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Abstract: A novel adsorbent (GO-TOA) was prepared by condensation and self-assembly of graphene
oxide (GO) and thiourea, and it was characterized systematically. The results revealed that thiourea
has anchored on graphene oxide (GO) successfully. The results showed that GO-TOA had a higher
adsorption capacity (641.724 mg/g) and adsorption rate (92.32%) than GO (196.8 mg/g and 65.6%),
indicating that the introduction of thiourea greatly improved the adsorption capacity of GO. Ad-
sorption kinetics, adsorption thermodynamics isotherm, and adsorption thermodynamics were used
to study the adsorption mechanism. The results show that GO-TOA still has an adsorption rate of
90.44% compared with 0 cycles (92.32), indicating that GO-TOA has good activation and regeneration
capacity. In addition, ethanol and dilute hydrochloric acid were used for the desorption of MB, and
the effect of desorption was found very well. Through reusability experiments, we also found that
GO-TOA has excellent application potential. We believe that GO-TOA will be a potential adsorbent
for MB.

Keywords: adsorbent; methylene blue; thiourea; graphene oxide; self-assembly

1. Introduction

The problem of water environment pollution is becoming more and more serious with
the rapid development of society [1,2]. Due to the human demand for color, the world
printing and dyeing industry has developed rapidly, and the discharge of printing and
dyeing wastewater is increasing day by day, resulting in serious water pollution [3,4]. In
order to achieve sustainable green development, printing and dyeing wastewater treatment
has become a top priority [5,6].

Methylene blue (MB) is a phenothiazine salt, which is widely used in chemical and
biological dyes. If MB enters into the water, it not only has mutagenicity, but also makes
people feel nausea, dizziness, chest pain and so on [7,8]. At present, there are many
treatment methods for MB wastewater at home and abroad, such as photo degradation [9],
membrane treatment [10], electrochemical degradation [11], adsorption [12], etc. Among
them, adsorption method has the advantages of simple operation, low energy consumption,
high purification rate and recyclable organic dyes. However, many adsorption materials are
expensive or inefficient. Therefore, the preparation of high-quality and low-cost adsorbents
has become an important task for researchers [13–15].

Graphene oxide (GO) is the oxide of graphene, which contains a lot of oxygen-
containing groups (−OH, −COOH, −C-O-C and −C=O). Therefore, it has strong hy-
drophilicity and good compatibility with a variety of solvents, so it is often used in water
research [16]. Due to its unique properties, GO can not only adsorb metal ions [17], but also
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adsorb organic compounds [18]. However, GO tends to accumulate between layers, result-
ing in the decrease of specific surface area and adsorption performance. In addition, GO is
difficult to separate from aqueous solution because of its strong hydrophilicity. Therefore,
the modification of GO materials has become an upsurge [19–21]. Thiourea is an organic
compound containing elemental sulfur and nitrogen at low price. It contains two primary
amino groups and C=S bond; these groups have good adsorption properties [22,23]. In
this paper, thiourea and GO were used for condensation and self-assembly to obtain an
adsorption material [24], which was used to adsorb MB dye. In addition, the adsorption
behavior, adsorption mechanism and reusability of adsorbents were also explored.

2. Materials and Methods
2.1. Reagent

Graphite powder was purchased from Shanghai Aladdin Chemical Reagent Company
(Shanghai, China). Sulfuric acid, phosphoric acid, hydrochloric acid, nitric acid, potassium
permanganate, hydrogen peroxide, aqueous ammonia, N, N-dimethylformamide, acetone,
ethanol, methylene blue, and sodium chloride were all purchased from Sinopharm Chemi-
cal Reagent. Phenylthiourea, N-hydroxysuccinimide and 1-ethyl-(3-dimethylaminopropyl)
carbodiimide hydrochloride were purchased from Shanghai Maclean Chemical Reagent.
The water used in the experiment was deionized water.

2.2. Synthesis of GO and GO-TOA

In this study, GO was synthesized via the optimized Hummers method. After that,
30 mg GO and 40 mL N, N-dimethylformamide (AR, 99.5%) were added to the round
bottom flask, and ultrasonic treatment was carried out for 2 h. Next, 0.575 g of 1-ethyl-(3-
dimethylaminopropyl) carbodiimide hydrochloride and 0.345 g of N-hydroxysuccinimide
were added to the flask as carboxyl activators, and the reaction was activated under ice
bath for 2 h. Following this, 3 mmol thiourea was added, then continued for 24 h at room
temperature. In the next step, the product was successively washed with deionized water,
acetone and ethanol. Finally, the black foam-like (60 ◦C, 12 h) [24].

