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Abstract Three-dimensional reduced-graphene oxide (3-D RGO) hydrogel was
synthesized by hydrothermal method from graphene oxide, de-ionized water, and
oxalic acid dehydrate. The porous and low-density 3-D RGO aerogel was prepared
after the RGO hydrogel was freeze-dried. The application of the 3-D RGO aerogel
as an adsorbent for the removal of the inorganic ions, mercury(Il) cation (Hg>"),
and fluoride anions (F7), from aqueous solutions was investigated. The results
revealed that the 3-D RGO aerogel showed excellent removal capabilities for Hg>"
and F~. The adsorption data could be well described by the pseudo-second-order
model, and the adsorption isotherms followed the Langmuir model better than the
Freundlich model. The maximum adsorption capability of Hg** and F~ approached
185 and 31.3 mg g~ !, respectively, indicating that the 3-D RGO aerogel is a very
suitable material for environmental pollution management.
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Introduction

With fast development of industry, wastewater from various industries such as metal
finishing, electroplating, plastics, and mining, containing several harmful ions of
health and environmental concern such as mercury [l], cadmium, copper,
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chromium, zinc, nickel [2], fluoride [3], arsenic [4], and other ions, have been
discharged in environment with an increasing amount.

Mercury is a leading concern among the toxic heavy metals because of its
volatility, persistence, bioaccumulation in the environment, and its neurological
health impacts [5]. Though fluorine is a trace element necessary for human teeth and
skeleton, a number of diseases, such as fluorosis of bone and cancer [6], are caused
by ingestion of water contaminated with excess fluoride. Therefore, mercury and
fluorine pollution has aroused global concern, and the removal of mercury and
fluorine ions from water environment has become an urgent need to meet.

To alleviate the problem of water pollution by the harmful ions in the
environment, various methods have been used to remove the ions from wastewater,
such as electrocoagulation [7-9] and flocculation [10], adsorption [11], ion
exchange [12], reverse osmosis [13], and electrodialysis [14].

Among the methods, the adsorption method is a promising technology. The
major advantages of the adsorption technique are its low cost, simplicity of
operation, low generation of residues, and recycling of the adsorbent [15]. Recently,
many new adsorbents have been developed which show promise in treating waste
water [16, 17]. Graphene, as one of novel carbon materials, is a versatile material
with unique electronic, mechanical, optical, thermal, magnetic, and biocompatibility
properties [18-30]. Because of high specific surface area, graphene is an excellent
adsorbent for organic [15] and inorganic pollutants [31-34].

In this paper, three-dimensional self-assembled reduced-graphene oxide (3-D
RGO) hydrogel [35] and aerogel [36] were prepared, and the adsorption abilities of
the 3-D RGO aerogel for Hg*" and F~ ions in water were also investigated.

Experimental
Materials

Graphite powder, 325 mesh, 99.8 % (metals basis) was purchased from Alfa Aesar.
Sodium nitrate (NaNO3), potassium permanganate (KMnQy,), concentrated sulfuric
acid (98 % H,S0,), hydrogen peroxide (30 % H,0,), hydrochloric acid (HCI),
nitric acid (HNOj), sodium hydroxide (NaOH), oxalic acid dihydrate (OA),
mercuric nitrate (HgNO;), and sodium fluoride (NaF) were purchased from
Shanghai Chemical Reagents Company, and were used directly without further
purification. All the reagents were of analytical grade and used without further
purification. Ultra-pure water (18.25 MQ cm) was produced using a PSDK System
(PSDK-C, Beijing, China).

Preparation of graphite oxide (GO)
GO was prepared by oxidation of natural graphite powder (325 mesh) according to a
modified Hummers’ method [37]. Briefly, graphite (1.0 g) was added to concen-

trated sulfuric acid (46 ml) under stirring at room temperature for 12 h. Then,
sodium nitrate (1 g) was added, and the mixture was cooled to 0 °C. Under vigorous
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agitation, potassium permanganate (6.0 g) was added slowly to keep the temper-
ature of the suspension lower than 20 °C. Successively, the reaction system was
transferred to a 35 °C water bath for about 1 h, forming a thick paste. Then, 80 ml
of water was added, the reaction system was transferred to a 90 °C water bath for
about 1 h. An additional 200 ml of water was added and followed by a slow
addition of 6 ml of H,O, (30 %), turning the color of the solution from brown to
yellow. The mixture was filtered and washed with 1:10 HCI aqueous solution
(250 ml) to remove metal ions followed by repeated washing with water and
centrifugation to remove the acid until the pH value of supernatant became neutral.
The resulting solid was dispersed in water by ultrasonication for 1.5 h to make a GO
aqueous dispersion (15 mg ml™"). The obtained brown dispersion was then
subjected to 30 min of centrifugation at 4000 rpm to remove any aggregates.
Finally, it was purified by dialysis for 1 week to remove the remaining salt
impurities.

