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Abstract: The improper discharge of industrial wastewater causes severe environmental pollution
and the textile industry’s dye usage contributes significantly to industrial wastewater pollution.
Hence, an effective method for removing the harmful substance methylene blue (MB) from dye
wastewater is proposed. This method adopts a three-dimensional graphene composite material
based on manganese dioxide (MnO;), named polyurethane@ reduced graphene oxide@ MnO,
(PU@RGO@MnOy). First, graphene is prepared with hydrazine hydrate as a reducing agent and
polyurethane as a framework. MnO, nanoparticles are synthesized by the reaction of potassium
permanganate (KMnO,) with carbon. These nanoparticles are then loaded onto the three-dimensional
framework to create the composite material. Finally, adsorption and removal experiments for
MB are conducted to compare the performance of the composite material. The results indicate
that the graphene based on the polyurethane framework exhibits favorable mechanical properties.
The unique three-dimensional lattice structure provides abundant active sites for loading MnO;
nanoparticles, significantly increasing the contact area between the adsorbent and MB solution
and thus improving the adsorbent utilization rate (reaching 94%). The nanoparticles synthesized
through the reaction of KMnOy, with carbon effectively suppress the agglomeration phenomenon.
Additionally, the introduction of dynamic adsorption and dynamic removal modes, aided by a water
pump, substantially enhances the adsorption and removal rates, showcasing excellent performance.
The research on a multi-porous three-dimensional structure holds significant practical value in water
treatment, offering a new research direction for dye wastewater treatment.

Keywords: wastewater treatment; water purification; adsorption; three-dimensional graphene;

manganese dioxide

1. Introduction

In modern industrial society, the improper discharge of industrial wastewater has
become one of the major contributors to severe environmental pollution [1]. This is particu-
larly evident in the textile industry, where the extensive use of dyes leads to the discharge
of large quantities of dye-containing wastewater, including harmful dyes like methylene
blue (MB) [2]. These hazardous substances pose a potential threat to aquatic ecosystems
and human health. Therefore, the advancement of efficient and environmentally friendly
wastewater treatment technologies has become a top priority. In order to address this issue,
this work explores the preparation and application of a three-dimensional (3D) graphene
composite material based on manganese dioxide (MnO;), known as polyurethane@ re-
duced graphene oxide@ MnO, (PU@RGO@MnOy), to achieve efficient purification of dye
wastewater. Graphene, MnO,, and polyurethane (PU) serve as the core components of
the material and possess unique properties that make them powerful tools for handling
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harmful substances in wastewater. With a high surface area and excellent conductivity,
graphene performs remarkably well in adsorption and electrocatalytic reactions [3]. MnO,,
known for its outstanding oxidative capabilities, can effectively degrade dyes [4]. PU, as
the framework of the composite material, provides mechanical stability and offers more
active sites, aiding in the dispersion and immobilization of carrier nanoparticles [5]. This
distinctive composite material structure provides a novel approach to removing harmful
substances from wastewater.

The applications of graphene, MnO,, and PU in the field of wastewater treatment have
gained significant attention. Graphene’s high surface area and conductivity bestow upon it
exceptional adsorption and electrocatalytic characteristics, making it an ideal material for
wastewater purification [6]. Meanwhile, MnO; is highly regarded for its excellent oxidative
performance as it can effectively degrade hazardous organic compounds in wastewater,
including dyes [7]. Furthermore, the role of PU in composite materials should not be
underestimated. Serving as the framework of composite materials, it provides feasibility
for loading nanomaterials while maintaining good mechanical properties [8], making PU
an ideal choice for constructing PU@RGO@MnO, composite materials.

Currently, in China, commonly used methods for wastewater treatment include ad-
vanced oxidation, adsorption, biological treatment [9], electrochemical treatment [10],
coagulation and precipitation, membrane technology, and high-temperature deep oxida-
tion [11]. The advanced oxidation and adsorption are the most widely used. Advanced
oxidation aims to oxidize non-degradable, difficult-to-degrade, and toxic organic pollutants
under environmental conditions. Besides industrial wastewater treatment, it can also be ap-
plied in residential drinking water treatment [12]. The primary advantage of adsorption in
wastewater treatment lies in its relatively low cost and high removal efficiency. Adsorbents
capture harmful substances through intermolecular forces on the surface of the adsorption
material, followed by further treatment to achieve the purification of water resources [13].

