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GRAPHICAL ABSTRACT

ABSTRACT

In this work, 4-aminothiophenol and 3-aminopropyltriethoxysilane were firstly used to functionalize
graphene oxide (GO) in order to promote the sorption efficiencies of methylene blue (MB) and copper
(Cu?*). Characterization experiments illustrated that sulfydryl group (—SH) and amino group (—NH;)
were existed onto 4-aminothiophenol modified GO (GO-SH) and 3-aminopropyltriethoxysilane modified
GO (GO-N), respectively. Adsorption isotherm results showed that the maximum adsorption capacities
of MB by GO-SH and GO-N were 763.30 and 676.22 mg/g, which was much higher than original GO
455.95 mg/g. For Cu?* adsorption, the maximum adsorption capacities by GO-SH and GO-N were 99.17
and 103.28 mg/g, suggesting that the engineered GO exhibited greater Cu?* sorption ability than original
GO 32.91 mg/g. Both MB and Cu?* removal rates increased with pH and adsorbent dosage increased,
while the sorption rates weakly reduced with increasing ionic strength. The modification by —SH and
—NH; would not only increase the sorption sites, but also cause chelation with heavy metals, and thus
improving the sorption capacities of MB and Cu?*.
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1. Introduction

With the rapid usage of dyes in industries such as paper,
leather, rubber, textile, plastic, food, and dyestuffs [4,14], the
release of MB in waste and underground water was inten-
sively increased, which causes serious environmental problems
such as cyanosis, quadriplegia, vomiting, diarrhea, and jaundice
on human beings [10,18] and toxic to microorganisms. Hence,
it is necessary to treat MB-containing wastewater before dis-
charge.

Because Cu?* is widely used in leather tanning, electroplating
and mechanical manufacturing industry [27], a large amount of
Cu?* isappeared in surface and underground water, and thus result-
ing in vomit, convulsion, and even death on human beings [17].
In addition, it also bring about lots of adverse influences to natu-
ral environment due to that accumulated Cu?* could not be easily
removed and the enzyme activities of microorganisms are inhibited
under excessive Cu?* condition. Therefore, it is of great importance
to eliminate the accumulated Cu?* from wastewater before it is
released to the surface waters.

Although there are many effective methods such as precip-
itation, membrane filtration, ion exchange [9], and aerobic or
anaerobic treatment [20] to remove MB and Cu2*, adsorption is
the most widely used approach due to that it is insensitive to
toxic pollutants [18], low cost and the experimental design is
simple [19] for removing contaminations. Many studies have sug-
gested sorbents such as carbon nanotubes, activated carbon [2],
biochar [16], and montmorillonite [1], which are promising alter-
native methods for treatment of cationic dye and heavy metal
ions.

Recently, graphene oxide has been considered as the most suit-
able adsorbent material for dye and heavy metal removal due to
the reason that GO possesses high surface area [24], a variety of
oxygen-containing functional groups and -electron system [23],
large numbers of reactive sites on nanosheet surface [15]. [22]
prepared a nickel oxide/graphene oxide nanocomposite through
hydrothermal method to remove MB from aqueous solution and
the engineered GO shows much greater progress for removal of
MB under visible light. Similarly, engineered GO coated with sand
has been used as an adsorbent for the adsorption of Pb2* and MB,
and this material is efficient to remove dye and heavy metal [14]. In
the study of Li and coworkers [20], the prepared calcium alginate
immobilized GO is investigated to adsorb MB, and results show that
the maximum adsorption capacity reaches 181.81 mg/g. Although
graphene oxide performed effective adsorption capacities for dyes
and heavy metals in some reports, it is also important to seek new
and promising approaches for improving the treatment ability of
GO.