2.3. Characterization

The morphology and photoelectronic structure of the material surface were character-
ized by field emission scanning electron microscopy (SEM; Hitachi SU8220, Hong Kong,
China) and X-ray photoelectron spectroscopy (XPS; Thermo Fisher Science ESCALAB
250Xi, Waltham, MA, USA). The functional groups and crystalline structures of the materi-
als were characterized by Fourier infrared spectrophotometer (FTIR; Thermo Fisher Science
FTIR-7600) and a Bruker X-ray polycrystalline diffraction/Cu target (XRD; D8 Discover
Bruker AXS D8 Discover, Billerica, MA, USA). Laser micro-Raman spectrometer (Raman;
Thermo Fisher DXR) and a dual-beam UV-Vis spectrometer (UV; Hach DR6000, Ames, IA,
USA) were used to confirm the successful synthesis of the materials. In order to further
prove that the materials were successfully synthesized, a thermogravimetric analyzer (TGA;
NETZSCH STA409PC, NETZSCH, Netzsh, Germany), Brunauer-Emmett-Teller (BET; Mi-
cromeritics ASAP2020, Hong Kong, China) and Contact angle measurement (JY-82B Kruss
DSA, Guangzhou, China) were used to characterize it.

2.4. Adsorption

In this case, 50 mL of MB (140 mg/L) solution with a certain concentration and 10 mg
of adsorbent were successively added to a 150 mL Erlenmeyer flask. NaOH (0.5 mMol)
and HNO3 (0.5 mMol) were used to adjust the pH value of the solution (pH was adjusted
before adding adsorbent). Next, the Erlenmeyer flask was placed in a dark constant
temperature (25 ◦C) shaker box and shaken at 120 rpm for 2 h. After the equilibration time,
the concentration of MB dye in the supernatant solution was measured by a dual-beam
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ultraviolet-visible spectrometer. The adsorption amount Qe and the adsorption rate Re
were calculated by the following two formulas:

Qe =
(C0 − Ce)

m
× V (1)

Re =
(C0 − Ce)

C0
× 100% (2)

In the above formula, C0 (mg/L) and Ce (mg/L) represent the concentration of the
MB dye before and after adsorption, respectively. V (L) represents the volume of the MB
solution, and m represents the amount of the adsorbent added.

3. Results and Discussion
3.1. Characterization of Adsorbents

Figure 1a (GO) and Figure 1e (GO-TOA) show the camera photos before and after
GO modification. It can be seen from camera photos that the GO was changed from
a typical sheet shape to a powder form after self-assembly [24]. Figure 1b–d show the
SEM images of GO under the different magnitudes of enlargement conditions, where
Figure 1b–d are SEM images with dimensions of 200 um, 5 um, and 1 um, respectively.
It can be seen from the Figure that GO has the same multilayer structure as previously
reported [25]. Figure 1f–h show the SEM images of GO-TOC under the different magnitudes
of enlargement conditions, where Figure 1f–h are SEM images with dimensions of 200 um,
5um, and 1um, respectively. It can be seen from the Figure that GO-TOA exhibits a
single-layer structure and a porous structure. Therefore, it indicates that the material is
successfully synthesized.
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Figure 1. Photographs of GO (a), GO-TOA (b); SEM images of GO (c–e), GO-TOA (f–h).

It can be seen from Figure 2 that the XPS spectrum of GO-TOA produces a new N 1s
peak (5.18% N atom) at 400.08 eV compared with GO (Figure 2a). Figure 2b shows that GO
has three typical C 1s peaks C-C, C-O, C=O, corresponding to 284.48, 286.68, and 285.13 eV,
respectively. Figure 2c shows that the carboxyl group of GO was replaced by the amide
group due to the introduction of thiourea, and the ratio of C/O increased from 1.98 to
2.876 [24]. As can be seen from Figure 2c, GO-TOA produced a new C-N bond at 285.13 eV.
As can be seen from Figure 2d, GO-TOA has two N 1s peaks, a primary amino-N group on
thiourea at 401.6 eV, and an amide-N peak at 399.6 eV.
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spectra of GO-TOA (c), and N 1s XPS spectra of GO-TOA (d).

