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Highlights:

• nZVI/MXene@CNTs with a three-dimensional intercalation structure was successfully synthesized.
• nZVI/MXene@CNTs exhibited a high adsorption and catalytic oxidation capacity for As(III).
• nZVI/MXene@CNTs showed good anti-interference ability.
• nZVI/MXene@CNTs possessed excellent recyclability and reusability.

Abstract: Transition metal compounds demonstrated good performance in the removal of environ-
mentally harmful contaminants, such as arsenic, while the aggregation propensity and poor chemical
stability should be noticed. In this study, the nZVI/MXene@CNTs was adequately prepared by
liquid reduction precipitation method for adsorption and oxidation of As(III) from the aqueous
solution. The results of batch removal experiments showed that the maximum removal capacity
of the nZVI/MXene@CNTs for As(III) was 443.32 mg/g with the pH = 3.0 at 25 ◦C. The effects of
initial pH, dosage of materials and ionic strength on As(III) removal were explored. According to the
various characterization analyses, the most plausible mechanisms of As(III) removal were the surface
complexation, solid phase precipitation and the catalytic oxidation by the •OH. Furthermore, the
nZVI/MXene@CNTs could be readily activated and reused via leaching with 0.1 M NaOH solution,
due to the three-dimensional mesh intercalation structure. Therefore, it is a potential nanocomplex for
removing and recovering As(III) from water with excellent capacity and environmental friendliness.

Keywords: MXene; nZVI; intercalation structure; As(III); reusability; water treatment

1. Introduction

Arsenic (As(III)) poses a serious ecological concern due to its toxicity and prevalence
in the environment [1,2]. The metalloid properties of arsenic mean that when talking about
the environmental problems that it causes, heavy metal pollution is commonly brought
up. Arsenic-containing wastewater is widely sourced from industrial activities, such as
electroplating, chemical, mining and smelting with poisonous, migratory, and carcinogenic,
causing substantial environmental issues and even considerable human health risk [3]. To
prevent the negative effects of As(III) on the environment, the World Health Organization
set a maximum of 10 µg/L for arsenic in the international drinking-water standards [4].
Thus, purifying arsenic-containing wastewater is one of the most critical environmental
issues that needs immediate attention.

There are various forms of As(III) in industrial wastewater, including AsO3
3−,AsO4

5−

and the crystal shape of arsenite [5,6]. Because of being more toxic than its oxidized form
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in wastewater, As(III) has drawn greater attention [7]. The conventional methods were
employed for the removal of As(III) from industrial wastewater, including coagulation
precipitation [8], electro flocculation [9], ion exchange [10], membrane separation [11],
biological methods [12] and adsorption [13]. Adsorption technology, due to its wide adapt-
ability, environmental friendliness and economic characteristics, is regarded as a simple
and effective strategy [14,15]. Consequently, attention has shifted to the innovative synthe-
sis and application of adsorbent materials [16,17]. Ghorbanzadeh [18] et al. investigated
kaolinite, montmorillonite and nontronites for As(III) wastewater treatment, and discov-
ered that nontronite with a greater iron concentration (37.63%) had the highest As(III)
adsorption capability (0.68 mg/g), compared to montmorillonite (0.26 mg/g) and kaolinite
(0.24 mg/g). Chammui [19] et al. developed a Leonardite activated-carbon as an adsorbent
for the removal of As(III) with an adsorption capacity of 4.5 mg/g, which realized the
resource utilization of mine waste. Niazi [20] et al. produced pyrolyzed oakwood BC with
3.16 mg/g As(III) removal capacity and revealed that a large BC surface area (475 m2/g)
and pore volume (0.2 cm3/g) could be formed after high temperatures of 500 ◦C. Although
many natural materials were used for the adsorption of heavy metals due to their low cost,
easy access and quick adsorption, the poor removal capability limited their widespread
application [21].