Synthesis of 3-D RGO hydrogel and aerogel

Fifty milligrams of OA was added into a 40-ml vial containing 20 ml 1.5 mg ml~"
GO aqueous solution with vigorous magnetic stirring for several minutes until
completely dissolved. The homogeneous GO aqueous dispersion was sealed in a
60-ml Teflon-lined autoclave and maintained at 140 or 180 °C for 2 h. Then the
autoclave was naturally cooled to room temperature and the as-prepared 3-D RGO
hydrogel cylinder was purified by dialysis for 3 days to remove the remaining OA
impurities. For aerogel preparation, the purified 3-D RGO hydrogel cylinder was
freeze-dried to remove absorbed water and became 3-D RGO aerogel cylinder.

Characterization

The structure and overall crystallinity in the aerogel powder were characterized
operated on an X-ray diffractometer (Y-2000, Dandong Radiative Instrument Group
Co. Ltd. Liaoning, PRC) with Cu-K, radiation. The powder morphology was
investigated through scanning electron microscopy on a field-emission SEM
(Sirion200, FEI Company, USA) operated at 5 kV voltage value. The rheology
properties were also studied by a mechanical testing machine (Instron-3369, Instron
Corporation, USA). The molecular structure of the products was detected with
Fourier transform infrared (FT-IR) spectra (Nexus-870, Nicolet Company, USA).
A Rex pH meter (PHB-4, Shanghai, China) was used for pH value detection.

Adsorption Kinetics experiments

HgNO5 and NaF powder were dissolved in ultra-pure water to prepare Hg>™ and F~
aqueous solution, respectively. Initial pH values of the Hg?" or F~ solutions in the
adsorption experiments were adjusted to 6.0, by adding HNO3 or NaOH aqueous
solution.

One hundred milliliters of Hg®" or F~ aqueous solution mixed with an
appropriate amount of sorbent (3-D RGO aerogel) was stirred by an electromagnetic
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agitator with a speed of 800 round per minute in a sealed plastic flask at 25 °C. The
mixtures of the sorbent and Hg®" or F~ solution were separated by filtration for
sampling at defined intervals.

The concentrations of Hg*" and F~ ions were determined by inductively coupled
plasma atomic emission spectrometry (ICPS-7000; Shimadzu Corp. Japan) and
fluoride ions selective electrode (FO01502; Van London-pHoenix Corp. USA),
respectively.

Adsorption isotherms experiments

One hundred milliliters of Hg>™ or F~ aqueous solution mixed with 20 mg sorbent
(3-D RGO aerogel) was shaken by an oscillator in a sealed plastic flask at 25 °C for
24 h. The pH condition was the same as the kinetic experiments. The initial and
final concentrations of Hg>™ or F~ were detected as mentioned above.

Adsorption thermodynamics experiments

One hundred milliliters of Hg”" or F~ aqueous solution mixed with 20 mg sorbent
(3-D RGO aerogel) was shaken by an oscillator in a sealed plastic flask at 298, 308,
and 318 K for 24 h. Other experiment conditions were the same as mentioned
above.

Regeneration experiments
The first round of adsorption and desorption:

Adsorption: the initial dosages of adsorbent (3-D RGO aerogel) were 100 mg in
100 ml aqueous solution; 10 ppm Hg*" or 5 ppm F~ aqueous solution mixed
with sorbent (RGO aerogel) was shaken by an oscillator in a sealed plastic flask at
25 °C for 24 h. The pH condition was the same as above. The concentrations of
Hg*"or F~ were detected as mentioned above.

