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Abstract In our research, thiolated reduced graphene
oxide aerogels (TrGOAs) was successfully prepared by
using graphene oxide (GO) as precursor and sodium
hydrosulfide (NaSH) as reductant via a one-pot one-step
hydrothermal route under normal pressure and a subse-
quent freeze-drying, used as a novel carbon-based adsorp-
tive material for adsorbing Cu(Il) ions from deionized
water. These aerogels show excellent adsorption ability
towards Cu(II) ions, which have a huge adsorption amount
around 421.21 mg-g . We studied the mechanism of the
adsorption process of TrGOA-5, and the results found that
the pseudo-second-order kinetic model and the Freundlich
isotherm model were able to describe this process well. We
also explored the interference of pH values in copper ion
solutions during this adsorption process, suggesting that
increasing pH is good for obtaining a higher adsorption
capacity. In addition, solid-liquid separation can be readily
realized by filtration and centrifugation after the end of the
adsorption experiment. Overall, this research offers a rela-
tively simple and cut-price strategy to obtain thiolated
reduced graphene oxide aerogels, and these novel
graphene-based adsorbents have a superior adsorption
ability and recyclability in segregating copper ions from
polluted water.
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1 Introduction

A large amount of metals are introduced into the aquatic
system and cause water pollution mainly because of
human activities such as overexploitation and process-
ing of mineral resources and the massive use of chem-
ical fertilizers and pesticides. The most common heavy
metal contaminants are copper, mercury, lead, chromi-
um, cadmium, zinc, and tin (Shen et al. 2013; Zhao et al.
2013). Among them, copper is one of the major toxic
metal contaminants ions emanating from mining, chem-
ical and mechanical polishing, metal finishing, and es-
pecially electroplating industries. Excess copper ions in
surface water and groundwater are very detrimental to
the biological health of nature. In the case of very low
copper ion concentration, the toxicity of the aqueous
solution is still relatively large, so it is necessary to
reduce the concentration of copper ions in the wastewa-
ter before it can be discharged into the uncontaminated
water (Dong et al. 2015; Al-Saydeh et al. 2017).

Up to now, lots of investigators have dedicated to
purify the contaminated water containing heavy metal
ions, and a variety of corresponding wastewater treat-
ment methods such as adsorption (Zhao et al. 2015a),
ion exchange (Alyuz and Veli 2009), flocculation
(Liang et al. 2014), and chemical precipitation
(Sommella et al. 2015) have been developed to purify
the wastewater. As far as we know, the separation of
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heavy metal pollutants from contaminated water by
adsorption method has been extensively studied, which
attributed to its extensive practicality, small equipment
footprint, and comparable low investment costs and so
forth (Liu et al. 2016). Accordingly, already multiple
adsorbents such as activated carbon (Kobya 2004), ze-
olite (Biskup and Suboti¢ 2005), and carbonaceous ma-
terials (Sun et al. 2013) have been prepared for treating
heavy metal pollutants.

Graphene and its derivatives are a new kind of carbon-
based materials that are expected to be ideal nanosorbents
for removing toxic transition metal ions. These
nanosorbents are of great value for the treatment of heavy
metal ions because of their outstanding mechanical
strength, huge surface area, and excellent chemical prop-
erties (Yanwu et al. 2011; Li and Kaner 2008; Fan et al.
2010). However, due to the intermolecular forces such as
-7t stacking between these two-dimensional (2D) mate-
rials, it is easy to agglomerate and significantly impairs
their adsorption performance. Graphene-based adsor-
bents also have secondary pollution problems during
the separation process in practical applications
(Chowdhury and Balasubramanian 2014). In a certain
way, the 2D crystalline graphene sheets can be connected
to each other and assembled in layers to obtain the 3D
interconnected porous structure, which has been signifi-
cantly mitigated this problem. 3D graphene-based
aerogels with highly interconnected porous, tunable pore
size, and low density have a broader application prospect
in heavy metals removal. Importantly, the 3D graphene-
based aerogels have a certain degree of hydrophobicity
due to the reduction of most polar groups, thus ensuring
easy separation of solid and liquid after the adsorption
process. Wu et al. reported a 3D-SRGO aerogel that was
prepared by adding uniformly dispersed aqueous solu-
tions of rGO aerogel to diazonium salt solutions, which
was applied to cadmium removal from wastewater. Its
maximum adsorption capacity for cadmium ion calculat-
ed by Langmuir equation was up to 234.8 mg-g ' (Wu
et al. 2015).