Recently, nanotechnology has attracted interest for the potential to address various environ-
mental challenges by manipulating the particle size and surface modifiers [22,23]. Many of the
nanomaterials have been synthesized effectively for the purification of heavy metal wastew-
ater, for instance, carbon nanomaterials [24], nanoscale metal-organic frameworks and their
derivatives [25] and transition metal composite nanomaterial, such as iron nanoparti-
cles [26], transition metal oxides [27] (e.g., Fe3O4, Ag2O) and transition metal nanocom-
plex [28,29] (e.g., Co3O4/GO, MnO2/Fe2O3@AC). Kanel [30] et al. reported that nanoscale
zero-valent iron (nZVI) for As(III) adsorption quickly saturated within minutes, with a
maximum adsorption capacity of 3.5 mg/g. Zhang [31] et al. synthesized bimetallic oxide
magnetic nanoparticles (MnFe2O4 and CoFe2O4) for the purification of low-concentration
arsenic solutions, demonstrating that MnFe2O4 and CoFe2O4 had maximum As(III) adsorp-
tion capacities of 94.00 mg/g and 100 mg/g, respectively, and the nanoparticles could be
reused well by desorption. Wei [32] et al. prepared magnetic Fe–Cu/TiO2 nanoparticles for
the treatment of As(III)-containing industrial wastewater, and revealed an As(III) removal
capacity of around 17.5 mg/g, and more interestingly As(III) was completely oxidized on
the adsorbent. Zhang [33] et al. synthesized Al2O3-pillared layered MnO2(p-MnO2) for
the adsorption of Pb(II), Cu(II) and Cd(II) in aqueous solutions, revealing that the BET
surface area increased to 166.3 m2/g and the substrate spacing expanded to 0.85 nm, which
showed a greater heavy-metal ion adsorption capability than MnO2. The transition metal
nanomaterials have great advantages for their controllable particle size, large surface effect,
and strong adsorption capabilities to be used widely for the removal of heavy metal ions
from water [34–37]. However, some of the features, such as agglomeration propensity and
poor chemical stability should be noticed in certain specific areas [4,38].

In the past five years, MXene, a novel family of 2D intercalation materials, has become
a research hotspot and received extensive attention. It is generally expressed as Mn+1AXnTx,
formed from the layered and machinable Mn+1AXn phases, where n = 1, 2, 3, M is an early
transition metal; X is C or N; A is an element C or B of the periodic table, and Tx is
the surface terminal group [39]. The novel materials possessed specific physicochemical
properties, such as high surface areas, unique hydrophilicity, abundant surface functional
groups and excellent adsorption capacity, and Ti3C2TX MXene was one of the most explored
composites [40]. Kim [41] et al. explored the removal of some pharmaceuticals compounds
by Ti3C2TX MXene and revealed the selective adsorption capacity 58.7 mg/g for cationic
amitriptyline (AMT), with great reusability after sonication. Jun [42] et al. reported
that Ti3C2TX MXene possessed excellent selective adsorption capacity (148 mg/g) of Cs+

from model low-level radioactivity, achieving rapid purification and substantial reuse.
Apart from their outstanding adsorption capacity, Ti3C2TX MXene also has potential for
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applications in catalytic oxidation [43], electrochemistry [44], photocatalysis [45] and super-
sensors [46]. Therefore, it is extremely deserving of further study.

In this study, a novel three-dimensional mesh intercalation and multifunctional mag-
netic nanofibers hybrid (nZVI/MXene@CNTs) was prepared for As(III) wastewater treat-
ment. A variety of the characterizations was carried out to understand the possible mecha-
nism of the synthesis of nZVI/MXene@CNTs. It was revealed that the material possessed
enhanced adsorption performance, chemical stability and catalytic capabilities. The batch
adsorption experiments were utilized to evaluate the capacity of nZVI/MXene@CNTs
for As(III) removal and discussed the potential effects of pH, interfering ions and other
conditions. The probable adsorption mechanism and catalytic oxidation process of As(III)
on nZVI/MXene@CNTs were also investigated.