Figure 3a shows the infrared absorption spectra of GO and GO-TOA. At 3396 and
1386 cm−1 were the −OH stretching vibration peak and -OH bending vibration peaks,
respectively. At 1718 cm−1, it is the C=O bending vibration peak of GO. 1579 cm−1 is
the bending vibration peak of C=C on the benzene ring. At 1162 and 1045 cm−1 are
typical C-O and C-O-C stretching vibration peaks. These typical peaks fully prove the
synthesis of GO [26]. According to the infrared spectrum of GO-TOA, the peak at 1718 cm−1

disappeared, indicating the carboxyl bond of GO was destroyed [24]. On the contrary, two
new peaks are generated at 1702, 1648, and 1575 cm−1, representing the C=O stretching
vibration peak of amide, the N-H bending vibration absorption peak of primary amine, and
the stretching vibration peak of the C-N bond. In addition, a sharp new peak appears at
1222 and 1081 cm−1, which may belong to the C=S and S-H stretching vibration peaks [24].
These data fully show that the material has been successfully synthesized.

As can be seen from Figure 3b, there is a sharp peak at 2θ = 10.1◦, which is a typical
crystal face peak of GO [27]. After the introduction of thiourea, the peak at 2θ = 10.1◦

was red-shifted to 9.70◦, and the intensity of the peak was slightly lowered, indicating the
crystal plane structure of the substance changed after the introduction of thiourea [24,27].
Therefore, the synthesis of GO-TOA was sufficiently confirmed.
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In order to further prove that the product GO-TOA was successfully synthesized,
Raman spectroscopy and UV spectroscopy were used to characterize the product. The
typical D and G peaks of GO appear at 1325 and 1597 cm−1, respectively (Figure 3c). The
D-peak (1325 cm−1) represents the lattice defect of the C atom, and the G-peak (1597 cm−1)
represents the in-plane stretching vibration of the C atom sp2 hybridization. After the
introduction of thiourea, the D peak was at 1318 cm−1, while the G peak was at 1581 cm−1.
The ratio of ID/IG of GO is 1.25, while the ratio of GO-TOA is reduced to 0.59, indicating
that the defect density of the product becomes smaller. According to the UV spectrum of
Figure 3d, the typical carboxyl peak of GO disappears at 230 nm [28], and a new absorption
peak occurs at 199 nm. These phenomena fully show that thiourea was successfully
introduced into GO.

In order to further prove the successful introduction of thiourea, Brunauer Emmett
teller and thermogravimetric analysis were used to characterize GO-TOA. It can be seen
from Figure 4a and Table 1 that all pore structure parameters and N2 adsorption capacity
of GO-TOA are increased compared with GO. As can be seen from Figure 4b, the quality
is reduced due to the evaporation of moisture on the surface of the GO before 100 ◦C.
At about 200 ◦C, the quality rapidly decreases due to the thermal decomposition of the
oxy-gen-containing functional groups on the surface of the GO. At about 300 ◦C, the quality
of the carbon skeleton is significantly reduced due to the thermal cracking of the carbon
skeleton [29]. After the introduction of thiourea, the oxygen-containing functional group
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of GO is reduced. Therefore, the degree of mass reduction between 150 and 300 ◦C is
weakened. It can also be seen from Table 2 that GO-TOA is successfully synthesized. In
addition, we also used contact angle tester to prove that the material was successfully
synthesized. It can be seen from Figure 5 that the contact angle between GO and water
is 70.95◦ to 73.89◦. However, the contact angle between GO-TOA and water is 117.57◦ to
118.62◦. This phenomenon not only proved that the material was successfully synthesized
but also solved the problem of separation of GO in aqueous solution [24,27].
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Table 1. The pore structure parameters of GO and GO-TOA.

Samples Surface Area (m2/g) Pore Volume (cm3/g) Average Pore Size (nm)

GO 25.400 0.0213 3.358
GO-TOA 40.460 0.0750 12.260

Table 2. TGA weight loss of GO and GO-TOA at different temperature interval.