In the present work, for the first time, two novel engineered
GO nanocomposites were synthesized through graft modifica-
tion with 4-aminothiophenol and 3-aminopropyltriethoxysilane
for facilitating the removal processes of MB and Cu?* from aque-
ous solutions. Because 4-aminothiophenol could supply functional
groups (—SH) occurring chelation with heavy metals, the removal
efficiency of heavy metal was enhanced [13]. Similarly, adsorption
capacity would increase due to that functional groups (—NH; ) of 3-
aminopropyltriethoxysilane often led to complexation with heavy
metals [7]. A range of experiments were carried out to evaluate
the adsorption abilities of the engineered GO to MB and Cu?* in
aqueous solutions. The objectives of this work were as follows: (a)
prepare and characterize the engineered GO (GO-SH, GO-N); (b)
evaluate the sorption capacity of MB and Cu?* by GO-SH and GO-
N; (c¢) investigate the effects of pH, dosage, and ionic strength on
the adsorption process.

2. Materials and methods
2.1. Materials

All solutions wused in this experiment were prepared
using deionized water. All chemicals and reagents used in
this experiment were guarantee reagents. In addition, 4-
aminothiophenol (CgH7NS), 3-aminopropyltriethoxysilane
(CgH23N03Si), hydrochloric acid (HCl), sodium hydroxide (NaOH),
sulfuric acid (H,SO4), phosphoric acid (H3PO4), graphite powder,
potassium permanganate (KMnOg4), hydrogen peroxide (H,05),
enthanol (C;HgO), sodium nitrite (NaNO,), acetone (CH3COCH3),
copper chloride (CuCl,-2H,0), methylene blue (MB), sodium
chloride (NaCl) were purchased from Aladdin and Qiangsong Fine
Chemicals.

2.2. Engineered GO production

For preparation of GO, 720 mL H,SO4 and 80 mL H3PO4 was
added to a three-necked flask, then 6.0 g graphite powder and 40 g
KMnO4 was slowly added to the mixture. After that, the reaction
was stirred for 12 h under 50 ° C condition. Afterwards, the reac-
tion was heated to 90°C for 2 h. When the mixture was cooled to
room temperature, the mixture was poured onto 1000 mL ice. Next,
40% H,0, was dropwise added to the mixture until brilliant yellow
was appeared. The reacting solution was washed by 30% HCI (3x),
enthanol (3x), and deionized water (9x ). And then the mixture was
vacuum-dried for 24 h under 50 °C condition. At last, 10g GO was
obtained.

For preparation of GO-SH, 5.0 g 4-aminothiophenol and 80 mL
1M HCl was added to a three-necked flask, the temperature of the
reaction was increased to 50 ° C under stirring condition until 4-
aminothiophenol was completely dissolved. Then, NaNO, solution
(10g NaNO, dissolved into 100 mL deionized water) was dropwise
added to the reacting mixture under ice-bath condition until bub-
ble was completely disappeared. After that, 5.0 g GO was dispersed
in 200 mL deionized water and then added to the reacting solu-
tion. After 12 h stirring under ice-bath, the mixture was washed by
acetone (3x), enthanol (3 x), and deionized water (9x). At last, the
mixture was vacuum-dried for 24 h under 50 ° C condition, obtain-
ing GO-SH.

For preparation of GO-N, 10 mL 3-aminopropyltriethoxysilane
was added to 500 mL deionized water, and the solution was stirred
for 5h under 45 ° C. Then the solution was centrifuged to obtain
the supernatant. Afterwards, the supernatant was mixed with
0.5 mg/mL GO under stirring condition until tawny flocculent pre-
cipitates were appeared. After then, the flocculent precipitates
were collected and washed by deionized water (9x). At last, the
flocculent precipitates were vacuum-dried for 24 h under 50 °C con-
dition, obtaining GO-N.

2.3. Engineered GO characterization

Surface morphology of the samples was determined using scan-
ning electron microscopy (SEM) (ZEISS, Germany) equipped with
an energy dispersive X-ray fluorescence spectroscopy EDS for ana-
lyzing surface elements. FTIR spectroscopy spectra of the samples
were taken with a Nicolet 5700 spectrometer using KBr pellets in
the range of 4000-400cm~!. XPS spectra were measured with a
Thermo Fisher ESCALAB 250Xi. XRD spectra were obtained with an
X-ray Diffractometer X'Pert Pro, PANalytical.