Desorption: the adsorbent was then filtered by suction filtration and cleaned with
500 ml of ultra-pure water; 100 ml 0.2 M HNO; (for Hg*" desorption) or 0.2 M
NaOH aqueous solution (for F~ desorption) mixed with the 3-D RGO aerogel
filter cake was stirred by an electromagnetic agitator in a sealed plastic flask for
adsorbent regeneration at 25 °C for 24 h. The adsorbent was filtered again by
suction filtration and cleaned with enough ultra-pure water until the pH value of
filtrate became neutral. The filter cake would be freeze-dried to remove absorbed
water and used as the adsorbent in the second round of adsorption and desorption.

The second, third, fourth, and fifth round of adsorption and desorption were
carried out like the first round.
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Results and discussion
Process optimization for lower density of RGO aerogel

The reduction of GO by reducing agents, such as L-ascorbic acid, NaHSO3, Na,S
and sodium ascorbate, in aqueous suspensions under mild conditions could result in
the formation of three-dimensional (3-D) RGO hydrogel [38]. In this work, OA was
used as a reducing agent. When heated, OA decomposed, liberating carbon dioxide
gas. The gas embedded in the 3-D RGO hydrogel, and made the hydrogel full of
porosity. The hydrogel can float on the water’s surface because of the buoyancy of
the gas bubbles embedded in it. The more pores embed in the hydrogel implied a
lower density and a higher specific surface area of 3-D RGO aerogel made by
freeze-dried method. Temperature is the key parameter for controlling the structure
of the 3-D RGO hydrogel during the processing, since it plays an important role of
reduction speed as well as adjusting working-temperature value. A series of
experiments with two values of temperature has been investigated. The results show
that 3-D RGO hydrogel has been obtained at the temperature 140 and 180 °C for
2 h. Figure 1 shows the top-view and side-view images of the 3-D RGO hydrogel
cylinders.

Two 3-D RGO hydrogel cylinders shown in Fig. la, b were obtained at
temperatures of 180 °C (left) and 140 °C (right), respectively. Although two
cylinders were made using the same quantity of GO, the volume of the right
cylinder is obviously larger than the left. This implies that there are more pores
embed in the right cylinder; after freeze-drying; the aerogel made from the right
would be more low-density. So the 3-D RGO hydrogel obtained at temperature of
140 °C was selected to be freeze-dried.

Characterization of 3-D RGO aerogel

After freeze drying, the 3-D RGO hydrogel cylinder became 3-D RGO aerogel
cylinder. Figure 2 shows top-view (a) and side-view (b) photographs and cross-

Fig. 1 Top-view (a) and side-view (b) images of 3-D RGO hydrogel cylinders obtained at temperatures
of 180 °C (left cylinder), 140 °C (right cylinder) for 2 h
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Fig. 2 Top-view (a) and side-view (b) photographs and cross-section SEM image (c) of the as-prepared
3-D RGO aerogel

section SEM image (c) of the aerogel, which was made from the 3-D RGO hydrogel
reduced at 140 °C for 2 h. SEM image shows the aerogel is highly porous materials,
in which the sizes of the pores are about 1-2 pm. Because of the porous feature, the
aerogel cylinder is ultralight, and its apparent density was about 7.6 mg cm ™.

The rheology properties of the as-prepared 3-D RGO aerogel cylinder were also
studied. Figure 3 shows the axial compression tests’ curve of the 3-D RGO aerogel
cylinder. The curve shows an approximate linear region at longitudinal strain
<70 %. The elastic modulus and yield stress of the 3-D RGO aerogel were
measured to be about 0.00197 MPa and 1.38 kPa, respectively. When the
longitudinal strain is >80 %, the 3-D RGO aerogel cylinder was yielded, and
origin length cannot be recovered after stress withdrawing.

Figure 4 shows the X-ray diffraction (XRD) pattern of the as-prepared RGO
aerogel after reduction at 140 °C for 2 h. If the background were deducted, all peeks
would be very weak. The main diffraction peak at about 23° is very wide, indicating
that the RGO aerogel is amorphous. The peaks appearing at 26° and 43° correspond
to (002) and (100) diffractions of graphite, indicating the reformation of graphitic

Fig. 3 Compressive stress—
strain curve of 3-D RGO aerogel < 008+
o
=3
@ 006
o i
w |
.02> 0.04
7}
173
2
& 0024
IS
o
O
0.00

0.0 01 02 03 04 05 06 07 08 0.9
Compressive strain (%)

@ Springer



Removal of mercury and fluoride from aqueous solutions by... 4519

3500

30004

25004

Intensity (a.u.)