Sample
Weight Loss (%)

Up to 100 ◦C Up to 300 ◦C Up to 600 ◦C Up to 900 ◦C

GO 18.43 48.82 59.46 68.85
GO-TOA 10.76 39.52 53.55 58.08
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In conclusion, GO-TOA materials were successfully synthesized.
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3.2. Effect of Adsorption Parameters
3.2.1. Effect of pH and Initial Concentration

It is well known that pH is a key parameter in the adsorption process [30]. It can be
seen from Figure 6 that the adsorption capacity of GO and GO-TOA increases with the
increase of pH, which may be due to the negative charge on the surface of the material
under alkaline conditions, resulting in electrostatic adsorption with cationic dye MB. On
the contrary, the surface of GO and GO-TOA is positively charged under acid condition,
which results in electrostatic repulsion with MB [24]. In addition, a blank sample without
adsorbent (GO, GO-TOA) is set in all pH experiments in this paper. The adsorption capacity
and rate were obtained by subtracting the system without adsorbent from the system with
adsorbent. However, if the pH is too high, the dye will precipitate. Therefore, the optimum
adsorption pH is 10.
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Figure 6. The effect of pH GO and GO-TOA (a) (C0(MB) = 50 mg/L); adsorption rate and capacity
of GO (b) and GO-TOA (c) for different concentrations of MB (t = 120 min, pH = 10, dose = 0.2 g/L,
T = 25 ◦C).

It can be clearly seen from Figure 6 that the adsorption amounts of GO and GO-TOA
increase with the increase of the initial MB concentration, but the adsorption rate decreases.
It can be concluded from the figure that when the concentration of MB is 60 mg/L, the
adsorption capacity and adsorption rates of GO are the highest, being 196.8 mg/g and 65.6%,
respectively. When the concentration of MB was 140 mg/L, the adsorption capacity and
adsorption rates of GO-TOA were the highest, being 641.724 mg/g and 92.32%, respectively.
Therefore, the adsorption performance of GO after self-assembly is greatly improved.

3.2.2. Adsorption Time and Kinetics

It can be seen from Figure 7a that the adsorption capacity has reached 477.998 mg/g
when the time is 10 min, and the adsorption capacity of GO-TOA was increased with the
passage of time. The adsorption capacity tends to balance when the time is more than
100 min.
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In order to explore the adsorption behavior of GO-TOA, two commonly used kinetic
model equations are used (pseudo-first-order (3) and pseudo-second-order (4)) [24], and
the equations are as follows:

ln(qe − qt) = lnqe − K1t (3)

t/qt = 1/k2qe
2 + t/qe (4)

In the formula, qe belongs to the adsorption capacity at adsorption equilibrium, and
qt represents the adsorption capacity at a certain time. K1 and K2 are the adsorption rate
constants of adsorption kinetics, respectively [24,27].

Figure 7 and Table 3 were obtained using a linear fit of the kinetic formula. It can be
seen from Figure 7b,c that the linear fit of the pseudo-second-order kinetics is significantly
higher than the pseudo-second-order kinetics. In addition, the actual adsorption amount of
GO-TOA was 641.724 mg/g, and the adsorption amounts of pseudo-first-order kinetics
and pseudo-second-order kinetics were 311.064 mg/g and 675.676 mg/g, respectively.
Moreover, compared with the pseudo-first-order dynamic linear correlation coefficient
R2 (0.901), the pseudo-second-order dynamic correlation coefficient R2 (0.999) is closer
to 1. Therefore, the adsorption of MB by GO-TOA conforms to the pseudo-second-order
kinetic model, and its adsorption rate is controlled by the chemical adsorption mechanism.
Moreover, there is the phenomenon of electron transfer and coexistence between adsorbent
and adsorbate [31].

Table 3. The fitting parameters of the kinetic model and adsorption isotherm for MB adsorption on
the GO-TOA.

Kinetic Models Parameters C0 = 140.0 mg/L

Actual amount of adsorption Qe,exp (mg/g) 641.724
Pseudo-first-order Qe(cal) (mg/g) 311.064

K1 (min−1) 0.0385
R2 0.901

Pseudo-second-order Qe(cal) (mg/g) 675.676
K2 (min−1) 0.000224

R2 0.999

Adsorption isotherms

Langmuir Qm (mg/g) KL R2

746.269 0.181 0.999
Freundlich KF n R2

430.880 10.364 0.895

3.2.3. Temperature and Adsorption Isotherm

In order to better understand the interaction behavior between adsorbent (GO-TOA)
and adsorbate (MB) molecules, the Langmuir (5) and Freundlich (6) adsorption isotherm
models were used. The two formulas are as follows:

Ce/qe = Ce/qm + 1/qmkL (5)

qe = KF(Ce)
1/n (6)

where qe and Ce represent the adsorption capacity and residual MB concentration in the
adsorption equilibrium solution, respectively. The qm represents the theoretical maximum
adsorption capacity of the adsorbent. KL and KF represent the Langmuir adsorption energy
constant and Freundlich adsorption equilibrium constant, respectively. In this case, 1/n is
another constant in the Freundlich isotherm model [24,27].