2.4. Adsorption kinetics and isotherm

In order to control quality, all the kinetic and isotherm exper-
iments were conducted in duplicate and the differences of two
measurements were lower than 3%.
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Fig. 1. SEM images of GO-SH (a) and GO-N (b).

Adsorption kinetics of MB and Cu?* on the engineered GO were
carried out by adding 0.01 and 0.05 g of each adsorbent to 200 mL
Erlenmeyer flasks containing 100 mL MB and Cu2* solution at 25 °C
in a mechanical shaker. The initial concentrations of MB and Cu2*
were 60 mg/L and 40 mg/L. Samples were taken at 0, 2 min, 5 min,
10 min, 20 min, 50 min, 100 min, 150 min, 4h, 8 h, 12 h, 24 h, 48 h,
and filtered by 0.22 wm pore size microporous membrane, and then
determined the MB and Cu?* contents by Standard Method [3].

Adsorption isotherms of MB and Cu2* on GO-SH and GO-N were
conducted by adding 0.01 and 0.05 g of each adsorbent to 200 mL
Erlenmeyer flasks containing 100 mL MB and Cu?* solution at 25 °C
in a mechanical shaker. The concentration of MB varied from 5 to
400 mg/L, while Cu?* varied from 5 to 300 mg/L. After 24 h reaction,
the samples were taken and determined the MB and Cu2* contents
by the same method.

2.5. Effects of pH, dosages, and ionic strength

The effect of pH was conducted by ranging solution pH (MB:
2-12, Cu?*: 2-7) under dosage 0.01 g for MB sorption and 0.05 g for
Cu?* sorption. At pH of 6.0, the effect of dosage was carried out by
adding 0.05,0.1,0.2,0.3,0.4 g/L engineered GO for MB sorption and
0.1,0.3,0.5,0.7,0.9 g/L engineered GO for Cu?* sorption. For inves-
tigation of ionic strength, NaCl concentration was varied from 0 to
0.1 M. The initial concentrations of MB and Cu?* were maintained
at 80 mg/L and 60 mg|/L, respectively.

3. Results and discussion
3.1. Physiochemical properties

The morphologies and nanostructures of GO-SH and GO-N were
characterized by SEM technology. It is obvious that the surface of
engineered GO represented wrinkling [20], aggregated nanosheets,
and layered structure (Fig. 1). As shown in Fig. 2, large amounts of
S were observed from the EDS spectrum of GO-SH, which demon-
strated that 4-aminothiophenol was successfully grafted onto GO.
When GO-SH adsorbed MB, the C, O contents changed. However,
large numbers of Cu was observed after the Cu2* sorption process
and the C, O contents decreased, suggesting that copper ions were
adsorbed onto GO-SH. For EDS spectrum of GO-N, the observed Si
proved that 3-aminopropyltriethoxysilane was successfully grafted
onto GO. There was an increase of C content after MB adsorption,
while abundant Cu was detected after Cu?* sorption, meaning that
GO-N exhibited excellent MB and copper sorption abilities.

Fig. 3 illustrates the X-ray diffraction (XRD) patterns of GO-SH,
GO-N, adsorbed GO-SH and G O-N. The obvious diffraction peak
appeared at 20 ~ 10.00 was attributing to the layer structure of GO
[25]. For GO-SH, the diffraction peak was found at 20~17.20, which

probably proved the presence of —SH. For GO-N, at 20 ~21.00, the
observed peak might correspond to the existence of —NH,. When
MB was adsorbed onto GO-SH and GO-N, the diffraction peaks at
20~10.00 were decreased, which was due to the fact that MB
replaced large numbers of adsorption sites on engineered GO. After
CuZ* adsorption, the XRD patterns of GO-SH and GO-N appeared
lots of strong peaks at 260 ~16.21, 21.93, 23.72, 28.86, 33.98, 43.01,
47.43, and 57.38, which was attributing to copper-containing com-
pounds after adsorption onto engineered GO.