2. Materials and Methods
2.1. Materials

The titanium aluminum carbide (Ti3AlC2) was purchased from 11 Technology Co.,
Ltd. in Jilin, China. The multi-walled carbon nanotubes (MWCNTs) were purchased
from Suzhou CarbonFocus Graphene Technology Co., The nitric acid (HNO3), sulfuric
acid (H2SO4), hydrochloric acid (HCl) and sodium hydroxide (NaOH) were obtained
from Tianjin Hengxing Chemical Reagent Manufacturing Co., Ltd. (Tianjin, China). The
lithium fluoride (LiF), anhydrous ethanol (C2H5OH), thiourea (CH4N2S), ascorbic acid
(C6H8O6), ferrous sulphate (FeSO4•7H2O), calcium nitrate (Ca(NO3)2), magnesium nitrate
(Mg(NO3)2), sodium chloride (NaCl) and sodium sulfate (Na2SO4) were purchased from
Sinopharm Group Chemical Reagent Co., Ltd. (Hong Kong, China). The sodium boro-
hydride (NaBH4), potassium borohydride (KBH4) and sodium arsenite (NaAsO2) were
purchased from Xilong Science Co., Ltd. (Guangdong, China). All of the chemicals used
were analytically pure and the water used in the experiments was ultrapure.

2.2. Synthesis of nZVI/MXene@CNTs
2.2.1. Preparation of Functionalized CNTs

A total of 2 g multi-walled carbon nanotubes (MWCNTs) was added to 80 mL of a
1:3 combination of HNO3 and H2SO4 and stirred for 2 h at 80 ◦C. The suspension was
extracted and washed with water many times until the filtrate was neutral, then dried in a
vacuum drying oven at 60 ◦C for more than 12 h to a constant weight to get functionalized
CNTs after cooling at ambient temperature and diluted several times with deionized water.

2.2.2. Synthesis of nZVI/MXene@CNTs

The Ti3C2 MXene dispersion followed a prior report by our research group [47]. In a
mild aqueous environment, the nZVI/MXene@CNTs nanocomplex was produced using a
simple self-assembly approach. Specifically, to obtain a homogeneous suspension, 0.2 g
functionalized CNTs was combined with 30 mL deionized water and fully sonicated with
the pre-prepared MXene dispersion. The above CNTs and MXene dispersion was added to
a 5.0 g/L FeSO4·7H2O solution, agitated constantly to mix thoroughly, and N2 was filtered
through to remove the residual dissolved oxygen. Then, under N2 and constant stirring,
a freshly produced NaBH4 solution with the 5.0 g/L concentration was dropped into the
mixed liquid dropwise at the rate of 3.2 mL/min. Finally, the precipitates were freeze-dried
in a vacuum to obtain nZVI/MXene@CNTs nanocomplex after being washed several times
with water/ethanol.

2.3. Characterization

The Fourier-Transform infrared spectroscopy (FTIR; Thermo Scientific Nicolet iS5,
Waltham, MA, USA) was used to analyze the chemical bonds and functional groups of func-
tionalized CNTs, Ti3C2 MXene and nZVI/MXene@CNTs. The scanning electron microscopy
(SEM; ZEISS Sigma 300, Roedermark, Germany) equipped with an energy dispersive X-ray
spectrometer (EDS) was employed to observe the morphology and structure of several



Appl. Sci. 2022, 12, 8206 4 of 14

materials. The chemical state, elemental content and molecular structure of the materials
were determined applying X-ray photoelectron spectroscopy (XPS; Thermo Scientific K-
Alpha) based on peak location and peak shape. The vibrating sample magnetometry (VSM;
LakeShore7404) was employed to evaluate the magnetic characteristics of the samples.

2.4. Batch Removal Experiments

The As(III) removal capacity of nZVI/MXene@CNTs was investigated by batch ex-
periments. In a 150 mL conical flask, 50 mL of different concentrations of As(III) aqueous
solution were mixed with 0.4 g/L nZVI/MXene@CNTs and put on a constant temperature
shaker running at 150 rpm. The effect of different factors, such as the pH and dosage of
materials on the removal of As(III) by nZVI/MXene@CNTs, was investigated and the initial
pH value was controlled, using 0.1 M HCl/NaOH diluent. The influence of the interfer-
ing ions on the removal ability of nZVI/MXene@CNTs was investigated by employing
aqueous As(III) solutions, containing 0.01 mol/L Mg2+, Ca2+, Cl− and SO4