2000+

1500
Aot

10 20 30 40 50 60
2Theta (deg)

Fig. 4 XRD pattern of 3-D RGO aerogel

microcrystals on the graphene plane due to the chemical reduction of graphene
oxide [38].

Figure 5 shows the FT-IR spectrum of GO and 3-D RGO aerogel. The band at
3400 cm ™' is attributed to the O—-H stretching vibrations arising from hydroxyl
groups in GO and RGO aerogel and water adsorbed on the 3-D RGO sheets; the
absorption band at 1720 cm ™" is the characteristic band of C=O groups in carbonyl
and carboxyl moieties; the band at 1220 cem s assigned to the C—OH bonds [15].
In Fig. 5, all 3-D RGO aerogel adsorption bands mentioned above are weaker than
GO, showing the GO has been reduced enough. On the other hand, the remaining
hydroxyl groups on the 3-D RGO sheets can be the active centers for adsorption of
pollutant ions in water according to the surface complexation model [39].
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Adsorption properties
Kinetics of Hg*" ions adsorption

The starting concentration of Hg*" solution was 30.79 mg 1~'; the initial dosages of
adsorbent (3-D RGO aerogel) were 20 mg in 100 ml solution. The adsorption
kinetics of the adsorbent was determined by detecting the decrease in initial Hg>"
concentration. Figure 6a shows the kinetics of Hg>" adsorption on the adsorbent in
water.

The adsorption kinetics data were analyzed using pseudo-first-order and pseudo-
second-order kinetic modes that were based on the assumptions that diffusion and
chemisorption were the rate-determining steps, respectively [40]. The pseudo-first-
order kinetic mode [41] can be described by Eq. (1):

0=0:(1—e) (1)
The pseudo-second-order kinetic mode [41] can be described by Eq. (2):
kOt
0=— @)

14k Qet

where k;j, k, is the rate constant, and Q. and Q are Hg®" adsorption capacity at
equilibrium and time (t), respectively. The experiment points are given in Fig. 6a.
According to the two modes, after nonlinear least-square fitting of the experiment
points, the fitting curves are also plotted in Fig. 6a and the fitting parameters Q., ki,
ko, and R? (coefficient of determination) are displayed in Tables 1 and 2.

Kinetics of F~ adsorption

The starting concentration of F~ solution was 2.0 mg 1™'; the initial dosages of
adsorbent (3D-RGO aerogel) were 15 mg in 100 ml solution. The adsorption
kinetics of the 3-D RGO aerogel was determined by detecting the decrease in initial
F~ concentration. Figure 6b shows the experiment points of F~ adsorption on the
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Fig. 6 Adsorption kinetics: a Hg?" and b F~. pH 6.0; 25 °C
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Table 1 Rate constants and 1

_ . 2
correlation coefficients of the Adsorbate Q. (mg g™) Ky (min"") R
pseudo-first-order kinetic modes He®* 107 0.0853 0.668

F 3.30 0.0189 0.817
Table 2 Rate constants and 1 1. 1 5
correlation coefficients of the Adsorbate Q. (mg g™) ky (g mg~ min~ ") R
pseudo-second-order kinetic He®* 116 0.000874 0.797
modes

F 3.59 0.00858 0.866

3-D RGO aerogel in water. The fitting curves and parameters of adsorption kinetics
are also obtained by the same computing methods as mentioned above (Fig. 6b).

Whether Hg®" or F~ ions adsorption on the 3-D RGO aerogel in water, the
pseudo-second-order kinetic mode’s determination coefficient is obviously larger
than the pseudo-first-order’s (Tables 1, 2), which implies that adsorption follows the
pseudo-second-order better than the pseudo-first-order kinetic mode.

According to Fig. 6 and Tables 1 and 2, it is apparent that the adsorption capacity
of Hg*" on the 3-D RGO aerogel was better than that of F~.

Determination of adsorption isotherms

Langmuir and Freundlich adsorption isotherm models are used to determine the
mechanistic parameters associated with Hg?" and F~ adsorption [42, 43].

