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Abstract: In this paper, MIL-88D (Fe) with spindle shape was prepared by the hydrothermal synthesis
method, a metal oxide with a new structure was obtained by calcination at different temperatures as
a precursor, and a magnetic iron oxide composite was prepared successfully. At the same time, it was
used as an adsorption material for the adsorption of heavy metal ions Cu?*. The influence of the initial
pH value and adsorption time on the adsorption effect was investigated, the adsorption kinetics and
adsorption isotherm were further fitted, and the adsorption mechanism was preliminarily analyzed.
The results show that the magnetic iron oxide composites have a good adsorption capacity for Cu*.
The pH value is an important parameter that affects the adsorption effect. The adsorption of Cu®* by
magnetic iron oxide composites reached adsorption equilibrium in 30 min. The adsorption of Cu?*
by magnetic iron oxide composites conforms to the second-order reaction kinetics and Langmuir
adsorption isotherm equation, which indicates that the adsorption process mainly occurs through
chemisorption and typical single-molecular-layer adsorption.

Keywords: MIL-88D; composite material; Cu®*; adsorb

1. Introduction

In recent years, the rapid improvement of industrial production has led to increasingly
serious environmental problems, and the water resources closely related to human survival
have suffered unimaginable damage [1]. As we all know, heavy metal ions, as one of
water resources’ pollutants that can not be ignored, not only cannot be biodegraded
but can also accumulate in the biological body and bring a variety of diseases, which
has a great impact on economic development, ecological environment destruction, and
human survival. Therefore, the effective removal of heavy metal ions has become one
of the main problems to be solved urgently in terms of current water pollution [2,3]. At
present, the methods of heavy metal ion pollution mainly include precipitation, electrolysis,
coagulation, membrane separation technology, reverse osmosis, adsorption, etc. Among
them, the adsorption method is widely used due to its advantages of simple operation,
being low cost, being green and harmless, and having a good removal effect [4,5].

The most important thing in the adsorption method is to select a suitable adsorbent
with a large adsorption capacity and fast adsorption rate. At present, the practical appli-
cation of the commonly used adsorbents is severely limited by their low adsorption rates
and adsorption capacity. Compared with common natural minerals, cellulose, commercial
activated carbon, and other adsorption materials, nanomaterials have a high specific surface
area, rapid dispersion, rapid reaction, and strong adsorption characteristics brought about
by surface effects, and quantum and dielectric effects brought about by their discontinu-
ity [6,7]. The synthesis of new nano-structured adsorbent materials and their application
in water pollution control have become one of the hot spots in the field of environmental
functional materials. Among them, the nano-porous carbon material has a high specific
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surface area, adjustable pore structure, and extremely fast adsorption rate. The adsorption
forms of physical adsorption and chemical adsorption are the most widely used in water
treatment. The most common method for preparing nanoporous carbon materials is to
decompose organic precursors at a high temperature and then activate them by physical
and chemical methods.

Metal-organic frameworks (MOFs) are a kind of crystalline porous material with a
periodic special network structure formed by the self-assembly of inorganic metal centers
(metal ions or metal clusters) and bridling organic ligands [8-10]. They have both the
rigidity of inorganic materials and the flexibility of organic materials, and have attracted
much attention due to their advantages such as large specific surface areas, multiple
adsorption sites, and strong designability [11,12]. However, the durability and stability of
most traditional MOFs in aqueous solution are poor, which destroys the coordination of
the MOFs, replaces the attached ligand, blocks the binding site, prevents the adsorption
of other target molecules, and may lead to the structural collapse, seriously hindering
the direct practical application of MOFs. In recent years, researchers have found that
derivatives prepared with MOFs as precursor systems have the characteristics of highly
controllable structures and functions and high specific surface areas and porosity, and
are potential excellent adsorption materials for water treatment. In addition, the organic
ligands in MOFs contain a large number of carbon elements, so appropriate organic ligands
and metal ions can be selected to prepare MOFs, and through direct carbonization, MOFs
can be transformed into nano-ordered porous carbon materials with different components,
pore structures, and surface chemical environments [13]. Yurou Feng et al. successfully
synthesized a highly efficient Cu>* adsorbent using Ca?* as a crosslinking agent through
in situ self-assembly from ZIF-8@ALG complex hydrogel [14]. Dan Xu et al. synthesized
ZIF-67 composite S5iO; material (ZIF-67@SiO,) using ethyl orthosilicate (TEOS) as a silicon
source, and carried out one-step carbonization with ZIF-67@SiO; as a carbon precursor to
prepare magnetic porous nitrogen-doped carbon material (MNPC@SiO;). Subsequently, the
Ce®** composite P-MNPC@SiO, was obtained by the functionalization of diethylphosphine
triethoxysilane (DPTS) [15].