The FTIR spectra of engineered GO and adsorbed GO are shown
in Fig. 4. For GO-SH, the vibration absorption peak of S-H was
observed at 2233 cm~! [5], suggesting that —SH was grafted onto
GO. However, this peak was disappeared after adsorbed MB and
Cu?* because MB and Cu?* was integrated with —SH functional
groups during the adsorption process. Additionally, the peaks
appeared at 1624, 1583, 1602 cm~! of GO-SH, and adsorbed GO-
SH were attributing to the bending vibrations of C=0. While,
the C-O bonds caused peaks at 1070, 1078, 1091 cm~!, which
demonstrated that the existence of numerous oxygen-containing
functional groups. For GO-N, the characteristic peak appeared at
3402 cm~! was attributing to the functional group —NH,, which
indicated the presence of amino groups in GO-N. However, after
adsorbed MB and Cu?*, this peak shifted to lower waves 3363,
and 3361 cm~!, which suggested that amino groups onto GO-N
promoted the adsorption process. In addition, the obvious peaks
of GO-N, GO-N-MB, GO-N-Cu appeared at 1631, 1598, 1595 cm™!
(C=0) and 1037, 1037, 1115cm~! (C—0), suggesting that the
engineered GO possessed large numbers of oxygen-containing
functional groups.

Fig. 5 shows the XPS spectra of engineered GOs and adsorbed
engineered GOs. For GO-SH, the observed N and S elements demon-
strated that —SH was existed in GO. While for GO-N, N element was
detected, suggesting the presence of —NH, on GO. After MB sorp-
tion, the peak of C spectrum was increased, indicating that MB was
adsorbed onto engineered GO. The new peaks of Cu were observed
of GO-SH and GO-N spectra after Cu%* sorption, meaning that Cu
was effectively adsorbed onto engineered GO.

3.2. Adsorption kinetics and isotherms

Adsorption kinetics of MB and Cu?* by the engineered GO and
original GO are shown in Fig. 6, while Table 1 illustrated the adsorp-
tion kinetics data of pseudo-first-order and pseudo-second-order
models. For MB adsorption by GO-SH and GO-N, there was a fast
initial phase in the first few hours and about 90% MB was removed
during this phase. Then the removal rate was much slow to achieve
equilibrium. For Cu2* adsorption by GO-SH, 95% Cu?* was adsorbed
in the first few minutes, while the removal rate was relatively slow
by GO-N. It is obvious that MB and Cu?* adsorptions on GO-SH
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Fig. 3. XRD patterns of engineered GOs and adsorbed engineered GOs.

and GO-N were better fitted by the pseudo-second-order model
than pseudo-first-order model (Table 1). For pseudo-second-order
model, the adsorption rate constants k of engineered GO were
higher than that of original GO, which showed that GO-SH and
GO-N exhibited greater MB and Cu2* sorption ability than GO.

MB and Cu?* adsorption isotherms and adsorption isotherms
data of Langmuir, Freundlich, Freundlich-Langmuir models by the