The Langmuir-type isotherm is indicative of chemisorption and a relatively high
affinity between adsorbate and the adsorbent; the Langmuir isotherm model is
suitable for single-layer adsorption onto a surface with a finite number of identical
sites and uniform energies of adsorption with no transmigration of adsorbate in the
plane of the surface [15]. The model is represented by Eq. (3):

1 1 L 1

Qe QmaxKCe Qmax
where C. is the equilibrium concentration of the adsorbate (mg 1™, Q. is the
equilibrium absorption capacity of adsorbate (mg g_l), Qmax and K are Langmuir
characteristic constants, indicating maximum adsorption capacity (mg g~ ') and the
energy of adsorption (L mg™'), respectively.

The Freundlich-type model is used when the adsorption process is assumed to
take place on a heterogeneous surface that varies with surface coverage [3]. The
Freundlich isotherm is represented by Eq. (4):

InQe = Ink+ (1/n)InC. (4)

3)

where k and 1/n are the Freundlich characteristic constants, which indicate that the
adsorption capacity and adsorption intensity. C, and Q. in Eq. (4) are the same as

Eq. (3).
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The isotherms of Hg?" adsorption on RGO aerogel, which describe the
relationship between the equilibrium absorption capacity of adsorbate (Q., mg g~ ")
and the equilibrium concentration of adsorbate in the bulk solution (C,, mg 1™ at
25 °C, were studied here. The isotherm data of Hg*" adsorption on the 3-D RGO
aerogel in water are shown in Fig. 7. The experimental adsorption isotherms are
shown in Fig. 7a. According to Egs. (3) and (4), the plots of 1/Q. versus 1/C,. and
InQ, versus InC, are given in Fig. 7b, c. After linear regression in Fig. 7b, the
obtained Langmuir-type adsorption isotherm parameters Q,,.x, K, and coefficient of
determination (R?) are displayed in Table 3. The Langmuir-type linear regression
coefficient of determination (R? = 0.992), which is very close to 1, proving that
Hg”" adsorption on the 3-D RGO aerogel surface follows the Langmuir model very
well. In order to compare with Langmuir-type models, Freundlich adsorption
isotherm parameters k, n, and R* are also obtained by linear regression in Fig. 7c
and listed in Table 3. The Freundlich linear regression coefficient of determination
(R* = 0.924) is obviously less than the Langmuir-type (R? = 0.992), proving that
Hg”" adsorption on 3-D RGO aerogel surface follows the Langmuir model better by
far than Freundlich.

The isotherm data of F~ adsorption on the 3-D RGO aerogel in water are shown
in Fig. 8. The experimental adsorption isotherm is shown in Fig. 8a. The plots of
1/Q. versus 1/C. and InQ, versus InC, are given in Fig. 8b, c. The F~ adsorption
constants and R? calculated using the two models are also listed in Table 3.
According to the coefficient of determination (R?), it is shown that the Langmuir
model describes F~ adsorption on the 3-D RGO aerogel better than Freundlich
model.
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Fig. 7 Isotherms of Hg2+ adsorption on 3-D RGO aerogel: a Q. versus C., b 1/Q. versus 1/C,, and
¢ InQ. versus InC.. pH 6.0; 25 °C

Table 3 Coefficients of

determination and isotherm Isotherm type Isotherm constants Hg2+ F
o M g Qo )
K (L mg™") 0.684 0.0786
R? 0.992 0.988
Freundlich k (mg g~ '(mg L™~ ") 123 3.12
n 11.0 1.92
R? 0.924 0.977
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Fig. 8 Isotherms of F~ adsorption on 3-D RGO aerogel: a Q. versus C., b 1/Q. versus 1/C, and ¢ InQ,.
versus InC,. pH 6.0; 25 °C

The max value Qua of Hg?™ ions adsorption on the 3-D RGO aerogel is
185 mg g~'. For comparison, the Q. values of Hg*" ions on other adsorbents are
listed in Table 4. It can be seen that the 3-D RGO aerogel has much higher
adsorption capacities than many other adsorbents. The high adsorption capacities
suggest that 3-D RGO aerogel is a potential adsorbent for the removal of Hg>" ions
form wastewater.

The max value Q. of F~ ions adsorption on the 3-D RGO aerogel is
31.3 mg gfl. For comparison, the Q,.x values of F~ ions on other adsorbents are
listed in Table 5. It can also be seen that the 3-D RGO aerogel has much higher
adsorption capacities than many other adsorbents. This indicates that 3-D RGO
aerogel is a promising adsorbent for F~ ions’ removal form water.