This work proposes a wastewater treatment material based on MnO,, which offers
advantages like relatively low cost, non-toxicity, and excellent adsorption and catalytic
effects. MnO; tends to agglomerate when used individually, leading to a reduction in its
specific surface area and a decrease in adsorption and catalytic efficiency. Hence, unlike
previous research, this work aims to combine MnO; with graphene and PU to create a
composite material with a multi-level pore structure called PU@RGO@MnO,. This novel
composite material exhibits exceptional performance in wastewater treatment, offering
a new solution for wastewater purification. Therefore, the research originality lies in the
combination of MnO; with graphene and PU, resulting in an efficient wastewater treatment
material. This material has the potential to advance wastewater treatment technologies and
achieve more sustainable wastewater purification methods.

2. Research Methods
2.1. Preparation of MnO,

The preparation of MnO, primarily includes three categories: a hydrothermal process,
a low-temperature solid-phase synthesis, and a chemical precipitation method.

The hydrothermal process [14] involves using water as the solvent for the reaction,
in which the reactants are placed in a hydrothermal synthesis reactor and subjected to a
constant temperature reaction in a heating device. This method effectively prevents issues
related to uneven crystallization and impurity mixing. However, it has the drawback of
requiring high temperatures, strict reaction conditions, and increased reaction costs.

The low-temperature solid-phase synthesis [15] is the process of grinding solid reac-
tants together at low temperatures to obtain the desired products. The advantage is that the
reaction can occur at relatively low temperatures, avoiding the crystal agglomeration issues
associated with high-temperature reactions. However, the high requirement of MnO, for
grinding may result in less controllable product outcomes, limiting the applicability of
this method.
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The chemical precipitation method [16] involves converting metal salt reactants into
metal oxide precipitates under specific conditions, forming nanoparticles. Its main ad-
vantages are the lower requirement for reaction conditions and lower reaction costs. The
most commonly adopted method is the redox process, which uses potassium perman-
ganate (KMnQO;,) and carbon to undergo an oxidation-reduction reaction to obtain MnO,
nanoparticles. This method offers simple operation, easy access to reaction materials, and

practical utility.

2.2. Preparation of PU@RGO@MnO,

2.2.1. Experimental Materials and Equipment

Table 1 denotes the raw materials and reagents required in the experiment:

Table 1. Experimental Materials and Reagents.

Raw Materials and Reagents Specification Manufacturers
KMnOy4 Analytically pure Beijing Chemical Works, Beijing, China
Oil of vitriol Analytically pure  Beijing Chemical Works, Beijing, China
. . . Xilong Chemical Company,
Sodium nitrate Analytically pure Guangdong, China
Concentrated hydrochloricacid =~ Analytically pure  Beijing Chemical Works, Beijing, China
PU Sponge 05m x 0.5m Hebei Warner Bros, Hebei, China
. East China Graphite Factory,
Flake natural graphite 300 Mesh Guangdong, China
Hydrogen peroxide 30% Beijing Chemical Works, Beijing, China

Table 2 indicates the equipment required in the experiment:

Table 2. Experimental Installation.

Instrument Specification Manufacturers
Analytical balance AP135W Shimadzu, Tokyo, Japan
IKA stirring hot stand RET Germany IKA, Staufen, Germany
Ultrasonic cell crusher JY92-1IDN Njinbo Sciente ]?10techn910gy Co., Ltd,
Zhejiang, China
Blast drying oven DHG-9050A Beijing Luxi Technology Co., Beijing, China
Desk centrifuge TG16-WS Hunan Xiangyi Laboratory Instrument

Magnetic stirring apparatus RO-10POWER
Vacuum drying chamber DZF-6050

Company, Xiangtan, China
Shanghai Zhenrong Instrument Company,
Shanghai, China
Beijing Luxi Technology Co., Beijing, China

2.2.2. Flowchart of the Experiment

Figure 1 presents the flow chart of the preparation of 3D composites.