Although 3D graphene-based aerogel adsorbents
have displayed the advantages of treating wastewater
containing heavy metal ions, a higher adsorption perfor-
mance level is still needed to handle the increasing surge
of metal ion from wastewater. Thiol and its derivatives
belong to Lewis bases and thus can form stable coordi-
nation covalent bonds with Lewis acids like some key
heavy metal ions. Therefore, the introduction of thiol
functional groups into materials can greatly improve its
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adsorption capacity of transition metal ions and avoid
the re-dissolution of the absorbed heavy metal ions into
the purified water as much as possible, thereby render-
ing it a superior adsorbent for toxic metal removal
(Mukherjee et al. 2016; Ding et al. 2014; Xia et al.
2017). Zhao et al. obtained S-doped graphene sponge
fabricated by hydrothermal treatment of a mixed aque-
ous solution of graphene oxide and L-cystine; this
sponge has a great adsorbability of 228 mg-g™' capacity
towards copper ion (Zhao et al. 2015b). A. Santhana
Krishna Kumar et al. synthesized thiol-functionalized
GO by drying a mixture of graphene oxide and
mercaptobenzothiazole (MBT), the equilibrium adsorp-
tion data of the adsorbed mercury ions by this material
match well with the Langmuir model, and the corre-
sponding adsorption amount was 107.52 mg-g '
(Krishna Kumar et al. 2016). Liu et al. fabricated thiol-
functionalized magnetic graphene thanks to the (3-
mercaptopropyl)trimethoxysilane (MPTES). The M-
Fe;04-GO composite as an adsorbent showed a huge
adsorption amount for cadmium ion of 125.00 mg-g '
(Liu et al. 2015).

However, these methods are not entirely satisfactory
for the preparation of various thiol-functionalized com-
posite, as extra regents are used and multiple preparation
routes are needed. In view of the above, it is highly
required to seek cheaper and more effective technique to
prepare thiol-functionalized materials. Pham et al. has
proposed a direct synthesis method for thiol-
functionalized reduced graphene oxide by heating GO
and P4S;o in DMF solution (Pham et al. 2013). But
P4S;g is a combustible solid and easily ignited by heat,
friction, or when in contact with acid, water, or moist air.
Choi et al. reported that NaSH is used as a reduction and
thiolating reagent to prepare a metal-decorated graphene
oxide catalyst (GOSH-Ag), which was applied to decar-
boxylation cycloaddition reaction (Kim et al. 2012).
Inspired by these works, we present a novel strategy to
fabricate thiolated reduced graphene oxide aerogels
(TrGOAs) by chemical reduction self-assembly using
graphene oxide as precursors. The entire synthesis pro-
cess is carried out in deionized water under normal
pressure with the advantage of being very low cost, mild
synthesis conditions, and facile preparation routes. As a
reducing agent and SH-loaded modifier, NaSH can si-
multaneously achieve reduction and thiol-based modifi-
cation of oxidizing group on the GO skeleton. The rGO
sheets were then self-assembled to obtain a three-
dimensional (3D) macrostructure, which was finally
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freeze dried to obtain the target aerogel. Furthermore,
the adsorption mechanism of TrGOA on Cu(Il) ions was
analyzed by isotherms and kinetic tests, and we also
studied the interference of pH value of Cu(Il) ions
aqueous solution on adsorption capacities.

2 Experimental
2.1 Materials

GO powders were purchased from The Sixth Element
Materials Technology Co., Ltd. in Changzhou, China.
Sodium hydrosulfides were offered from Best-reagent
Co., Ltd. in Chengdu, China. Ammonium citrate tribasic
was supplied by Micxy Chemical Co., Ltd. in Chengdu,
China. Ethanol, hydrochloric acid (HCI), sodium hy-
droxide (NaOH), ammonium hydroxide (NH;-H,0),
ascorbic acid (L-aa), ammonium chloride (NH4CI),
Cu(N03)2'3H20, and
bis(cyclohexanone)oxalyldihydrazone (BCO) (analyti-
cal grade) were provided by Kelong Chemical Reagent
Co., Ltd. in Chengdu, China. The distilled water applied
in all tests was self-made.