Suitable adsorption materials in the treatment of heavy metal wastewater are not only
required to have good adsorption performance, but also it to be easy to achieve solid-liquid
separation after adsorption, otherwise they will cause material waste and even secondary
pollution. At present, due to its special reactivity, surface/interface properties, magnetic
properties, excellent specific surface area, and pore structure, iron oxide shows excellent
adsorption ability for contaminated metal ions, and many scholars have modified or
magnetized existing adsorbents to solve the above problems [16,17]. Wei et al. successfully
synthesized o-Fe,O3 with a special hollow nest shape and applied it to the adsorption of
heavy metal ions. The results show that it exhibits an excellent adsorption capacity for As>*
and Cr®, with adsorption capacities of 75.3 mg/g and 58.5 mg/g, respectively, mainly due
to its unique porous structure and specific surface area [18]. Huang et al. used a regular
spherical iron oxide with an unsmooth surface to adsorb Cu?* in water, and the results
showed that its maximum adsorption capacity was 13.44 mg/g [19].

In this paper, MIL 88D (Fe) with a spindle shape was prepared by the hydrothermal
synthesis method, which can not only maintain the topological structure and increase the
volume of the material, but also facilitate mass transfer under polar conditions such as
aqueous solution. At the same time, the iron-based MOFs with iron as their center have low
toxicity and good environmental compatibility. On this basis, the porous carbon materials
with a large specific surface area and controllable pore size/morphology were obtained
by composite aggregation and carbonization using rich organic ligands as carbon sources.
This overcomes the shortcomings of the poor self-stability of pure MOF material and the
unsatisfactory adsorption effect of the liquid phase. At the same time, the central metal
ion of MIL 88D (Fe) is embedded in the carbon matrix during the carbonization process
and forms a magnetic metal oxide Fe3O4, which not only promotes synergies with the
electron transfer of carbon, but also facilitates the rapid separation of adsorbent under the
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action of an external magnetic field. Furthermore, the composition and structure of the
synthetic materials were characterized by XRD and SEM. Taking Cu®* as the adsorption
object, the influencing factors of the pH value and adsorption time of the adsorption system
on the adsorption effect of the composite derived from MIL 88D was investigated, and the
adsorption mechanism was preliminarily explored.

2. Materials and Methods
2.1. Instruments and Reagents

X-ray powder diffraction (XRD, XRD-7000 X, shimadzu Co., LTD., Kyoto Japan) was
used to obtain the diffraction pattern of the phase composition of the sample. The elemental
electronic structure and valence state of the material’s surface were revealed via X-ray
photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham USA) employing
Al Ko radiation. Raman spectra were recorded using a Horiba Scientific LabRAM HREv-
olution with a 532 nm laser source. Fourier infrared spectroscopy (FT-IR) was used to
detect the characteristic chemical bonds of the samples. Scanning electron microscopy
(SEM, XL-30 FEG, FEI Company, State of Oregon USA) was used to analyze the surface
morphology of materials; specific surface area (BET, ASAP 2020, Mack Instruments, Atlanta
USA) and pore size distribution were used to measure the structural characteristics of the
sample. Determination of Cu?* concentration of heavy metal ions was conducted by atomic
absorption spectrophotometer (AA-7000A, Shimadzu Co., LTD., Kyoto Japan).

All reagents in this paper are analytically pure and have not been further purified.

2.2. Preparation of MIL-88D and Its Derived Carbon Coated Iron Oxides

By ultrasonic dispersion, 540 mg (2 mmol) of FeCl3-6H,O was uniformly dispersed
into 30 mL of N, n-dimethylformamide (DMF) to obtain solution A; solution B was prepared
by dispersing 242 mg (1 mmol) of 4,4’-biphenyl dicarboxylic acid uniformly into DMF of
30 mL; then, solution A was added to solution B drop by drop in continuous ultrasound,
the ultrasonic state was maintained until the dispersion was uniform after the drip was
finished, and solution C was prepared. Solution C was transferred to the reactor of 100 mL
for solvothermal reaction at 120 °C for 48 h and cooled to room temperature after the
reaction. The resulting solution was centrifuged (5000 r/min, 3 min) and washed with
DMF and anhydrous ethanol three times, respectively. After drying, orange powder was
obtained, that is, MIL-88D.

The obtained MIL-88D was calcined under N, atmosphere at 700 °C for 2 h with a
temperature rise rate of 5 °C/min as the precursor. After calcination, the derivative porous
carbon-coated iron oxide composite material was obtained, denoted as Fe;0,@C.