2−. The leaching
experiment with 0.1 M NaOH solution was used to test the regeneration and recoverable
function of nZVI/MXene@CNTs. The thermodynamics, kinetics and isotherms were also
studied. The isotherm data were evaluated by Langmuir and Freundlich isotherm models.
To fit the adsorption data, pseudo-first-order and pseudo-second-order kinetic models were
employed. The residual As(III) and As(V) concentrations after filtering were measured
using inductively coupled plasma mass spectrometry (ICP-MS; PerkinElmer NexION 300X,
Waltham, MA, USA). The adsorption amount qe was calculated (Equation (1)). The adsorp-
tion kinetics, isotherms and thermodynamic experiments and calculations are available in
the Supplementary Materials. All of the removal experiments were repeated three times,
with the average results used to assess the performance:

qe =
V(C 0 − Ce)

m
(1)

where, qe is the adsorption capacity, mg/g; V is the volume of solution, L; C0 is the initial
concentration of As(III), mg/L; Ce is the residual concentration of As(III), mg/L; m is the
adsorbent dosage, g.

3. Results and Discussion
3.1. Synthesis and Characterization of nZVI/MXene@CNTs

The three-dimensional mesh interlayered nZVI/MXene@CNTs nanomaterials were
self-assembled in the given aqueous solution. As shown in Figure 1, the synthesis schematic
design of nZVI/MXene@CNTs was depicted. Briefly, the functionalized CNTs and Ti3C2Tx-
Mxene nanosheet dispersions were obtained by acid drenching the CNTs and etching the
graphite phase MAX (Ti3AlC2), respectively. Then, the functionalized CNTs and MXene
nanosheet mixture were distributed in the prepared ferrous-sulfate solution, while stirring
constantly under N2 protection. Due to the high surface energy and numerous hydrophilic
groups, Fe(II) could be evenly disseminated on the surface of the CNTs and MXene. It
would be generated by the sequential assembly of MXene and CNTs and the ordered place-
ment of Fe(II) on their surfaces by water shear and zeta potential difference, producing a
three-dimensional interconnected interlayer structure of Fe(II)/MXene@CNTs. Fe(II) was
reduced to nZVI and deposited in the layer gaps and interstitial spaces of MXene and
MXene@CNTs by the addition of a dilute reducing agent (NaBH4). In this way, a nano-
material (nZVI/MXene@CNTs), with three-dimensional interlayer structure and excellent
adsorption and catalytic properties, was prepared. Additionally, this approach allowed
for the simultaneous self-assembly of three-dimensional interlayer nanostructures with a
variety of functional groups cross-linked for catalytic or interfacial activities, exhibiting the
characteristics of simplicity, efficacy and environmental friendliness.
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Figure 1. Schematic illustration of the self-assembly synthesis of nZVI/MXene@CNTs.

The microscopic morphology and elemental composition of the CNTs, functional-
ized CNTs, MXene and nZVI/MXene@CNTs were observed by SEM and EDS-mapping
(Figure 2). As shown in Figure 2a, there were numerous impurities, such as amorphous
carbon and agglomerates, on the original CNTs surface. However, following acidification,
the surface of the CNTs became rough, showing a considerable reduction in length, diam-
eter and impurity (Figure 2b). The prepared MXene showed a two-dimensional stack of
lamellae (Figure 2c). With the addition of the nZVI and functionalized CNTs, a cross-linked
and interlaced three-dimensional intercalation structure was produced, and many nZVI
catalytic units were evenly coated on the surface or embedded within (Figure 2d). A
considerable number of C, O, Ti and Fe elements were visible in the EDS-mapping energy
spectrum (Figure 2e–h), and each element was evenly distributed on the material surface.
The original morphology of nZVI/MXene@CNTs was retained after repeated ultrasonic
treatment, demonstrating good stability.
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The functional groups of the MXene, functionalized CNTs and nZVI/MXene@CNTs
nanohybrid were identified via Fourier-Transform infrared spectroscopy (FTIR) (Figure 3a).
It was obvious that the number of groups on the surface of MXene was limited. In addition,
the peaks at 3429 and 1325 cm−1 should be attributed to C-OH stretching, whereas at
2920 and 1625 cm−1 the peaks should be assigned to -CH3 symmetric bending and C=O
stretching of the carboxyl group, respectively [48]. Significantly, the new peak at 556 cm−1