2.2 Methods

2.2.1 Preparation of Thiolated Reduced Graphene
Oxide Aerogels (TrGOAs)

Typically, stable GO dispersion was obtained by adding
a known mass of graphite oxide powder in deionized
water (6 mg/mL) and then sonicating for 1 h. Then, a
fixed amount of NaSH aqueous solution was dissolved
in the solution (10 mL) containing GO in a 20-mL vial
and stirred for several minutes. Shortly thereafter, rGO
hydrogel can be acquired by heating the above mixture
at 65 °C for 7 h without stirring. The resulting hydrogel
was allowed to stand for a while and naturally cooled to
room temperature; it was then immersed with 200 mL of
solvent composed of water and ethanol with a fixed
volume ratio (4:1) for 2 days. In this period of time,
the ethanol aqueous solution was changed at regular
intervals. Finally, the TrGOA sample was obtained after
48 h of freeze-drying. Different initial mass ratios of GO
to NaSH (1/1, 1/3, and 1/5) were used, and these
thiolated reduced graphene oxide aerogels were desig-
nated as TrGOA-1, TrGOA-3, and TrGOA-5, respec-
tively. For comparison, the graphene aerogel was

prepared by the same procedures using sulfur-free
ascorbic acid.

2.2.2 Adsorption Experiments

A series of adsorption experiments of TrGOA-5 on
Cu(Il) ions were performed in deionized water, which
all following the same procedure: Firstly, put 7 mg of
target adsorbent into the conical flask containing a
known concentration of Cu®* solution (50 mL). There-
after, the mixture oscillated under the action of a con-
stant temperature bath oscillator (35 °C). At a certain
time, the adsorption mixture was filtered with 0.45-pm
filter membrane, followed by centrifugation at
12000 rpm for 3 min. Finally, supernatant would be
diluted to a certain multiple and tested for copper ions
concentration by spectrophotometry with BCO (Yang
et al. 2010).

The isotherm study for the adsorption process was
carried out by changing concentrations of Cu®* solu-
tions, and all kinetic experiments were conducted at
different adsorption time. In addition, in order to explore
the interference of pH values in copper ion solutions
during this adsorption process, the initial pH of each
Cu?* solution was changed by dropping an appropriate
amount of acid or alkali aqueous solutions. The amount
of Cu®* adsorbed by TrGOA-5 can be obtained by the
following equation:

g, = (CO_Ce)V (1)

m

where C, (mg'Lfl) and C, (mg~L71) stand for the initial
and equilibrium concentrations of Cu”* solutions, re-
spectively. V (mL) denotes the volume of Cu** solu-
tions, and m (mg) represents corresponding mass of
TrGOA samples.

2.2.3 Characterization

The functional groups and chemical bonds of GO and
TrGOA were analyzed by XPS (XSAMB800) with Al Ko
as the X-ray source. The results were fitted using the
XPSPeak 4.1 software. We studied the microscopic mor-
phology of the aerogels framework via a SEM micro-
scope (Quanta 250) at a 20 kV accelerating voltage. The
chemical compositions on samples skeleton were charac-
terized by FTIR spectroscopy (Nicolet iS50), ranging
from 4000 to 400 cm . The absorbance of all copper
ion aqueous solutions was monitored by using a UV-vis
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spectrophotometer (UV-2300, Hitachi), and the change
in the Cu®* concentrations was quantitatively analyzed.

3 Results and Discussion
3.1 Characterization of TrGOA

Detailed preparation procedure of the thiolated reduced
graphene oxide aerogel (TrGOA) with a regular cylindrical
geometry shown in Fig. 1 involved several typical steps.
According to the digital photos of the three aerogels
(Fig. 2), it is obviously that the volume of TrGOAs in-
creases when these aerogels were functionalized with in-
creasing amounts of NaSH. SEM was applied for further
understanding the effects of GO/NaSH mass ratios (1:1,
1:2, and 1:5) on the microscopic structure of corresponding
produced samples. Figure 3 shows the SEM pictures of the
three samples, respectively.