Adsorption thermodynamics

The thermodynamic parameters for Hg2+ ions adsorption on the 3-D RGO aerogel
can be calculated from the temperature-dependent adsorption isotherms [60]. It is
used to define whether the process is endothermic or exothermic and spontaneous.
The effect of temperature on Hg>" ions adsorption onto the 3-D RGO aerogel at pH
6.0 is given in Fig. 9a. Adsorption capacity is lowest at T = 318 K and highest at

Table 4 The comparison Hg>" ions adsorption capacities for various adsorbents

Adsorbent Experimental condition Langmuir equation References
Qumax (Mg g71)
pH T (K)
Filtrasorb 400 6 298 62.11 [44]
Rice husk ash 5.82 288 9.32 [45]
Chitosan spheres 6 298 13.5 [46]
Xanthi-Udic ferralosols 7 298 0.4167 [47]
CoFe,0,4-1GO 4.6 298 157.9 [48]
Fe;04 5 308 51.5 [49]
TiO, 8 303 166.7 [50]
Magnetic CSTU 5 303 135 [51]
3-D RGO aerogel 6.0 298 185 This study
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Table 5 The comparison F~ ions adsorption capacities for various adsorbents

Adsorbent Experimental condition Langmuir equation References
Quax (Mg g71)
pH T (K)

Protonated cross-linked chitosan particles 7.0 293 8.10 [52]
Granular ferric hydroxide 6.0-7.0 298 7.0 [53]
Manganese-oxide-coated alumina 7.0 £0.2 303 £2 2.851 [54]
Magnesia-loaded fly ash cenospheres 3.0 318 6.0 [55]
Alginate-oxalic acid-zirconium Neutral 303 9.372 [56]
Hydroxyapatite 7.0 298 16.38 [57]
Charcoal 690 £0.10 298 £2 3.77 [58]
Chemically modified bentonite clay 7 303 +2 4.24 [59]

3-D RGO aerogel 6.0 298 31.3 This study

170 1 6.5
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Fig. 9 The thermodynamics of Hg”>" adsorption on 3-D RGO aerogel: a Q. versus C at 298, 308, and
318 K, b InKj versus C, and ¢ InK° versus 1/T. pH 6.0

T = 298 K, which shows that Hg*" ions adsorption on the 3-D RGO aerogel is
promoted at lower temperature. The standard free energy change (AG’) can be
calculated from the following Eq. (5):

AG® = —RTInK° (5)

where R is the universal gas constant (8.314 J mol~' K™'), T is the temperature in
Kelvin. K° is the adsorption equilibrium constant. Values of InK® are obtained by
plotting InKy (distribution coefficient) versus C. (Fig. 9b) and extrapolating C, to
zero [61].

The standard enthalpy change (AH®) and the standard entropy (ASY) are then
calculated from the linear plot of InK® versus 1/T for Hg*" ions adsorption on the
3-D RGO aerogel in the following Eq. (6):

0
InK® = g _AH (6)
R RT

Linear plot of InK° versus 1/T for the adsorption of Hg*" ions on the 3-D RGO
aerogel at 298, 318, and 338 K was give (Fig. 9c). Table 6 shows the obtained
thermodynamic parameters of Hg>" ion adsorption on the 3-D RGO aerogel. From
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Table 6 Thermodynamic
parameters of Hg?" and F~ ion
adsorption on the 3-D RGO

Ions T (K) AH® (kI mol™") AS® I mol™!) AG® (kJ mol™)

aerogel 298 —20.53 —15.37 —15.95
Hg>™ 308 —15.80

318 —15.65

298 —16.51

F~ 308 13.92 102.9 —17.48

318 —18.45

Table 6 it can be found that the entropy change, AS, the enthalpy change, AH, and
the standard free energy change, AGY at 298, 318, and 338 K, respectively. The
negative AH® value suggests that Hg>" ion adsorption on the surface of the 3-D
RGO aerogel is an exothermal process, which is favorable for Hg*" ions adsorption
on the 3-D RGO aerogel. Negative AG? value indicates that the adsorption of Hg*"
ions on the 3-D RGO aerogel is a spontaneous process.