corresponded to the Fe-O stretching vibration, indicating that the element of Fe was
effectively deposited onto the surface [49]. The surface of the successfully synthesized
nZVI/MXene@CNTs contained a specific quantity of iron and abundant oxygen-containing
groups, indicating that nZVI and the functionalized CNTs were successfully grafted onto
the MXene nanosheets. It would also be inferred that nZVI and functionalized CNTs
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improved the active sites and some functional groups on MXene, hence improving its
performance.
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To better understand the change of the surface functional groups on nZVI/MXene@CNTs,
the X-ray photoelectron spectroscopy (XPS) analysis was used to discriminate between the
types of the functional groups and distinct forms of the elements. As shown in Figure 3b,
the peaks in the survey spectrum of nZVI/MXene@CNTs at 285.20, 459.11, 531.24 and
711.52 eV were attributed to C 1s, O 1s and Fe 2p, respectively. The C 1s, Fe 2p and O 1s
XPS fine spectra of nZVI/MXene@CNTs are shown in Figure 3c–e. The peaks at 282.15,
284.80, 286.07 and 288.90 eV corresponded to Ti-C, C-C, C-O-C and O-C=O in Figure 3c,
respectively [50,51]. The C-C peak was obviously strong, which corresponded to the in-
teractions between the carbon atoms in the carbon nanotubes. In Figure 3d, the peak at
707.16 eV indicated the presence of Fe0 contained within the nanomaterial. The peaks
at 711.07 eV and 724.43 eV suggested that the nZVI nanoparticles on the surfaces were
partially oxidized [52,53]. Figure 3e shows that the peaks at 530.23, 530.57, 531.80 and
533.56 eV were attributed to Fe-O, Ti-O, C-OH and C=O, respectively [54], revealing that
the functionalized CNTs with abundant oxygen-containing groups successfully loaded
onto the materials. Therefore, the XPS results suggested that nZVI/MXene@CNTs were
composites composed of Ti3C2, nZVI and CNTs cross-linked together. The hysteresis line
diagram of nZVI/MXene@CNTs samples recorded at room temperature with a vibrating
sample magnetometer (VSM) is shown in Figure 3f, which shows a ferromagnetic property
of 40.93 emu/g. The magnetization strength of the material rapidly fell to zero when the
external magnetic field was removed, showing the superparamagnetic [55]. The outstand-
ing magnetic characteristic ensured that the nZVI/MXene@CNTs could be retrieved by
an external magnetic field drive after purification of the water body, which significantly
helped to overcome the problem of poor recovery and secondary contamination of the
nanomaterials in the real treatment of water pollution.

3.2. Removal of As(III) from Aqueous Solutions
3.2.1. Effect of Different Materials

In order to allow for a comparison of the adsorption capacities of different materials,
several monomeric and binary materials were chosen to evaluate the As(III) adsorption
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performance in this part, and the results are shown in Figure 4a. In comparison to un-
modified CNTs, the adsorption of functionalized CNTs were increased by nearly 60%,
and the adsorption capacities of nZVI/MXene and MXene/CNTs was increased by about
20.12 mg/g and 141.07 mg/g compared to MXene, respectively. It was indicated that the
performance of each component in removing As(III) further improved with the modifi-
cation of CNTs and the binary and ternary treatment of MXene. It can be inferred that
the enhanced performance of nZVI/MXene@CNTs might be related to the introduction of
oxygen-containing groups and the increase in a specific surface area, favorably demonstrat-
ing its better adsorption performance as a treatment material for the efficient removal of
As(III) from water. More interestingly, as shown in Table S1 (Supplementary Materials), the
nZVI/MXene@CNTs was much more capable of removing As(III) than the other materials.
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3.2.2. Effect of Initial pH and Dosage