As can be clearly observed that after reduction by NaSH,
arbitrarily oriented, the GO flakes of the TrGOAs are as-
sembled to interpenetrate 3D network-like structures and
build lots of continuous microporous in the micrometer size
range (Hou et al. 2018). Furthermore, upon increasing the
content of NaSH, the pore sizes of these aerogels become
slightly larger, indicating that a looser porous structure can
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be obtained. Comparing with other two aerogels, the
TrGOA-5 sample possesses a more homogeneous pore
distribution, and rich macropores embed in the aerogel
imply a high specific surface area, which plays a vital role
in providing more binding sites for effective adsorption
(Han et al. 2014), thus chosen to further study the charac-
terization and all adsorption experiments.

The covalent linking between GO and NaSH was
confirmed by FTIR. Figure 4 a displays the FT-IR
spectra of GO and TrGOA-5. For pure GO powder, it
presents some typical absorption peaks; the peaks
around 3368, 1731, and 1412 cm ! belong to the hy-
droxyl, carbonyl, and carboxyl; other absorbance bands
at 1618, 1224, and 1052 cm ' are derived from the
stretching vibrations of C=C (aromatic), C-O (epoxy),
and C-O (alkoxy), respectively (Wee and Hong 2014;
Tajima et al. 2017; Min et al. 2014). C-S stretching and
C—SH bending of TrGOA-5 can be observed at 669 and
808 cm™' (Pham et al. 2013), which suggests that thiol
functional group of NaSH have been covalently grafted
on the rGO surface. The intensity of some peaks in the
aerogel spectrum is significantly lower, including peaks
at 3431 cm™', 1698 cm™', and 1384 cm™' (Hu et al.
2013a). These results indicate that the chemical reac-
tions may occur between the —SH groups in NaSH and —
OH groups on GO surface. Furthermore, the signals in

Heating

rGO sol

rGO hydrogel

Solvent exchange

Freeze-drying

<

TrGOA
Fig. 1 Schematic illustration of thiolated reduced graphene oxide aerogels (TrGOA)
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the spectrum between 1100 and 1300 cm ' correspond

to the C—O—C stretching (Wee and Hong 2014), dem-
onstrating that there are still plenty of oxidizing groups
on this modified aerogel; that is, the GO nanosheets
have been partially reduced by NaSH during the
functionalization treatment.

XPS analysis was performed to investigate signifi-
cant chemical bonding and sulfur content of TrGOA-5.
The high-resolution Cls peaks of TrGOA-5 in Fig. 4b
contains four peaks of 284.6, 285.5, 286.6, and
288.3 eV, which represent the C=C, C-C, C-O/C-S,
and C=0 bonds, respectively (Zhang et al. 2017; Tian
etal. 2015). Compared to the C1s XPS spectrum of GO,
the intensity of binding energies of some oxidizing
groups significantly decreased in the C 1 s spectrum of
TrGOA-5 (Fig. 4c). The phenomenon is consistent with
that the C/O atomic ratios (5.7) of TrGOA-5 is higher
than that of GO (2.5), and this result can serve as a
message that most oxygenated groups have been re-
duced by NaSH during the chemical processing.

We further analyzed the high-resolution S 2p peaks
of TrGOA-5. Two main characteristic peaks with 1.2 eV
splitting appear in Fig. 4d. The peaks with a high bind-
ing energy of 163.8 eV and the lower one at 165.0 eV

are attributed to H-C—S and R—C-S in the aerogel,
respectively (Chen et al. 2016; Lashkor et al. 2014).
The broad peak occurs at 168.8 eV is ascribed to S—
05, which is caused by the oxidation of —SH groups in
air (Neal et al. 2001). It is worth mentioning that the
sample tested by XPS has a sulfur content of 5.13 at %,
of which the thiol group accounts for 2.44%. This result
has a major impact on increasing the equilibrium ad-
sorption amount of Cu**.

The above information further corroborates that C—S
covalent bonds and —SH groups are successfully intro-
duced onto the backbone of TrGOA by using a simple
chemical method. We speculate that the TrGOA with so
many adsorption sites should show great potential to ef-
fectively adsorb heavy metal ions as an adsorptive
material.