engineered GO and original GO are shown in Fig. 7 and Table 1,
respectively. For MB adsorption, the data were better fitted by
Langmuir model than Freundlich model, which demonstrated that
the mainly adsorption types on GO-SH and GO-N were monolayer
adsorption. The maximum adsorption capacity of MB by GO-SH was
763.30 mg/g, which was much higher than original GO 455.95 mg/g.
In addition, GO-SH presented greater MB sorption ability than
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Fig. 4. FTIR spectra of engineered GOs and adsorbed engineered GOs.
Table 1
Best-fit parameters for kinetics and isotherm models of MB and Cu?* sorption onto GO-SH and GO-N.
Equations Parameter1 Parameter2 Parameter3 R?
MB
First-order GO k;=1.219 qe=414.900 0.616
GO-SH k; =3.864 qe=558.100 0.836
Second-order GO ky=0.181 qe=407.023 0.983
GO-SH k,=1.377 qe=561.345 0.978
Langmuir GO K=0.014 Smax=455.950 0.975
GO-SH K=0.020 Smax=763.302 0.988
Freundlich GO Kr=25.118 n=0.483 0.883
GO-SH K¢=48.827 n=0.546 0.905
Freundlich-Langmuir GO Kr=0.00008 Smax =407.047 n=2.486 0.970
GO-SH Kr=0.0004 Smax=550.890 n=3.824 0.966
MB
First-order GO ky=1.219 qe=414.900 0.616
GO-N ki =2.721 qe=528.104 0.765
Second-order GO ko, =0.181 qe=407.023 0.983
GO-N ko =0.277 qe=521.645 0.982
Langmuir GO K=0.014 Smax=455.950 0.975
GO-N K=0.028 Smax=676.223 0.981
Freundlich GO Kf=25.118 n=0.483 0.883
GO-N Kr=45.095 n=0.557 0.901
Freundlich-Langmuir GO Kr=0.00008 Smax=407.047 n=2.486 0.970
GO-N Kr=0.0004 Smax=>512.736 n=4.178 0.960
Cu®*
First-order GO k;=1.338 qe=32.100 0.870
GO-SH ki =3.176 qe=387.030 0.594
Second-order GO k, =0.145 qe=33.010 0.890
GO-SH ko =0.249 qe=384.951 0.802
Langmuir GO K=0.026 Smax=32.910 0.951
GO-SH K=0.122 Smax=99.172 0.935
Freundlich GO K¢=3.623 n=0.305 0.935
GO-SH Kf=7.823 n=0415 0.942
Freundlich-Langmuir GO Kr=0.0002 Smax =34.038 n=1.986 0.811
GO-SH Kr=0.0025 Smax =98.390 n=3.124 0915
Cu2+
First-order GO ki =1.338 qe=32.100 0.870
GO-N ki =2.297 qe=99.121 0.709
Second-order GO k, =0.145 qe=33.010 0.890
GO-N k;=0.238 qe=97.879 0.958
Langmuir GO K=0.026 Smax=32.910 0.951
GO-N K=0.082 Smax=103.281 0.956
Freundlich GO Kf=3.623 n=0.305 0.935
GO-N Ks=10.724 n=0.399 0.958
Freundlich-Langmuir GO Kr=0.0002 Smax =34.038 n=1.986 0.811
GO-N Kr=0.0021 Smax=98.652 n=2.923 0.892
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GO-N 676.22 mg/g. For Cu?* adsorption, the maximum adsorption ~ Table2 , . N .
capacities by GO-SH and GO-N were 99.17 mg/g and 103.28 mg/g, Maximum MB and Cu?* sorption capacities of different sorbents.
respectively. Results showed that the adsorption isotherms data Adsorbent Capacity(mg/g) Reference
of Cu?* were I?oth well fitted by Langmqir model and Freundlich MB GO 144.92 120]
model, which illustrated that the adsorption of CuZ* by GO-SH and GOJcalcium alginate 181.81 [20]
GO-N might be controlled by multiple mechanisms. For Langmuir Carbon nanotubes 46.20 [29]
model, the maximum Cu?* adsorption capacities by GO-SH and GO- gg - ‘7‘22'23 giz zgj‘gy
N were 99.17 mg/gand 103.28 mg/g, \(vhic'h were much greater than CO-N 676.22 This stu d¥
original GO 32.91 mg/g. The adsorption isotherms results showed Cu2* CEMNPs 3.20 6]
that the engineered GO exhibited greater MB and Cu?* adsorption GO aerogel 19.70 [21]
ability than original GO. The maximum sorption capacities of the GO ) 46.60 [28]
engineered GO are greater than that of many other common sor- Engineered biochar 34.20 [26]

. . X Chitosan-coated bentonite beads 12.20 [12]
bents reporhted in the llterature§ (Table 2), meaning that —SH and Go 3291 This study
—NH, modified GO can be considered as effective sorbents for MB GO-SH 99.17 This study
and Cu?* remediation. GO-N 103.28 This study
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3.3. Effects of pH, dosages, and ionic strength

When pH increased, both the MB and Cu?* removal rates
increased (Fig. 8). For MB adsorption, the removal rates increased
from 49.87% to 89.02% and 27.12% to 97.03% by GO-SH and GO-N
with pH increased from 2 to 12. This phenomenon was attributed to
that the surfaces of engineered GO were more negatively charged
under alkaline environment, so that the cationic pigment (MB*)
could be easily adsorbed by GO-SH and GO-N through electrostatic
forces [11,18]. For Cu?* adsorption, when pH increased from 2 to 7,
the removal rates increased from 19.05% to 95.93% and 21.11% to
97.02% by GO-SH and GO-N. The reason might be that the hydro-
gen ions would compete with Cu?* for limited binding sites onto
engineered GO at lower pH condition. However, the hydrogen ions
decreased with pH increased so that Cu?* had more opportunity to
be adsorbed by engineered GO [25].