Figure 8 shows that the linear fit of the Langmuir adsorption isotherm model is higher
than the Freundlich adsorption isotherm. The linear correlation coefficient R2 (0.999) of
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Langmuir is much higher than Freundlich (0.895) (Table 2). Therefore, the adsorption
behavior of GO-TOA is more suitable for the Langmuir adsorption isotherm model. Thus,
MB molecule is monolayer adsorbed on the surface of GO-TOA, and its adsorption sites
are uniform, and there is no adsorption competition between adsorbate molecules. [31].
Moreover, the 1/n value is 0.096, so the adsorption is advantageous [32].

Sustainability 2022, 14, x FOR PEER REVIEW 8 of 14 
 

Table 3. The fitting parameters of the kinetic model and adsorption isotherm for MB adsorption on 
the GO-TOA. 

Kinetic Models Parameters C0 = 140.0 mg/L 
Actual amount of 

adsorption 
Qe,exp (mg/g) 641.724 

Pseudo-first-order Qe(cal) (mg/g) 311.064 
 K1 (min−1) 0.0385 
 R2 0.901 

Pseudo-second-order Qe(cal) (mg/g) 675.676 
 K2 (min−1) 0.000224 
 R2 0.999 

Adsorption isotherms 
Langmuir Qm (mg/g) KL R2 

 746.269 0.181 0.999 
Freundlich KF n R2 

 430.880 10.364 0.895 

3.2.3. Temperature and Adsorption Isotherm 
In order to better understand the interaction behavior between adsorbent (GO-TOA) 

and adsorbate (MB) molecules, the Langmuir (5) and Freundlich (6) adsorption isotherm 
models were used. The two formulas are as follows: 

𝐶௘ 𝑞௘⁄ = 𝐶௘ 𝑞௠ + 1 𝑞௠𝑘௅⁄⁄  (5)

𝑞௘ = 𝐾ி(𝐶௘)ଵ ௡⁄  (6)

where qe and Ce represent the adsorption capacity and residual MB concentration in the 
adsorption equilibrium solution, respectively. The qm represents the theoretical maximum 
adsorption capacity of the adsorbent. KL and KF represent the Langmuir adsorption en-
ergy constant and Freundlich adsorption equilibrium constant, respectively. In this case, 
1/n is another constant in the Freundlich isotherm model [24,27]. 

Figure 8 shows that the linear fit of the Langmuir adsorption isotherm model is 
higher than the Freundlich adsorption isotherm. The linear correlation coefficient R2 
(0.999) of Langmuir is much higher than Freundlich (0.895) (Table 2). Therefore, the ad-
sorption behavior of GO-TOA is more suitable for the Langmuir adsorption isotherm 
model. Thus, MB molecule is monolayer adsorbed on the surface of GO-TOA, and its ad-
sorption sites are uniform, and there is no adsorption competition between adsorbate mol-
ecules. [31]. Moreover, the 1/n value is 0.096, so the adsorption is advantageous [32]. 

 
Figure 8. The effect of temperature for adsorption (a) (t = 120 min, pH = 10, dose = 0.2 g/L, C0(MB) = 
140 mg/L), Langmuir isotherms (b) and Freundlich isotherms (c) models for the adsorption of MB 
dye onto GO-TOA, and thermodynamic analysis (d). 

Figure 8. The effect of temperature for adsorption (a) (t = 120 min, pH = 10, dose = 0.2 g/L,
C0(MB) = 140 mg/L), Langmuir isotherms (b) and Freundlich isotherms (c) models for the adsorption
of MB dye onto GO-TOA, and thermodynamic analysis (d).