The impact of the initial pH value on As(III) removal by nZVI/MXene@CNTs was
studied at room temperature and different pH values in the range 3–11 in an aqueous
solution containing 200 mg/L As(III) (Figure 4b). The results clearly showed that the initial
pH of the solution had an apparent effect on the remaining concentration and removal
rate of As(III). The adsorption capacity of As(III) fell from 443.32 mg/g to 144.95 mg/g
when the pH increased from 3.0 to 11.0. The result further demonstrated that the removal
of As(III) was limited as the pH levels rose. Under acidic conditions, there were rapid
corrosion rates of Fe0, accelerating the migration of the electrons in the solution and
increasing the reaction rate. Meanwhile, when the pH of the solution was lower than the
isoelectric point of the material, the hydroxyl groups on the surface were protonated to
produce OH2

+ to enhance the adsorption of As(V) [56]. At pH > 9.0, the removal effect
of As(III) decreased significantly, because of the corrosion rate of Fe0, and the electron
migration rate slowed down, resulting in less H2O2, •OH, •O2

−, etc. produced. Meanwhile,
As(III) occurred mostly in the form of H2AsO3

−, and the removal rate decreased due to
electrostatic repulsion. Therefore, As(III) was better removed by the nZVI/MXene@CNTs
under acidic conditions.
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As shown in Figure 4c, the solid-to-liquid ratio of the system would be affected by the
dosage. The removal of As(III) by nZVI/MXene@CNTs grew from 12.99% to 97.98% with
the increase of the dosage from 0.1 g/L to 1.0 g/L, and the maximum value of adsorption
at 0.4 g/L was 336.33 mg/g. That is because, at the same initial concentration, the effective
adsorption sites would be enhanced with the dosage appropriately increased. There was a
high concentration of As(V) in solution at the lower dosing levels owing to the restricted
adsorption sites and the full oxidation of As(III). In contrast, because the adsorption sites
were more sufficient at larger dosage, less As(III) and As(V) remained in the solution.

3.2.3. Evaluation of Anti-Ion Interference Capability and Reusability

In the real environment, other anions and cations were certain to be found in the
arsenic-containing effluent. To explore the practical application capability of the nZVI/
MXene@CNTs, several common interfering ions in water bodies (Ca2+, Mg2+, Cl− and
SO4

2−) were used in the As(III) removal experiment. As shown in Figure 4d, at the
0.01 mol/L concentration of interfering ions, the effect of the As(III) removal rate was in the
order of Mg2+ (98.60%) > Ca2+ (98.09%) > Cl− (89.21%) > SO4

2− (87.81%). The reason was
that the cation would not compete with the negatively charged H2AsO3

− for adsorption
sites and had basically no effect on the removal of As(III), while the anion would, and then
the removal efficiency was restricted [57]. Generally, the nZVI/MXene@CNTs showed a
good practical applicability against interference.

Reusability is usually one of the most significant factors to evaluate the performance of
adsorbents. Therefore, in addition to the adsorption performance research, the reusability
of the materials after desorption should be assessed. In this experiment, 1 mol/L NaOH
was used to regenerate the adsorbed composite material, and then employed for further
adsorption tests, as shown in Figure 4e. After five cycles, the removal of As(III) by the
elution-regenerated nZVI/MXene@CNTs decreased by about 14.25%, which might be
owing to a decline in the activity of the number of functional groups and surface active sites.
The results showed that the nZVI/MXene@CNTs had outstanding reusability properties
and could be employed in true water-treatment procedures.

3.3. Adsorption Kinetics, Isotherms and Thermodynamics

The kinetics are one of the fundamental elements that define the removal efficiency of
materials [58]. The influence of reaction time on As(III) elimination is shown in Figure 5e.
At environmental temperatures of 15, 25 and 35 ◦C, the removal reaction achieved equi-
librium after about 120 min, with equilibrium adsorption capacities of 317.48, 336.27 and
342.93 mg/g, respectively. Pseudo-first-order and pseudo-second-order models were used
to fit the As(III) removal process of the nZVI/MXene@CNTs, and the parameters are listed
in Table S2 (Supplementary Materials). As shown, the correlation coefficients R2 (0.9880,
0.9942, and 0.9893) of the pseudo-second-order fit were greater than those of the pseudo-
first-order kinetics (0.9876, 0.9922, and 0.9828), and the overall fit was similarly better. Thus,
the rate-controlling step of the reaction was mainly chemisorption.