In general, the removal rates of MB and Cu?* increased with
increasing engineered GO dosage under constant initial MB and
Cu?* concentrations (Fig. 9). For MB adsorption, when the dosage
of engineered GO increased from 0.05 to 0.40 g/L, the removal rates
increased from 38.22% to 98.78% and 30.04% to 96.15% by GO-SH

and GO-N, respectively. Similarly, for Cu?* adsorption by GO-SH
and GO-N, the removal rates increased from 21.25% to 94.01 and
31.88% to 97.03% with engineered GO dose increased from 0.1 to
0.9 g/L. In addition, GO-SH performed better MB removal capacity
than GO-N, while GO-N performed greater Cu?* adsorption ability
than GO-SH.

When ionic strength increased, MB and Cu?* removal rates
presented weakly decreases (Fig. 10). The removal rates of MB
decreased from 76.20% to 65.87% and 61.12% to 58.01% by GO-SH
and GO-N with ionic strength increased from 0 to 0.1 M, respec-
tively. For Cu* removal, when ionic strength increased from 0 to
0.1M, Cu?* removal rates decreased from 75.17% to 67.32% and
85.02% to 66.98% by GO-SH and GO-N, respectively. The reason for
this phenomenon might be that sodium ions would compete with
MB* and Cu?* for the limited adsorption sites onto engineered GO.
On the other hand, the activity coefficients of MB* and Cu%* would
be influenced so that the sorption process would be inhibited [25].
Moreover, aggregation phenomenon was increased by increasing
ionic strength and thus affecting the electrostatic interactions of
sorption process [8].
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3.4. Adsorption mechanisms

The EDS and XPS spectra of GO-SH and GO-N showed
evidences of the presence of 4-aminothiophenol and 3-
aminopropyltriethoxysilane in engineered GO. In addition, FTIR
spectra demonstrated that —SH and —NH, were really existed in
GO-SH and GO-N, suggesting that —SH and —NH, were successfully
grafted onto GO through grafting reaction. The results of sorption
kinetics and isotherms showed that GO-SH and GO-N exhibited

much greater MB and Cu?* adsorption capacities than original
GO, indicating that the graft modification onto GO to promote
MB and Cu?* sorption was successful. For 4-aminothiophenol
modified GO, abundant —SH could occur chelation with Cu?*,
and thus improving Cu?* removal efficiency. Moreover, more
oxygen-containing functional groups would also enhance MB
sorption. For GO-N, large amounts of —NH; could stretch over the
layered structure of GO so that more sorption sites would bare
for potential sorption. On the other hand, —NH, always formed
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chelates with heavy metals, leading to greater adsorption ability
of copper ions. Although GO could adsorb heavy metals and ions
through electrostatic reaction or chemical adsorption because of
its abundant epoxy group, carboxyl group, and hydroxyl group, the
engineered GO (GO-SH and GO-N) showed much stronger binding
affinity to MB and Cu?* than original GO. In addition, this powder
material could be separated from treated water by an external
magnetic field through synthesizing magnetic GO nanoparticles.

4. Conclusions

Two novel engineered GO nanocomposites were synthe-
sized through graft modification with 4-aminothiophenol and
3-aminopropyltriethoxysilane for MB and Cu?* removal from aque-
ous solutions. This functionalization not only increased the sorption
sites for potential MB and Cu?* removal, but also formed chelates
with copper ions. As a result, the engineered GO showed much
greater MB and Cu2* sorption capacities than original GO. This func-
tionalization approach thus could be considered as an effective
method to synthesize engineered GO sorbents for dye and heavy
metal removal.
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