2.2.3. Preparation Method of PU@RGO@MnO,

e  The graphene oxide (GO) was prepared by the water bath method. Then, the prepared
GO was centrifugally washed with a centrifugal pump and then prepared into a GO
solution with a concentration of 3 mg mL~!. (RGO stands for reduced graphene oxide,
which is a material obtained from GO after reduction treatment).

e  The reducing agent in the experiment was hydrazine hydrate (HHA), which was
mixed with the above-prepared GO in a ratio of 1:1, and ultrasonically cleaned for
20 min. The cleaned samples were ultrasonically pulverized with an ultrasonic cell
pulverizer for 20 min, and the reducing agent and GO were mixed uniformly for

later use.
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e A PU sponge was added to the mixed solution in step 2 to make it completely sub-
merged, putting it in a blast drying oven for 5 h at 65 °C, and drying the product at
75 °C in a blast drying oven to obtain a composite material PU@ RGO.

e A KMnOj solution with a concentration of 10 mg mL~! was prepared and the
PU@RGO obtained above was added to the solution and placed in a vacuum en-
vironment to completely immerse the PU@RGO in KMnOy. Then, it was heated and
reacted in a water bath at 80 °C for 20 min, and the reacted product was washed with
deionized water. After washing, it was placed in a blast drying oven and dried at
75 °C to obtain the final composites PU@RGO@ MnOs,.

GO was prepared by hummers method

Centrifugal cleaning

Configure a solution of go at concentration
3mgmL?

) Hydrazine hydrate

Superspirit wave crush for 20 minutes

PU sponge Y

-

Reduction at 65 °C for 5 hours

Y

75 °C blast drying

A/

PU@RGO

Y KMnO4

Heat the bath at 80 °C for 20 minutes
clean and dry with deionized wate

PU@RGO@MnNO;

Figure 1. Experimental flow graph.

2.3. Analysis Methods

X-ray diffraction (XRD) [17] is a technique that employs X-rays to diffract and analyze
the sample to obtain the sample’s composition, molecular structure, and atomic structure.
It is primarily used to analyze the crystal structure of the sample. X-ray photoelectron
spectroscopy (XPS) [18] can analyze the sample’s molecular structure and atomic valence
state and its elemental composition and chemical bond. Raman spectra [19] mainly explore
the information of molecular vibration and rotation by scattering spectra with different
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frequencies from the incident light. It is primarily utilized to characterize the degree
of reduction of reduced graphene oxide. A thermo-gravimetric analysis (TGA) [20] is
employed to determine the component content of the samples.

The residual dye in the MB solution is examined using a UV-Vis spectrophotometer,
and its adsorption is tested. The calculation of adsorption efficiency [21] reads:

f= COC;OQ % 100% (1)

The initial concentration of MB is denoted by Cy, and the MB concentration at any
time is denoted by C;.
The equation for the adsorption capacity of pollutants reads:

(Co—CV
m

Qr = ()
Q¢ is the mass of pollutant adsorbed per unit of adsorbent. V is the volume of added
pollutants, and m is the quantity of adsorbent.
The Bragg diffraction effect [22] refers to the fact that atoms have a scattering effect on
X-rays, and the phase of the scattered rays in a specific direction is strengthened, which is
called diffraction. The Bragg diffraction is exhibited in Equation (3):

2dsinf = nA 3)

The incident wavelength is A, and d displays the spacing between the crystal planes.
The incident angle and the angle between the incident light and the crystal plane are 6, and
n represents the order of diffraction coherence.

2.4. Reaction Mechanism of Water Treatment of PU@RGO@MnO,

The method of a simple adsorption machine cannot address these issues at the source
and may still lead to environmental pollution. A conversion into clean substances is
necessary to fundamentally solve these issues, which is vital in mitigating environmental
pollution.

MnOQO, is a crucial element in the field of water treatment for two reasons. First, it
exhibits a relatively strong adsorption capacity. Second, it serves as an excellent catalyst.
When MnO; is used as a catalyst, only an oxidant needs to be added during the treatment
process and it can convert MB into non-polluting small molecules through a chemical
reaction. The oxidant used in the experiment is H,O,. MB is a cationic dye with positive
charges on its surface. During the experiment, MnO, nanoparticles are generated through
the redox reaction between RGO and KMnO, and these nanoparticles contain hydroxyl
groups, making their surface have negative charges. For one thing, due to the negative
charge of the nanoparticle, it interacts with the positive charge of MB and adsorbs it on
the surface of the nanomaterial. For another, because of the presence of a benzene ring in
the molecule of MB, it can form a 7t-7t conjugated structure with graphene for adsorption,
thereby achieving the effect of adsorbing dye molecules. In the experiment, adding H,O; as
an oxidant and MnO; as a catalyst, the HyO, decomposes and generates a strong oxidizing
hydroxyl group and other active free radicals.