In order to study the adsorption mechanism further, a thermodynamic formula is used.
The formula is as follows [24]:

KD =
Qe

Ce
(7)

∆G = −RT InKD (8)

∆G = ∆H − T∆S (9)

where qe and Ce represent the adsorption capacity and residual MB concentration in the ad-
sorption equilibrium solution, respectively. KD represents the adsorption thermodynamic
equilibrium constant, ∆G is the adsorption standard Gibbs free energy variable, R is the gas
molar constant, T is the absolute temperature, ∆H is the change in equivalent adsorption
enthalpy, and ∆S is the change in adsorption standard entropy [27].

Figure 8 and Table 4 were obtained using a linear fit of the thermodynamic formula.
As can be seen from Figure 8a, the adsorption capacity gradually increases with the tem-
perature height, suggesting that the adsorption is an endothermic reaction. Since ∆H and
∆S are positive values, it indicates that the adsorption behavior is an endothermic physical
adsorption process. In addition, a negative value of ∆G indicates that the adsorption
behavior is spontaneous [33].
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Table 4. Thermodynamic parameters for the adsorption of MB dye onto GO-TOA.

T (K) lnK ∆G (KJ/mol) ∆H (kJ/mol) ∆S (J/mol/K)

298 2.386 −5.912

2.02 26.63
303 2.399 −6.043
308 2.412 −6.176
313 2.425 −6.311

3.2.4. Effect of Salt Ion Concentration

Salt ion concentration is an important parameter in the adsorption process [34].
Figure 9a shows that with the increase of NaCl concentration, the adsorption capacity
decreases gradually and finally tends to equilibrium. There may be two reasons for this.
Firstly, chloride ion can shield the positive charge on MB surface and inhibit the adsorption
reaction caused by electrostatic adsorption [35]. Secondly, the thickness of the double layer
(EDL) of the hydrated particles was reduced, resulting in a decrease in dye adsorption
rate [36,37].
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Figure 9. The effect of ionic strength (a) (t = 120 min, pH = 10, dose = 0.2 g/L, C0(MB) = 140 mg/L,
T = 25 ◦C), the effect of desorption reagent for adsorption (b), the FTIR spectrum (c) and XRD
pattern (d) of regenerated GO−TOA; GO−TOA cycle and regeneration (e).

3.3. Regeneration of GO-TOA

The regeneration performance of adsorbent is one of the key factors to evaluate an
excellent adsorbent [24]. In this experiment, 10% hydrochloric acid solution and 95%
ethanol were used to desorption MB from GO-TOA. However, we can see from Figure 9b
and Table 5 that 95% ethanol is a good choice for MB desorption compared with 10%
hydrochloric acid, because the desorption time of ethanol is shorter, and ethanol can be
easily recovered by heating and evaporation. On the contrary, 10% hydrochloric acid will
introduce chloride ions, which will lead to secondary pollution sources. Therefore, we
choose 95% ethanol as desorption agent. It is apparent from Figure 9c,d that the structure
of GO-TOA is substantially unchanged after three regeneration cycles, and the adsorption



Sustainability 2022, 14, 15290 11 of 15

rate is still as high as 90.44% (Figure 9e and Table 5). These data fully demonstrate that
GO-TOA is a promising MB adsorbent.

Table 5. Activation and regeneration capacity.

Desorption Reagent Dose (mL) Desorption Rate (%) Time (min)

10% HCl 10 100 180
95% C2H5OH 10 100 120

Number of cycles Adsorption rate (%)

0 98.63
1 95.53
2 93.67
3 90.44

3.4. Effect of MB Solution with Different Water Samples on Adsorption

It cannot contain only one kind of MB dye when dealing with real wastewater. There-
fore, this study set up a new adsorption experiment, using tap water to prepare MB dye
solution. A certain concentration of 50 mL MB (140 mg/L) solution and 10 mg of adsorbent
materials were sequentially added to the Erlenmeyer flask, and the pH was adjusted using
NaOH and HNO3, and then the Erlenmeyer flask was placed in a dark constant temperature
shaker box and shaken at 120 rpm for 2 h. After the equilibration time, the concentration
of MB dye in the supernatant solution was measured by a dual-beam ultraviolet-visible
spectrometer. The adsorption amount Qe and the adsorption rate Re were calculated by
Formulas (1) and (2). From Figure 10, we can see that GO-TOA is still very effective in
absorbing MB in tap water, which fully shows that it is a good adsorption material.
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Figure 10. The adsorption capacity (a) and adsorption rate (b) of GO-TOA towards MB at a different
time and water sample (pH = 10.0, dose = 0.2 g/L, T = 25 ◦C, C0(MB) = 140.0 mg/L).