2.3. Cu?* Adsorption Experiment

The pH of the test solution was adjusted with 0.1 mol/L HCl and 0.1 mol/L NaOH. All
adsorption experiments were carried out on a constant temperature oscillator at 250 r/min
at 25 °C, and the amount of adsorbent was maintained at 1.0 g/L. Under a certain pH
value, CuSQOy solution with a mass concentration of 50 mg/L (Cy, mg/L) was taken as the
research object, and a certain amount of MIL-88D-derived magnetic iron oxide composite
material (1, mg) was added to 20 mL Cu?* solution (V, L), which was separated by external
magnetic force after mechanical stirring for a certain time. The concentration of metal
ions at different times was determined to explore the adsorption kinetics. The residual
Cu?* content (Ct, mg/L) was determined by atomic absorption spectrophotometer with
appropriate supernatant, and the adsorption rate A (%) and adsorption amount Q (mg/g)
were calculated according to Equations (1) and (2), respectively.

A =100 x (Cog — C)/Cy (1)

Q=(Co—CyxV/m ()
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2.4. Reuse Experiment

The Fe304@C composite magnetic porous carbon material after adsorbing copper
ions in the previous step was used for magnetism. It was separated from solid and
liquid, then washed with 1 M EDTA solution, washed three times, and then washed with
deionized water until neutral to complete recovery. After recovery, the adsorption property
of Fe30,@C composite magnetic porous carbon material was tested five times, and the
reuse value of Fe304,@C composite magnetic porous carbon material was explored. After
adsorption, the amount of iron ions dissolved in the solution was also measured by atomic
absorption spectrophotometer.

3. Results and Discussion
3.1. Sample Preparation and Characterization

Figure 1 shows the XRD patterns of MIL-88D and the derived porous carbon-coated
iron oxides (Fe304@C). First, the results for the synthesized MIL-88D were completely
consistent with the reported MIL-88D characteristic peak location, indicating its successful
synthesis (Figure 1a) [20]. In Figure 1b, Fe304@C has obvious characteristic peaks at
26 = 30.2°,35.5°,43.2°,53.6°, 57.1°, and 62.7°, and these peaks all exhibit narrow and sharp
characteristics. These correspond to the crystal faces (220), (311), (400), (422), (511), and
(440) in the Fe30,4 standard card (JCPDS No. 88-0315). It is worth noting that no other
peaks appear except FezOy, that is, no obvious C-characteristic peak can be detected in
XRD, which suggests that C exists in an amorphous state.

a’ —— MIL-88D b — Fe;0,@C
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Figure 1. XRD patterns of (a) MIL-88D and (b) Fe;0,@C.

XPS can characterize the chemical composition and valence state chemical state of the
materials surface. In Figure 2a, the survey spectrum of the Fe;O04@C composite exhibits Fe
2p, O 1s, and C 1s peaks, which are in good agreement with the composition of Fe30,@C.
The C 1s spectrum shows that C has both sp? and sp? forms, and the two peaks at 286.1 eV
and 288.6 eV represent some of the residual organic ligands after pyrolysis (Figure 2b).
In Figure 2c, the peaks at 529.7 eV and 531.8 eV belong to the Fe-O bond and oxygen
vacancies (Vo) in Fe3Oy, respectively. The peak at 533.2 eV indicates O in the residual
organic material. As shown in Figure 2d, the Fe element mainly consisted of two valence
states of “+2” (709.7 eV and 722.8 eV) and “+3” (711.0 eV and 724.1 eV), which correspond
to the valence state that Fe is supposed to have in Fe3Oj4.

Raman spectroscopy is an effective characterization technique for analyzing carbon
materials. As shown in Figure 3a, the peaks at 1350 and 1580 cm~! are the D and G
peaks, respectively, for carbon materials. The D peak originates from sp>-C in amorphous
carbon, while the G peak represents sp>-C in graphitic carbon. The above results indicate
that Fe30,@C contains both sp3-C and sp?-C. In addition, the intensity ratio of the D and
G peaks (Ip/Ig) can reflect the degree of graphitization of the carbon materials. After
fitting, the Ip/Ig value of Fe30,4@C is calculated to be 1.25, indicating a low degree of
graphitization. This is also consistent with the absence of diffraction peaks of graphitic
carbon in the XRD pattern.
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Figure 2. XPS spectra of Fe;04@C: (a) survey spectrum, (b) C 1s, (c) O 1s, and (d) Fe 2p.
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Figure 3. (a) Raman spectra of Fe304@C; (b) FT-IR spectra of MIL-88D and Fe3;O4@C.

In order to prove the presence of carbon in the products and the structural changes
in the materials before and after calcination, Fourier infrared spectroscopy analysis was
performed on the two materials. The results are shown in Figure 3b. Compared with the
precursor of MIL-88D, the Fe-O vibration peak at 560 cm ™! appeared in the carbon-coated
iron oxide. This indicates the presence of iron oxides in the products after high-temperature
calcination [21]. In addition, the peak at 1395 cm~! corresponds to the C-C absorption
peak, and the absorption peaks at 1480 cm~! and 1637 cm ™! correspond to the stretching
vibration of C=C and C=0, respectively [22]. It is not difficult to find that, compared with
MIL-88D, the product after high-temperature calcination still has obvious C=C, C=0, and
C-C characteristic diffraction peaks, which also confirms the existence of carbon in the
product after high-temperature calcination.

