quantity, but unfor-
tunately the sponges became loose with decreased processability
and structure stability. For example, only deformed GSs were
obtained when 0.7 g thiourea was used (Fig. S107). Fig. 5a shows
that the rhodamine B adsorption performance of GSs increases
with increasing the thiourea quantity. The highest adsorption
amount is 54.6, 63.3 and 72.5 mg g~' for GS1, GS2 and GS3,
respectively, with the corresponding equilibrium time of 360, 300
and 180 min. Fig. 5b shows the rhodamine B adsorption kinetics
of different kinds of GSs. The good linear relationship of #/g, (¢ is
the adsorption time, ¢, is the adsorption amount within 7) versus ¢
suggests that the adsorption of rhodamine B on GSs predomi-
nantly follows the pseudo-second-order kinetic model.® The
higher adsorption rate constant (k) of GS3 (0.19) than that of
GS1 (0.06) and GS2 (0.08) further confirms the higher adsorp-
tion performance of GS3.
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Fig.5 Adsorption performance and surface properties of different GSs.
(a) Adsorption amount of rhodamine B as a function of adsorption time.
(b) Adsorption kinetics of rhodamine B, (c) Zeta potential, and (d) O/C,
N/C and S/C atomic ratio of three different GSs prepared with different
thiourea amounts.
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The adsorption capacity of a material is usually influenced by
the pore size, specific surface area, surface charges, and particle
size of the adsorbents and the dimension of adsorbate mole-
cules.®*! In order to understand the adsorption mechanism of GS
for dyes, we measured the pore structure and specific surface area
of GS1, GS2 and GS3, and the results are shown in the ESI
(Fig. S11 and Table S17). It can be found that there is only a little
difference in the pore size and specific surface area. Therefore, we
suggest that the big difference in adsorption capacity of GSI1,
GS2 and GS3 is mainly attributed to the difference in their
surface properties.

Zeta potential is an important parameter to evaluate the charge
amount on the surface of a material.*> We measured the Zeta
potential of GS1, GS2 and GS3 in distilled water. Triton X-100 is
a non-ionic surfactant, and does not produce charges in water.
Therefore, Triton X-100 was used to disperse GSs for Zeta
potential measurements. Fig. Sc shows the Zeta potential of GS1,
GS2 and GS3. It is worth noting that all the GSs are negatively
charged, and the absolute value of Zeta potential is 0.7, 1.1 and
1.4mV for GS1, GS2 and GS3, respectively. Therefore, we suggest
that the electrostatic interaction plays an important role in the dye
adsorption in GSs. The more negative the charges GSs, the higher
the adsorption capacity and the faster athe dsorption rate
rhodamine B, since rhodamine B is positively charged (Fig. S77).

To reveal the reason behind the Zeta potential difference of
different GSs, we analyzed their surface properties based on XPS
measurements. Note that thiourea not only reduced the GO
sheets, but also created some N- and S-containing functional
groups such as amino and sulfonic acid (Fig. S3, S4 and Table
S271). Fig. 5d shows the O/C, N/C and S/C atomic ratio of
different GS samples. It can be found that the O/C ratio
decreases and the N/C and S/C ratio increases at the same time,
when more thiourea is used (Fig. 5d and Table S2+). This means
that more C-O bonds were broken with oxygen removed, and
more N- and S-containing functional groups were formed. These
newly formed functional groups also make the graphene sheets
negatively charged because of the charge transfer, so the GS3
sample is more negatively charged than GS1 and GS2. These
results indicate that the charge condition on the surface of GSs
can be tuned by chemical modification.

Another thing we need to point out is that methyl orange in
water can also be absorbed by negatively charged GSs (Fig. S87)
even though it is negatively charged (Fig. S7t). This result indi-
cates that the van der Waals interaction is another cause for the
dye adsorption. For both the electrostatic interaction adsorption
and the van der Waals interaction adsorption, the specific surface
area of the sponge plays an important role in its adsorption
capacity since the sponge with a higher surface area has more
charges and surface for dye adsorption. We compared the
rhodamine B absorption performance of GSs with similar Zeta
potential but a different specific surface area. As expected, the
larger the specific surface area, the larger the adsorption capacity
(Table S47). Different from the commonly used carbon materials
for dye adsorption, our GSs not only have a rich pore structure
and a high specific surface area but also have many charges on
their surface. Therefore, they show superior adsorption perfor-
mance to many other materials, as shown in Table S31. We believe
that the adsorption performance of GSs can be further tuned and
improved by structure design and suitable surface modification.