Langmuir and Freundlich [59] were applied to clarify the adsorption of As(III) by
the nZVI/MXene@CNTs from the water solution. The fitting results of the two mod-
els are shown in Figure 5c,d, respectively, and the computed parameters of the Lang-
muir and Freundlich isotherm models are listed in Table S3 (Supplementary Materials).
The Langmuir isothermal model could be better described as the adsorption process of
nZVI/MXene@CNTs on As(III), implying that the adsorption of nZVI/MXene@CNTs on
As(III) occurred primarily on the uniform monolayer boundary of the material. Once
saturation was reached, no further reaction would occur at the adsorption site of the surface
layer [60]. At the conditions of pH = 5.0 and 25 ◦C, the predicted maximum adsorption
capacity of nZVI/MXene@CNTs was 336.64 mg/g, which was roughly close to the actual
maximum adsorption capacity of 333.56 mg/g.
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The fitted Van’t Hoff plot is shown in Figure 5e, and the thermodynamic data of
As(III) removal from the aqueous solution by nZVI/MXene@CNTs are shown in Table S4
(Supplementary Materials). As the initial As(III) concentrations increased from 25 to
300 mg/L, the enthalpy value (∆H0) decreased from 94.31 to 8.47 kJ/mol. The fact that all
∆S0 were positive and all ∆G0 were negative indicated that the adsorption of As(III) by
nZVI/MXene@CNTs was rational and irreversible. The progressive drop in ∆G0 from 15 ◦C
to 35 ◦C showed that increasing the temperature allows for a larger spontaneous tendency
of the reaction, and the reaction was more likely to occur at higher temperatures. Therefore,
As(III) adsorption by nZVI/MXene@CNTs was a spontaneous and endothermic reaction.
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3.4. Mechanism Analysis

To explore the changes in the functional groups, the FTIR analysis was utilized before
and after the adsorption of As(III) by nZVI/MXene@CNTs (Figure 6a). The peaks at 3385.74,
1623.91 and 1383.82 cm−1 after adsorption corresponded to the -OH stretching, O-C=O
symmetric and asymmetric stretching vibrations, respectively [61]. The functional group
species were changed slightly before and after the adsorption, while the wave number
of absorption peaks were changed, indicating that the aforementioned functional groups
might be involved in the removal of As(III). The intensity of the O-C=O peak had increased,
which indicated that the ligand process combined As(III) with the carboxylate, possibly
producing the free -COOH. The intensity of the -OH peak had dropped, probably due to
the Fe-OH breaking, implying that the hydroxyl group was engaged in the reaction and
gradually decreased as the reaction progressed. The typical peak of Fe3O4 was shifted
to 448.47 eV, which might be attributed to the electrostatic gravitational effect between
Fe and As(III). The peak at 815.14 eV was corresponded to the Fe-O-As vibrational peak,
indicating that As(III) removal process occurred through surface complexation, as well
as solid-phase precipitation by bonding As(III) to Fe [62]. The results suggested that
the nZVI/MXene@CNTs retained a good magnetic characteristic, making it suitable for
recycling [63,64].
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In order to further investigate the adsorption mechanism of nZVI/MXene@CNTs, the
XPS analysis was performed before and after the adsorption of As(III). The obtained XPS
full and fine spectrum of each element are shown in Figure 6b–f. There was an additional
characteristic peak of As 3d at 44.71 eV, suggesting that As(III) was successfully adsorbed
by the nZVI/MXene@CNTs, in addition to the typical peaks of C 1s, Ti 2p, O 1s and
Fe 2p at 284.45, 458.37, 530.85 and 711.33 eV, respectively. The characteristic peaks of
Fe 2p were unchanged, indicating that the nZVI/MXene@CNTs retained good magnetic
properties after adsorption. Furthermore, in Figure 6c, three convex peaks appeared
at 284.80, 287.15 and 288.80 eV, corresponding to C-C, C-O-C, and O-C=O, respectively,
suggesting that the various groups on the surface remained after adsorption. Thus, the
structure was stable and could be utilized repeatedly. As shown in Figure 6d, the binding
energy of the associated Fe3+ peak decreased from 714.99 to 713.97 eV, implying that the
charge density increased while the binding energy decreased, owing to the migration of the
outer electrons. Therefore, the Fe3+ was involved in the removal process [65]. The change
of the Fe0 characteristic peak indicated that it was oxidized to form hydrated iron oxide
during the removal process. It was clearly observed that the characteristic peaks at 532.78,
531.53, 530.64 and 530.48 eV were attributed to C=O, C-OH, Ti-O and Fe-O, respectively
(Figure 6e). However, the C-OH content was reduced after the reaction, which might imply
that the hydroxyl groups were consumed during the adsorption process, while the spots
were occupied by As(III) and As(V). The results were compatible with the FTIR data. As
shown in Figure 6f, the characteristic peak of As 3d appeared in the 42–48 eV interval after
the adsorption. The characteristic electron-binding energy of As(III) was lower than that of
As(V), as the research reported [66]. As a result, the peak at 44.10 eV might be denoted as
As(III), whereas the peaks at 45.19 eV and 45.58 eV might be indicated as As(V), with the
atomic percentages of 32.02% and 67.98%, respectively. It was suggested that a significant
portion of As(III) was oxidized to As(V) during the adsorption process, due to the nZVI
and the abundant oxygen-containing groups.