3.2 Adsorption Studies
3.2.1 Adsorption of Cu’" on TrGOA
In order to test the contribution of thiol groups in ad-

sorption experiments, we designed a comparative exper-
iment. TrGOA-5 and graphene aerogel without thiol

Fig. 2 Three digital photos of the TrGOAs with different GO/NaSH mass ratio
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3

Fig. 3 Three SEM micrographs of TrGOA samples

group (—SH) were shaken in Cu(ll) ion solutions for
12 h (temperature: 35 °C, pH: 5.5, concentration:
550 mg-L™"); the equilibrium adsorption amounts of
the two aerogels were 421.21 and 79.00 mg-g "', respec-
tively. This result obviously indicates that thiol groups
have a profound effect on improving adsorption perfor-
mance of rGO aerogels. The huge adsorption capacity of
TrGOA-5 samples for Cu(Il) ions can be explained as
follows: (1) the residual oxidizing groups and abundant
thiol groups on the TrGOA-5 framework have the

opportunity to act as binding sites for interaction with
Cu(Il) ions, thereby enhancing the ability of TrGOA-5
to remove Cu(Il) ions. (2) Physical adsorption may also
be one of the adsorption mechanisms; three-dimensional
porous structure of the TrGOA-5 provides sufficient ion
transportation channels, promoting the migration and
penetration of Cu(Il) ions into interior of the adsorptive
material. Moreover, the huge specific surface area is
inclined to offer remarkable active adsorption sites
(Han et al. 2018). In summary, the unique chemical
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Fig. 4 Characterization of GO and TrGOA: (a) FT-IR spectra, (b) (¢) XPS Cls, and (d) S 2p core-level spectra of TrGOA-5

@ Springer



Water Air Soil Pollut (2020) 231: 565

Page 7 of 12 565

and physical properties make TrGOA-5 have a better
adsorption performance for Cu(Il) ions.

3.2.2 Adsorption Kinetics

Adsorption kinetics contributes to a detailed study of
adsorption process and mechanism of this adsorbent.
For this purpose, bath kinetic experiments were mea-
sured by varying the contact time during the adsorption
process. These experiments were conducted herein at
pH 5.5 and initial Cu** concentration 250 mg-L™". Fig-
ure 5 a displays the adsorption behaviors of TrGOA-5
for copper ions; the curve consists of a fast initial phase
and a slower adsorption rate. This phenomenon is main-
ly caused by the fact that the TrGOA-5 sample
contained enough effective adsorption sites at the be-
ginning of this adsorption process; thus, numerous cop-
per ions tend to be adsorbed quickly by this adsorbent.
As the adsorption time is prolonged, the adsorption rate
becomes slower owing to the decrease of available
adsorbent active sites and eventually reaches equilibri-
um (Pan et al. 2018).

The pseudo-second-order can be employed to fit
adsorption data obtained after the kinetic experiments
are completed. The linear equation of this model can be
presented as follows (Wang et al. 2019):

i ! _|_L (2)

q, kq q,

where adsorption amount of TrGOA-5 at ¢ and equilib-
rium are represented by ¢, (mg-g ') and ¢, (mg-g '),
respectively. Pseudo-second-order kinetic rate constant
is represented by &, (g'mg '-min").

(a) 350

0 100 200 300 400 500 600 700 800
t (min)

Figure 5 b displays the fitting curve based on the
pseudo-second-order model. It is easy to get ¢, and A,
values from that curve. The pseudo-first-order rate reaction
model is also used to test experimental data. The rate
constant & is determined by fitting the same data of copper
adsorption to pseudo-first-order kinetic expression
(Nguyen et al. 2009). k; and £, are listed in Table 1. The
experimental data of the Cu(Il) ions adsorption by
TrGOA-5 can be perfectly matched to the pseudo-
second-order due to its high correlation coefficient (RY.
Moreover, there is a quite low relative error between the
calculated adsorption capacity (317.46 mg-gfl) from
pseudo-second-order formula and its actual adsorption data
of ¢. (306.00 mg-g ).