3.5. Comparison with Other Adsorbents

Nowadays, many MB adsorbents have been reported. In order to highlight the
excellent performance of GO-TOA adsorbents, we compared the adsorption performance
of GO-TOA with other adsorbents. It can be clearly seen from Table 6 that compared with
other adsorbents, GO-TOA has the advantages of larger adsorption capacity and shorter
adsorption time. Therefore, we believe that GO-TOA is a promising adsorbent for MB.
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Table 6. Adsorption capacity (Qe) of different adsorbents for MB.

Type of Adsorbent Dose (mg) C0(MB)
(mg/L) pH Qe (mg/g) Time Reference

10% GK 80 20 11.5 28.016 700 [38]
RCE/GO 50 20.0 6 68.0 30 [39]

1:1 Cu-Z-GO-M 10 40.0 10 94.481 600 [40]
Pt-Co@GO 9.6 96.0 10 273.6 90 [41]

GO/silicates 10 120.0 12 230.0 90 [33]
GO-PDA-PSPSH 10 50.0 7 185 58 [42]

GO 10 140.0 10 196.8 100 This work
GO-TOA 10 140.0 10 641.724 100 This work

3.6. Adsorption Mechanism

The N and O atoms in GO-TOA have high electronegativity and can adsorb MB by
hydrogen bonding [24]. In addition, GO-TOA, which is rich in electronic amino groups, can
produce electrostatic adsorption with cationic dye MB [43]. Not only that, but MB is rich in π

electron aroma; these π electrons can interact with the π electron of GO-TOA [24]. Therefore,
in this experiment, electrostatic adsorption, hydrogen bonding, and π-π interaction play an
important role in adsorption. It can be seen from the infrared image of Figure 11a shows
that the functional group structure of the material changes after MB adsorption, indicating
that the MB was adsorption to the GO-TOA. The peaks at 2985 and 2759 cm−1 are obviously
enhanced, which is the stretching vibration peak of C-H in methylene blue structure [24].
Two new vibration peaks are generated at 1714 and 879 cm−1, which belong to the tensile
vibration peak of C=S and the in-plane bending vibration peak of C-H in the methylene
blue structure. Two new peaks were also observed at 1122.386 and 1164.81 cm−1. Moreover,
the peak of GO-TOA at 1650 cm−1 disappears after the adsorption of MB, which may be
due to other functional groups shielding the absorption of this peak. In addition, two new
vibration peaks are generated at 2985 and 2759 cm−1, which was the methylene vibration
peak of the MB structure [24]. It can be seen from the XRD diagram of Figure 11b that the
crystal structure of the material changes after the adsorption of MB. The peak of GO-TOA
at 9.70◦ shifted to 10.34◦ and a new peak was generated at 22.96◦ and 42.82◦, respectively,
indicating that the crystal structure of GO-TOA has changed after adsorption of MB [44].
The above phenomena can fully prove that GO-TOA successfully adsorbs MB dye.
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4. Conclusions

In this study, a new adsorbent (GO-TOA) was successfully prepared by self-assembly
of graphene oxide (GO) and thiourea. The structural changes of the modified and un-
modified samples were studied by a series of characterization instruments. GO-TOA was
used to adsorb MB dye. Through experiments, we found that the best adsorption process
parameters are as follows: pH = 10, CMB = 140 mg/L, time = 100 min, temperature = 40 ◦C.
In addition, the adsorption capacity of GO-TOA gradually decreased to equilibrium with
the increase of ionic concentration of sodium chloride. Furthermore, the adsorption of
MB on GO-TOA conformed to the pseudo-second-order kinetics model and the Langmuir
adsorption isotherm model. Moreover, its adsorption belongs to endothermic reactions.
Through the activation and regeneration of the materials, we found that GO-TOA materials
have good structural stability and good reusability. After GO Self-assembly, the maximum
adsorption capacity increases from 196.8 mg/g to 641.724 mg/g, and its adsorption rate
increases from 65.60% to 92.32%. Therefore, we believe that this material will become a
very potential MB adsorbent.
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