In order to better understand the adsorption performance of the synthesized
PU@RGO@MnO, material, a series of isothermal adsorption experiments are conducted.
These experiments aim to evaluate the material’s ability to adsorb specific substances under
different conditions and study the influence of various factors on adsorption behavior.
Isothermal adsorption experiments involve bringing the material into contact with a solu-
tion of the target substance and subsequently measuring the amount of adsorbed substance.
Experiments are conducted under the following conditions: pH variation, salinity, and
dissolved oxygen. Initially, a series of solutions containing the target substance are prepared
and brought into contact with the PU@RGO@MnO, material. Isothermal adsorption exper-
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iments are then conducted under different conditions for each experiment, recording the
concentration changes of the material and the target substance after adsorption equilibrium.
The solutions are prepared with specific target substance concentrations of 50 millimoles
per liter. These solutions are used for both batch and continuous isothermal adsorption
experiments. Batch experiments are conducted in a reactor with a volume of 250 milliliters,
while continuous isothermal adsorption experiments are performed at a constant flow
rate of 5 milliliters per minute. The catalyst loading of the PU@RGO@MnO, material is
maintained at 2 milligrams to ensure consistency in experimental conditions. The concen-
tration changes of the material and the target substance after adsorption equilibrium were
recorded for each experiment. It’s important to note that the wastewater mentioned here is
an artificially prepared simulated liquid, not real wastewater from the environment. This
decision is made for scientific research purposes, ensuring control over various parameters
in the wastewater, such as target substance concentration, pH, and dissolved oxygen, to
more accurately assess the performance of the studied material.

3. Results and Discussion
3.1. Microstructure Characterization
3.1.1. XRD Analysis

Through the above experiments, GO and 3D graphene PU@RGO@MnO; are success-
fully prepared. The XRD spectra of the two are obtained by XRD analysis, as exhibited in
Figure 2:

08 — PU@RGO@MnNO,
- —-GO

. 0.6 -
S
3]
=
é 04}
=

0.2
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Figure 2. XRD patterns of GO and PU@RGO@MnO;.

In Figure 2, although the original experimental data only include XRD analyses of GO
and PU@RGO@MnO;, these results can be compared with XRD data for RGO, MnO,, and
PU from previous literature. Hou et al. (2022) [23] extensively described the XRD analyses
of RGO, MnQO;, and PU. By comparing the XRD spectrum of PU@RGO@MnO,, broader
crystalline peaks at 37° and 60° could be observed, indicating the presence of x-phase
MnO, in PU@RGO@MnO,. This is consistent with the results of Yang et al. (2022) [24],
further confirming the successful synthesis of x-phase MnO,.

For the XRD data of GO, a characteristic peak of the (001) crystal plane at 11.4°
could be observed, and the lattice spacing was calculated to be 0.79 nm using the Bragg
diffraction formula. Although direct XRD data for RGO is not provided, a comparison
with the results of Hong et al. (2023) [25] suggests that characteristic peaks of RGO do
not appear in PUBRGO@MnO,. This phenomenon indicates that RGO undergoes etching
reactions during the preparation of the composite material, further supporting the research
conclusion.
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The characteristic peak comparison demonstrates that the characteristic peaks in GO
do not appear in PU@RGO@MnM,),, indicating the successful reduction of GO into RGO.
However, since RGO is an intermediate substance and not the final product, the etching

reaction occurs, so its corresponding characteristic peaks disappear and are not reflected in
the XRD spectrum.