The above conclusions fully demonstrate that the
pseudo-second-order has an ability to systematically de-
scribe the adsorption kinetic behavior of Cu(Il) ions by
TrGOA-5, supporting the hypothesis that the main rate
step of adsorption process may be ruled by chemical
adsorption, which is similar to most previous reports on
other thiol modified adsorptive material (Geng et al. 2017).

3.2.3 Adsorption Isotherm

Adsorption isotherm studies prefer to understand the
interaction between divalent copper ions and TrGOA-5
during the adsorption process. Corresponding experi-
ments were performed by using various Cu(Il) ions
concentration while the temperature, pH, and adsorption
time were kept at 35 °C, 5.5, and 12 h. The results
presented in Fig. 6a show that with increase at the initial
concentration of Cu?* in deionized water, adsorption
capacities of the aerogel sample increase from 92.86 to
42121 mg-g " accordingly. The high concentration of
Cu?* aqueous solution increases the chance of effective

(b) 25

55 —— pseudo-second-order

0 100 200 300 400 500 600 700
t (min)

Fig. 5 (a) Adsorption kinetics curves of Cu** on uptake of TrGOAs-5 (35 °C) and (b) pseudo-second-order fitted curve
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Table 1 Rate constants for first- and second-order rates of copper adsorption on TrGOAs

Adsorbate Oexp (mg/g) Pseudo-first-order model Pseudo-second-order model
g1 (mg/g) ky (min™") R12 Gac (mg/g) k (g- mgil -min"") Rzz
cu?t 306.00 184.70 0.01 0.9535 317.46 1.17x 107 0.9994

contact between Cu®* and some functional groups of
TrGOA-5 and also facilitates the entry of Cu®* into the
adsorbent interior. Importantly, a maximum adsorption
capacity reaches when the Cu®* concentration is about
550.0 mg-L ™.

Three adsorption models, include Langmuir,
Freundlich, and Temkin, are used to describe the ad-
sorption process. Langmuir model considers that the
adsorption process occurs on a homogeneous surface
by single layer adsorption (Alyuz and Veli 2009). The
model can be written in the following expression:

Ce C, 1
= +

where ¢, and ¢,,,, represent adsorption amount at the
equilibrium and maximum adsorption amount (mg-g ),
respectively. C, stands for equilibrium concentration of
Cu®* (mg'L™"), and k, represents the rate constant of
pseudo-second-order equation.

Freundlich model is commonly applied to show mul-
tilayer adsorption on a heterogeneous surface (Huang
and Yan 2018). The equations can be expressed in the
following expression:

1
Ing, = Inkr + - InC, (4)

where k- and 1/n belong to Freundlich model constant
and influence coefficient, which are associated with

9. Dmax qumax . . . .
adsorption amount and intensity, respectively. When
(a) (b) 1.2
400 |- —— Langmuir
10}
300
= -
2 T osf
£ ($)
o200
T
06
100 |
. . L . L 04F O, | . L . .
0 100 200 300 400 500 ) 100 200 300 400 500
C, (mg/L) C, (mglL)
() (d)
9
6.0~ ——Freundlich 400 - —— Temkin o)
(¢)
55
3
T
£
50
45f \ . . s :
35 4.0 45 5.0 55 6.0 35 40 45 5.0 55 6.0
IncC, IncC,

Fig. 6 Adsorption of TrGOAs-5 towards Cu(Il) ions. (a) Adsorption isotherm, (b) Langmuir isotherm, (¢) Freundlich isotherm, and (d)

Temkin isotherm
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Table 2 Adsorption amount of different adsorbent materials for
copper ions

Amount Ref.
(mgg")

Adsorbent materials

Ton-exchange resin  73.77

GO 46.60

GO aerogel 19.65

GO/PAA hybrid aerogels 390.34
CGGO aerogel 130.00

S-doped GS  228.00

SMGO composite 62.73

(Nguyen et al. 2009)
(Yang et al. 2010)
(Mi et al. 2012)
(Han et al. 2018)
(Zhang et al. 2011)
(Zhao et al. 2015b)
(Hu et al. 2013b)

GO-SH 99.17 (Chen et al. 2016)
CS/GO-SH composite 425.00 (Lietal. 2015)
TrGOA 421.21 This work

numerical values of 1/n are between zero and one, there
will be a favorable adsorption system (Alyuz and Veli
2009).