The effect of temperature on F~ ions adsorption onto the 3-D RGO aerogel at pH
6.0 is given in Fig. 10a. The thermodynamic parameters of F~ ion adsorption onto
the 3-D RGO aerogel at pH 6.0 was obtained using a similar method mentioned
above (Fig. 10b, c). Table 6 also shows the obtained thermodynamic parameters of
F~ ions adsorption on the 3-D RGO aerogel in water. The positive AH? value shows
that F~ ion adsorption on the surface of the 3-D RGO aerogel is an endothermic
process. A negative AG® value indicates that the adsorption of F~ ions on the 3-D
RGO aerogel is also a spontaneous process.

Regeneration properties

In order to evaluate the reversibility of Hg*" and F~ ion adsorption on the 3-D RGO
aerogel, regeneration properties were also determined. The relationship between
Hg”" and F~ ion removal rate and the rounds of the 3-D RGO aerogel’s use is
shown in Fig. 11.

According to Fig. 11, the Hg*>" and F~ ion removal rates of the first-round
adsorption were best, where the removal rates were 66 and 45 %, respectively.
When the round increased, removal rates decreased slightly. At the 5th round, Hg*"

72

- 318K
® 308K
A 298K

7.0

—@—308K
5 —A—298K 6.8
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Fig. 10 Thermodynamics of F~ adsorption on 3-D RGO aerogel: a Q. versus C, at 298, 308, 318 K,
b InKy versus C,, and ¢ InK® versus 1/T. pH 6.0
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Fig. 11 Relationship between Hg>™ and F~ ion removal rate versus the use round of adsorbent

and F~ ion removal rates remained 54 and 35 %, respectively. Figure 11 shows
promising regeneration properties of Hg*" and F~ ions adsorption on the 3-D RGO
aerogel in water.

Adsorption mechanism

The FT-IR spectra of 3-D RGO aerogel is shown in Fig. 5. The peaks at 1220 and
3400 cm ™' indicate that there are plenty of hydroxyl groups linked with carbon
atoms on graphene plain in the aerogel. The groups could be the center of Hg>" ion
adsorption [39]. The adsorption of Hg*" ions on 3-D RGO aerogel is governed by
the cation exchange reaction of Hg>" ions on the RGO surface [60]. The reaction
can be described as shown in Fig. 12.

According to Le. Chatelier’s principle, at low pH, 3-D RGO aerogel binds to
Hg*" ions more difficultly than at high pH. This hypothesis was supported by the

1. -~

Graphene + ngJr Graphene \Hg + 2H*

plane plane

e v

Fig. 12 Diagram of Hg”" ion adsorption on 3-D RGO aerogel sorbent
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fact that aerogel saturated by Hg®" ions could be regenerated by strong acid
aqueous solution.

Delocalized n electrons (—Cm) are known to be largely responsible for the
basicity of the carbon atoms on the graphene plane in 3-D RGO aerogel because the
following equilibrium (formula (7)) is established in aqueous solution [44].

—Cr + 2H20 - 7CTC*H3O+ + OH™ (7)

Thus, it can be proposed that —Cn—H;0" could attract F~ ions via electro-
static force for F~ adsorption to take place. The reaction can be described in
formula (8).

—Cn'—H3O+ +F = —Cn—H3;0F (8)

This mechanism was also supported by the fact that aerogel saturated could be
regenerated by strong base aqueous solution according to Le. Chatelier’s principle.

Conclusions

Three-dimensional (3-D) reduced-graphene oxide (RGO) hydrogel was synthesized
in a Teflon-lined autoclave by the reduction of graphene oxide using oxalic acid
dihydrate. The porous and low-density 3-D RGO aerogel was prepared after the as-
prepared RGO hydrogel was freeze-dried to remove absorbed water. The
application of the 3-D RGO aerogel as an adsorbent for the removal of the
inorganic ions, Hg*" and F~, from aqueous solutions was investigated. The 3-D
RGO aerogel showed excellent removal capabilities and speed for Hg?* and F~.
Hg”>" and F~ captured by the 3-D RGO aerogel follow the pseudo-second-order
kinetic mode very well. Hg*t and F~ adsorption on the 3-D RGO aerogel surface
follows the Langmuir model better than the Freundlich model. The maximum
adsorption capability for Hg?" and F~ approached 185 and 31.3 mgg ',
respectively, indicating that the 3-D RGO aerogel is a very suitable material for
environmental pollution management.
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