3.1.2. Raman Spectra

Raman spectra play a crucial role in characterizing carbon materials, with the D and G
peaks commonly employed to assess the quality of carbon materials falling within specific
ranges of Raman spectra. Among them, the D peak typically occurs near 1358 cm™!,
which represents the defect peak of the carbon material, mainly due to the formation of
the disordered structure of the carbon material. The G peak results from the vibration
of the C-C bond of sp2 hybridization, which can be applied to determine the degree of
graphitization of carbon materials. The index often employed to measure the disorder
degree of carbon materials is Ip / I. Figure 3 illustrates the specific Raman spectra:

08 h GO
n G - - RGO

06

=]

8,

P

€04

=

0.2

00 T T T T T T T T T
500 750 1000 1250 1500 1750 2000 2250 2500 2750

Raman Shift(cm™)

Figure 3. Raman spectra of GO and RGO. (The D peak represents the defect peak of carbon materials,
while the G peak is used to determine the degree of graphitization of carbon materials.)

Figure 3 suggests that both the D and G peaks’ positions in GO correspond to their
respective positions before its reaction with the reducing agent, leading to the generation of
RGO and GO. During this reaction process, oxygen functional groups in GO are successively
removed. The removal of these oxygen functional groups results in more defects, leading
to an increase in the Ip /I ratio, which provides evidence for the progress of the reduction
reaction. This is why the intensity ratio of Ip/I; for GO is 0.9, which is lower than the
intensity ratio of 1.2 for Ip/I; of RGO after reduction. This conclusion aligns with the
findings of Ma and Xu (2022) [26].

3.1.3. Infrared Spectra Analysis

The sample should undergo infrared spectroscopy analysis to further determine the
crucial components of the sample and determine its functional groups, as indicated in
Figure 4:
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Figure 4. Infrared spectrogram of the GO, RGO, RGO@MnO,.

In Figure 4, the absorption peak at 3413 cm ™! corresponds to the hydroxyl group’s
stretching vibration. The characteristic peak near 1732 cm ™! is attributed to the presence
of carboxyl groups in GO, forming a characteristic peak due to the stretching vibration
of C=0 in the carboxyl group. The feature peak near 1622 cm~! is associated with the
bending vibration of C-OH, and the stretching vibration peak around 1076 cm ! is a result
of the vibration absorption of C-O-C. These observations indicate that the GO produced
by the hydrothermal method contains numerous oxygen-containing functional groups,
consistent with the results from the XRD spectrum. Additionally, Figure 4 reveals that
the RGO generated with hydrazine as the reducing agent exhibits characteristic peaks of
hydroxyl groups at approximately 1735 cm !, 1622 cm~!, and 1076 cm~!. These peaks
have significantly lower absorption vibrations than GO. This reduction reaction leads to the
removal of oxygen-containing functional groups. Furthermore, the infrared spectrum of
RGO@MnO,, compared to RGO, shows an additional absorption peak near 520cm ™. This
peak mainly results from the vibration of Mn-O bonds generated by the reaction-produced
MnOs,. This firmly establishes that carbon reacted with KMnOj, to form MnO,, aligning
with findings from Motaghi et al. (2022) regarding RGO research [27].

3.1.4. XPS Analysis

XPS analysis is conducted on the sample to further determine the elements constituting
the sample and the existence form of the elements. Figure 5 demonstrates the results.

Figure 5a displays the spectrogram of RGO and RGO@MnO,. The O and C peaks
are clearly visible, indicating the presence of oxygen-containing functional groups in GO
even after the reduction reaction. Compared with RGO, RGO@MnO, does not have C
and O peaks, but has the corresponding characteristic peaks of Mn 2p, which proves the
existence of MnO, in RGO@MnO,. Figure 5b suggests that Mn 2p; /; is at the position
of 641.8 eV and Mn 2pj3, is at the position of 653.5 eV. The difference between the two
is 11.7 eV, which is consistent with the value in the MnO, data. It means that the load
work for 3D graphene is realized. Their carbon peaks are further analyzed to ensure that
GO has been successfully reduced to RGO. By comparing Figure 5c and Figure 5d, it is
evident that in the spectrum of GO, C-C is at 285.7 eV, C-O-C is at 287.2 eV, C-O-H is at
286.5 eV and O-C=0 is at 288.6 eV. Among them, although C-C is the main peak, the peaks
of each oxygen-containing functional group are relatively strong. It fully proves that GO
contains massive oxygen-containing functional groups. This conclusion aligns with the
results from the XRD analysis. C-C still dominates the carbon peak of RGO and the peaks
corresponding to oxygen-containing functional groups C-O-C, C-O=H and O-C=0 are all
weakened. In summary, it can be determined that GO has been converted into RGO and
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the oxygen-containing functional groups are partially detached. The MnO, obtained by
the redox reaction between the RGO produced by the reduction reaction and KMnOy is
supported on the 3D graphene produced by the reduction of GO.
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Figure 5. XPS graph of RGO and RGO@MnOs,. (a): represents RGO and RGO@MnO;; (b): The
amplification of Mn 2p; (c,d): The carbon peaks of X-ray photoelectron spectra of RGO and GO
respectively.