Temkin isotherm believes that the adsorbing species-
adsorbent interactions have a greater impact on the
adsorption process (Huang et al. 2018), which can be
written as:

q, = Blnky + BInC, (5)

where B represents Temkin constant, which is associat-
ed with the heat of adsorption, and k7 represents equi-
librium binding constant.

The linear curves based on the above three equations
in Fig. 6b—d can be obtained by fitting experimental

Fig. 7 The interference of pH on
the removal of Cu** by TrGOA-5

300

q, (mg/g)

2

data. Some isotherm constants and correlation coeffi-
cients (R%) of those equations displayed in Table 1 can
be calculated from corresponding fitting curves and
results. From all fitting results, the R* values of the
Langmuir, Freundlich, and Temkin models have a very
high value, indicating that all of them can simulate the
isothermal adsorption process quite well. The R* value
of Freundlich is the highest compared to the other two
models; that is, the Freundlich model appears to match
isothermal adsorption data best. Moreover, the calculat-
ed 1/n value of Freundlich is significantly less than 1.
The above conclusions suggest that the adsorption pro-
cess of Cu?* by TrGOA-5 is carried out on its heteroge-
neous surface.

Furthermore, we compared maximum adsorption ca-
pacity of TrGOA for Cu(Il) ions with other adsorbent
materials reported before, which is presented in Table 2.
As stated in the table, the adsorption amount of TrGOA-
5 for Cu(Il) ions in our work is significantly higher than
that of most other materials, suggesting that the adsor-
bent based on thiolated reduced graphene oxide aerogel
has potential application value for adsorbing metal cop-
per ion in water.

3.3 Interference of pH Value

The pH value in solutions affects surface charges and
protonation of some chemical groups of TrGOA, as well
as the ionic state of metal copper; it is thus a significant
factor in the adsorption process. The interference of pH
on the removal of Cu®* was studied at a pH of 1.5-5.5
and a concentration of 250 mg-L™".

50
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Similar to the above description, Fig. 7 exhibits a
gradual increase in adsorption ability for Cu?* with the
increase in pH values. This illustrates that solution pH
value is directly related to the adsorption performance of
TrGOA for Cu®*. When the pH is very low, because of
the presence of empty orbitals in both H* and Cu®*,
excess H* has an advantage over Cu** when competing
for binding sites on the TrGOA surface (Mi et al. 2012).
In addition, most surface groups of the adsorbent would
be protonated which induces an electrostatic repulsion
of Cu2+, resulting in a low adsorption amount towards
metal ion.

Subsequently, the concentration of H" gradually de-
creases, which is propitious to the metal ion adsorption.
Additionally, the surface of TrGOA acquired more neg-
ative charges, which can enhance the electrostatic at-
traction with the positive charge of Cu”* to promote the
adsorption process (Han et al. 2018). That is to say, there
would be more effective active sites on the aerogel
framework combined with more divalent metal copper
ion; therefore, the adsorption amount of copper ions has
increased significantly.

4 Conclusions

In our research, a new thiolated reduced graphene oxide
acrogel (TrGOA) was successfully fabricated through a
facile chemical reduction self-assembly process under at-
mospheric pressure and a low temperature. TrGOA-5 was
designated as an adsorbent sample to study the adsorptive
property of copper ions in water. The adsorbent displayed
a greatly improved performance for adsorption compared
to most previously reported conventional materials, which
depends on its highly interconnected porous, huge internal
surface area and multiple exposed active adsorption sites.
Kinetic study showed that the adsorption process of
TrGOA-5 for Cu(ll) ions fits well with the pseudo-
second-order equations, indicating that the adsorption pro-
cess tends to be chemisorbed, and the results of adsorption
isotherm study fits well with the Freundlich isotherm
equations, suggesting that Cu(Il) ions formed a multilayer
adsorption on TrGOA-5 surface. A high solution pH value
was beneficial for the removal of Cu(Il) ions in water by
TrGOA-5. Based on all above findings, the thiolated re-
duced graphene oxide aerogel prepared by this simple
synthesis strategy could potentially be an ideal candidate
adsorbent for efficiently adsorbing Cu(Il) ions from con-
taminated water.

@ Springer
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