Various oils and organics absorption and desorption in GSs

Besides dyes, we also demonstrated the use of GSs for adsorption
of various oils and many other organics. The GSs used were
prepared by using a low concentration of GO solution (GS4, see
Table S1t). Here, adsorption capacity (Q) was used to evaluate
the adsorption performance of GSs, which is defined by the
weight ratio of the adsorbed organics to the pristine GSs. It can
be found from Fig. 6a that organics with higher density have
larger Q. Among all the investigated organics, chloroform shows
the largest Q of 154 g g~'. We also compared the oil adsorption
capacity of GSs with many other materials,”** including CNT
sponge, polyurethane sponge, loofah skeleton, degreasing
cotton, activated carbon, polyester sponge and nanowires
(Fig. 6b). The data show that the adsorption capacity of GSs for
diesel oil is comparable to that of CNT sponge and much higher
than those of other materials. Compared to the CNT sponges
prepared by high-temperature chemical vapor deposition, our
GSs prepared by hydrothermal treatment have the advantages of
a low cost and easily tuned structure and surface properties. The
GSs can also be used to absorb the diesel oil floating on the
water. Note that 2 g of diesel oil on water can be absorbed by GSs
in 10 s (Fig. 6¢c—¢). Moreover, it is worth noting that the adsorbed
oil and other organic solvents can be easily removed by burning
in air without destroying the sponge structure (Fig. 7). The
repeatedly used GSs also show very good cycling performance
for the adsorption of diesel oil and ethanol (Fig. S127).

We also found that GSI, GS2 and GS3 show almost no
difference in the adsorption capacity for diesel oil (GS1: 81 gg™!,
GS2: 84 g g7', and GS3: 84 g g~!). This means that the
adsorption capacity of GSs for diesel oil does not depend on the
quantity of the charges on the GSs surface, which is different
from the adsorption of dyes. Note that the GSs with a specific
surface area of 399 m* g~' shows a diesel oil adsorption capacity
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Fig. 6 Adsorption of GSs for various organics. (a) Adsorption capacity
(Q) of GSs for oils and many other organics. (b) Diesel oil adsorption
capacity of GSs and many other materials,"”** including CNT sponge,
polyurethane sponge, loofah skeleton, degreasing cotton, activated
carbon, polyester sponge and nanowires. (c)—(e) Illustration of the
adsorption of GSs for diesel oil. (c) A drop of diesel oil on water. (d) and
(e) A GSs in the diesel oil solution (d) at the beginning and (e) for 10 s.
Note that the diesel oil was absorbed by the GSs after 10 s.
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Fig.7 Removal of ethanol in GSs by burning for repeated use. (a) A GS
after full adsorption of ethanol. (b)-(d) Burning of the ethanol in GS (b)
at the beginning, (c) for 30 s, and (d) for 60 s. Note that the ethanol was
burnt completely after 60 s, and the structure of the GS was not
destroyed.

of about 129 g g~!, which is much larger than that (84 g g Hofa
sponge with a specific surface area of 150 m? g~!. Therefore, we
consider that the adsorption of GSs for oils is mainly based on
van der Waals interactions, and is strongly related to the specific
surface area of the GSs.

Conclusions

We have modified GO sheets and assembled them into GSs by
the hydrothermal treatment with the assistance of thiourea.
These GSs show a tunable pore structure and surface properties,
and are mechanically strong. They show high adsorption ability
for various water contaminations such as dyes, oils and many
other organic solvents. The GSs can also be repeatedly used
without obvious structure and performance degradation. Addi-
tionally, we studied the relationship between the structure and
contamination adsorption performance of GSs. It was found
that the dye adsorption performance of GSs strongly depends on
their surface charge concentrations and specific surface area, but
the oil adsorption capacity is mainly related to their specific
surface area, indicating the different adsorption mechanism.
These findings open up many possibilities for the use of graphene
in water cleaning, including disinfection, decontamination, re-
use, reclamation and desalination.
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