3.1.5. TGA

The TGA of the PU sponge and the synthesized composites is carried out to further
determine the specific content of MnO, in PU@RGO@MnO,. Figure 6 demonstrates the
specific situation.

In Figure 6, under atmospheric conditions, the temperature increases from room
temperature to 800 °C at a rate of 10 °C per minute. Changes between the components of
PU and PU@RGO@MnO; occurring as the temperature continuously rose are analyzed.
There is a noticeable weight loss phenomenon for PU in the range of 250 °C to 350 °C. This
is caused by the breaking of the PU main chain as the temperature increases. Furthermore,
in the temperature range from 350 °C to 600 °C, the content continues to decrease due
to an ongoing pyrolysis process. It stabilizes after 600 °C. The 3D composite material
PU@RGO@MnO, undergoes weight loss due to the removal of crystalline water as the
temperature increases. This conclusion aligns with the research results on 3D composite
materials, as reported by Selvakumar et al. (2023) [28]. During the process from 180 °C to
400 °C, a significant increase in thermal weight loss occurs in the 3D composite material
due to the combustion of RGO and PU. Finally, by comparing and analyzing the two TGA
curves, it is estimated that the content of MnO, is approximately 26%.
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Figure 6. TGA plots for PU and PU@RGO@MnO,.

3.2. Adsorption of MB by PU@RGO@MnO,

The PU@RGO@MnO, solid adsorbent is added to the MB solution with an initial
concentration of 50 ppm and the adsorption test is conducted. This test involved two
modes: dynamic and static adsorption. The dynamic adsorption mode manifests the use
of the unique hydrophilicity of the 3D material itself. The use of micro-pumps allows
the liquid to pass through the adsorbent smoothly. This effectively utilizes the structural
advantages of the 3D material’s mesh, leading to an enhanced adsorption rate. Static
adsorption involves placing a solid 3D material in a watch glass and simply relying on
the random motion of the liquid molecules to make direct contact between the two to
achieve the purpose of adsorption. Figure 7 illustrates the UV-Vis spectra of the two
adsorption modes.

Figure 7a displays the UV-Vis spectrum of the static adsorption mode within 50 min.
It is evident that the characteristic peak of MB at 665 nm is weakened but not obvious
over time. Compared to the initial concentration, the change in concentration is minimal,
suggesting that static adsorption relying on the liquid molecules” motion is ineffective.
In order to solve this problem, it is compared with dynamic adsorption. The liquid can
keep flowing continuously by using micro-pumps. It can reduce the problem of the poor
adsorption effect caused by insufficient contact between the solid material and the liquid
and expands the advantages of composite materials as much as possible. Figure 7b signifies
that the value of the characteristic peak of MB has been in a decreasing trend with the
increase of adsorption time. The decline is particularly obvious in the 10th minute. It
basically stabilizes around the 20th minute, with almost no characteristic peaks at the 50th
minute. The above results fully prove that dynamic adsorption is more effective than
static and it fully utilizes the advantages of 3D composites. To further demonstrate the
effect of dynamic superiority, the UV-Vis spectra of MB with initial concentration, PU, and
PU@RGO after 50 min of adsorption are compared between the two adsorption modes.
Both PU and PU@RGO are relatively high. The hydrophobicity of the MB solution hinders
soaking adsorption experiments in the dynamic mode, so control experiments for PU and
PU@RGO are conducted. Figure 7c denotes that there is almost no difference in the initial
concentration and the peaks of the characteristic peaks of PU and PU@RGO during the
whole experiment, indicating poor adsorption. While the peak value of the characteristic
peak of PU@RGO@MnO;-static has decreased, the effect is not obvious. The effect of
PU@RGO@MnO,-dynamic in the adsorption process is pronounced and the characteristic
peaks change greatly and tend to disappear. It further proves that PU@RGO@MnO; has
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the most effective adsorption, making it more valuable than other adsorption methods.
The equations for calculating the adsorption efficiency given above are employed. The
adsorption efficiencies of PU@RGO@MnO;-dynamic, PU@RGO@MnO;-static, PU@RGO,
and PU are obtained. The adsorption efficiency of PU@RGO and PU is lower than 10%
after 50 min, indicating poor adsorption effect. PU@RGO@MnO,-static has a moderate
improvement but still a relatively low adsorption rate, lower than 20%. Dynamic adsorption
with the micro water pump significantly enhances the adsorption effect. PU@RGO@MnO,-
dynamic has reached equilibrium in 20 min and the adsorption efficiency exceeds 90%
and finally reaches 94% after the test, which has obvious advantages compared with static
adsorption. Compared to the study by Yang et al. (2023), the adsorption rate here is notably
higher [29].
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Figure 7. UV-Vis spectra of two adsorption modes. (a): Static adsorption UV-visible spectra; (b): dy-
namic adsorption mode UV-visible spectra; (c): Static adsorption mode 50 min UV-visible spectro-
gram; (d): Adsorption efficiency of the four substances at 50 min.