As shown in Figure 7, the removal process and oxidation mechanism of As(III)
from water by nZVI/MXene@CNTs were obtained, based on the aforementioned results
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and analyses. In general, the adsorption and catalytic oxidation processes of As(III) by
nZVI/MXene@CNTs could be explained in Equations (2)–(5). Specifically, three distinct
steps might be identified in the removal of As(III): As(III) was first electrostatically ad-
sorbed to the surface of nZVI/MXene@CNTs; then, it was oxidized to As(V) by the •OH
radical generated by Fe0 [47]; and finally they were removed by the hydrated iron oxide by
interfacial co-precipitation from the aqueous solution.

Fe0 → Fe2++2e− (2)

2e− + O2 + 2H+ → H2O2 (3)

Fe2++H2O2 → Fe3++OH−+·OH (4)

H3AsO3+2·OH = H2AsO−4 +H++H2O (5)
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4. Conclusions

In this study, a three-dimensional intercalation Ti3C2Tx MXene carbon nanotube sup-
ported by nZVI nanocomplex (nZVI/MXene@CNTs) was properly prepared and employed
for the rapid adsorption and catalytic oxidation of As(III) in aqueous solution. As a result,
the mild method of liquid-phase reduction improved the stability, reactivity and mag-
netic recovery. The maximum adsorption of nZVI/MXene@CNTs was determined to be
443.32 mg/g in the As(III)-containing solutions with the conditions of pH = 3.0 and 25 ◦C.
The As(III) oxidation process was likely significantly aided by the •OH that nZVI generated
when the nZVI/MXene@CNTs were present, which was obvious under acidic circum-
stances. The FTIR and XPS analyses and the adsorption model fitting results revealed
that the removal of As(III) involved not only surface complexation, but also solid phase
precipitation and the oxidation of the •OH. Furthermore, the nZVI/MXene@CNTs could be
regenerated by NaOH elution without impacting later usage, demonstrating high reusabil-
ity. The study provided a cost-effective and ecologically beneficial method for preparing
environmentally beneficial and reusable nanomaterials for harmful heavy-metal removal.
Therefore, the nZVI/MXene@CNTs had a lot of promise for efficiently purifying toxic metal
wastewater and might be employed as an ideal material for water pollution control.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/app12168206/s1, Table S1: Comparison of As(III) removal per-
formance of nZVI/MXene@CNTs and other materials; Table S2: The fitting parameters of pseudo-
first-order and pseudo-second-order kinetic models for As(III) adsorption by nZVI/MXene@CNTs;
Table S3: The fitting parameters of Langmuir and Freundlich isotherm models for As(III) adsorp-
tion by nZVI/MXene@CNTs; Table S4 The fitting parameters of thermodynamic model for As(III)
adsorption by nZVI/MXene@CNTs. References [67,68] are cited in the supplementary materials.
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