3.3. Removal of MBs Based on PU@RGO@MnO,

During the experiment, the previous dynamic mode and static mode are employed.
Different from the two modes of removal experiments of adsorption, the oxidant H,O; is
added in the experiment and MnQO; is used as the catalyst. The static mode is the same
as the static mode of the above adsorption experiment. It still relies on the disordered
movement of the liquid molecules to promote contact between the solid material and the
MB liquid. Figure 8 reveals the specific UV-Vis spectrum:
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Figure 8. UV-VIS spectra of two removal modes. (a,b) are UV-vis spectra of PU@RGO@MnO;-
static and PU@RGO@MnO;-dynamic removal experiments after 50 min, respectively. (c): Maps
of PU, PU@RGO, PU@RGO@MnO,-static and PU@RGO@MnO,-dynamic removal efficiency at
50 min (d): PU@RGO@MnO;-dynamic diagram of repeated test efficiency in PU@RGO@MnO,-
dynamic mode.

In Figure 8, the change of the peak is smaller with the increase of experimental time,
indicating a poor removal effect. Figure 8b is the dynamic removal mode. It reveals that the
peak value continuously decreases when the micro water pump is used due to the sufficient
contact between the solid material and the MB liquid. It has reached equilibrium after
3 min, and there is almost no change after 30 min. Compared to the static removal mode,
the effect is greatly enhanced. The removal efficiency is calculated using the adsorption
efficiency equation. PU, PU@RGO, and PU@RGO@MnO;-static are used as experimental
controls to compare the removal efficiencies of various samples under different removal
modes. Figure 8c demonstrates that there is almost no difference between the curves of PU
and PU@RGO during the experiment and there is no major change even in the change of
time. This fully illustrates that despite the addition of H,O,, there is no reaction, resulting
in a poor effect. In PU@RGO@MnO;-static, since MnO, can act as a catalyst to make HyO,
undergo a redox reaction, the removal efficiency has been improved to a certain extent.
The removal efficiency of PU@RGO@MnO,-dynamic is significantly improved, reaching
80% at 10 min, approaching 90% at 20 min, and finally achieving 96%. The removal effect
is significantly higher than other substances. It is fully reflected that MnO, has a good
adsorption effect and excellent catalytic effect. When the oxidant H,O is introduced, 3D
composites demonstrate high applicability in the removal of MB. Figure 8d expresses the
experimental efficiency of repeated use. It is apparent that the first removal efficiency
has reached 96%. Although the effect of the subsequent three experiments is slightly
reduced, the overall difference is not large and relatively stable. It is fully indicated that
this material has good reusability and solid 3D composites offer distinct advantages in
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practical applications with high application value. The removal efficiency here is higher
compared to the study by Qu et al. (2022) [30].

3.4. Isothermal Adsorption Experiments

Table 3 presents the results of the isothermal adsorption experiments.

Table 3. The results of the isothermal adsorption experiments.

The Experimental Content Adsorption Capacity (mg/g)
3 25.6
5 31.2
pH value - 358
9 29.7
2 28.5
. 5 24.7
Salinity (mS/cm) 10 213
15 18.9
1 24.6
5 29.3
DO (mg/L) 10 33.1
15 38.7

Table 3 demonstrates that the PU@RGO@MnO, material exhibits the highest adsorp-
tion performance at neutral pH (pH 7). This indicates that the adsorption performance may
decrease under acidic or alkaline conditions. This result is crucial for selecting the most
suitable environmental conditions to enhance adsorption performance. At lower salinity
conditions, the PU@RGO@MnO,; material shows a higher adsorption performance and, as
salinity increases, the adsorption performance gradually decreases. This may be due to ion
competition for adsorption sites under high salinity conditions, reducing the adsorption
capacity of the target substance. With the increase in DO levels, the adsorption performance
of the PU@RGO@MnO, material shows an upward trend, indicating that higher DO levels
help improve adsorption efficiency. This conclusion is consistent with the research results
on material adsorption performance in Zheng et al. (2022) [31].

4. Discussion

This work successfully synthesizes a 3D graphene composite material (PU@RGO@MnO,)
and extensively characterizes its performance. The primary components of the 3D graphene
composite material include PU, RGO, and MnO,. These components synergistically interact
within the composite structure, offering the potential to remove harmful substances from
water. First, RGO possesses a large surface area and abundant functional groups, endowing
it with excellent adsorption capabilities to effectively adsorb organic and inorganic pollu-
tants from water. Simultaneously, MnO;, acting as an oxidant, can promote the oxidation
and degradation of harmful substances. In an environmental context, the 3D structure
of PU@RGO@MnO, provides more opportunities for contact, thereby enhancing the re-
moval efficiency of pollutants. When harmful substances enter the porous structure of the
composite material, the synergistic action of RGO and MnQO; leads to the attachment and
oxidation of these substances, effectively purifying the water. It is crucial to note that this
mechanism is quite complex as it involves various reactions and interactions. Furthermore,
water quality parameters such as pH, salinity, and DO also influence the performance of
the composite material. Experimental results indicate that the PU@RGO@MnO, material
has an excellent potential for removing harmful substances, which is crucial for water
purification and environmental protection. This 3D composite material can achieve efficient
adsorption and oxidative treatment for different contaminants in various water bodies.
This is important for addressing wastewater treatment, purifying water resources, and
mitigating environmental pollution issues. Additionally, this work provides valuable ex-
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perience and insights for designing and preparing other novel composite materials with
similar application potential.

5. Conclusions

This work involves preparing 3D graphene using PU as the framework of composite
material and HHA as the reducing agent. MnO, nanoparticles are synthesized through
redox reactions between KMnOy and carbon. These nanoparticles are then loaded onto the
3D framework to create the composite material. Finally, the PU@RGO@MnO, composite
material absorbs and removes MB from the dye solution. It is found that graphene using PU
as the framework exhibits good mechanical properties. Its unique 3D mesh structure pro-
vides ample active sites for MnO, nanoparticle loading, significantly increasing the contact
area between the adsorbent and the MB solution and improving adsorbent utilization. The
nanoparticles synthesized through the reaction of KMnO,4 with carbon effectively suppress
the agglomeration phenomenon. The dynamic adsorption mode and dynamic removal
mode, aided by the addition of a water pump, greatly enhance the adsorption and removal
rates, demonstrating excellent performance. The multi-porous 3D graphene framework
proposed holds significant research and application value in wastewater treatment. It is
hoped that 3D graphene can gain widespread recognition and application in future water
treatment research. The material’s performance is influenced by water quality conditions,
emphasizing the importance of environmental parameters. The practical significance of this
work lies in the fact that environmental scientists and engineers can adjust and optimize
the formulations and processes of these 3D graphene composite materials according to the
needs of different application scenarios to achieve more efficient water quality treatment.
It is worth noting that this work does not include BET and SEM analyses, but these are
potential future research directions. Subsequent research can further analyze the material’s
microstructure and surface properties to better understand its performance.
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