MIL-88D and its derived carbon-coated iron oxide composites were characterized by
scanning electron microscopy, and the results are shown in Figure 4. MIL-88D is a spindle
as a whole, and after high-temperature treatment, Fe304@C basically maintains the spindle
structure, although some of the spindles are destroyed and collapsed, and the surface is
uniformly covered with dense small protrusions, showing obvious folds as a whole. For
Fe304@C, the surface full of folds contributes to the increase in its specific surface area, and
also reflects the characteristics of its pore structure to a certain extent.
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Figure 4. SEM images of (a) MIL-88D and (b) Fe;0,@C.

In order to further study the changes in its specific surface area and pore structure, N
adsorption and desorption isotherm tests were carried out on MIL-88D and the derived
carbon-coated iron oxide composites. The specific results are shown in Figure 5. It can
be seen that both materials exhibit type IV isotherms, indicating that the carbon-coated
iron oxide composite prepared by this method retains the original MIL-88D structure. The
corresponding specific surface area was calculated by BJH (as shown in Table 1). It was
found that, after high-temperature treatment, the specific surface area decreased to a certain
extent, but still maintained a high level. At 700 °C, the specific surface area was as high
as 248.10 m?/g. Meanwhile, the pore structures of the two materials were compared and
analyzed. It was found that Fe30,@C showed a single mesoporous characteristic with a
pore size of 3.76 nm, which could be confirmed by SEM to a certain extent. The uniform
distribution of mesoporous structures may be due to the uniform and dense arrangement
of small protrusions on the surface, which is more conducive to the adsorption of heavy

metal ions by the materials. It is worth noting that the pore structure characteristics can be
verified by SEM.
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Figure 5. BET diagrams of (a) MIL-88D and (b) Fe30,4@C.

Table 1. Specific surface area and pore size of MIL-88D and its derived composites.

Sample MIL-88D Fe;04@C
Specific surface area (m?/g) 392.51 248.10
Aperture (nm) 3.64/21.73 3.76

In order to further investigate the separation effect of composite materials under
an external magnetic field, the magnetic properties of Fe30,@C were characterized. As
can be seen from Figure 6, the hysteresis loop of Fe304@C is in the shape of an “S”, and
the saturation magnetization is as high as 19.13 emu/g. No coercive force or remanent
magnetization occurs in the sample during magnetization, indicating that it has strong



Magnetochemistry 2024, 10, 64

7 of 14

superparamagnetism. The inset shows that Fe304@C can be rapidly adsorbed under an
applied magnetic field, thus enabling the material to be efficiently separated from the water
by an applied magnetic field.

Magnetization/(emu/g)
(=1

-10F

1 " 1 " i 1 " 1
-10,000  —5,000 0 5,000 10,000
Magnetic filed/Oe

Figure 6. Hysteresis loop of Fe304@C (the inset is the separation effect of Fe30,4@C under an external

magnetic field).

3.2. Adsorption Properties of Sample

The effect of different initial pH values on the adsorption effect was investigated under
the condition of a 1 g/L addition of the derived porous carbon-coated iron oxide adsorbent,
a 50 mg/L mass concentration of Cu?*, and 2 h oscillation at room temperature, as shown
in Figure 7a. MIL-88D(Fe) and its derivative Fe304,@C have certain adsorption properties,
but the adsorption capacity of Fe30,@C is significantly higher than that of MIL-88D(Fe).
Although MIL-88D(Fe) has certain adsorption properties due to its large specific surface
area, its poor solubility in water is not suitable for practical application in the field of water
treatment. The initial pH of the solution will affect the degree of protonation on the surface
of the adsorption material, thus affecting the removal of heavy metal ions. When the initial
pH of the solution is low, more H* in the system enhances the protonation degree of porous
carbon-coated iron oxide, that is, in increases the electrostatic repulsion with positively
charged Cu?* and decreases its removal rate. When the initial pH value is increasing,
the adsorption effect of Cu?* is the best with the increase in OH™ content in the system.
However, the pH value of the system is too high; although the apparent Cu?* removal rate
may be relatively high, the main reason is the formation of copper hydroxide precipitation
in the alkaline environment. Therefore, under the condition of high pH, the efficiency
of heavy metal ion removal will be significantly reduced due to the performance of the
adsorbent itself. In order to explain the variation in the adsorption properties of Cu(Il)with
pH, the zeta potential and zero charge point pHpyc of Fe30,@C in the range of pH = 3-9
were further measured (Figure 7b). Relatively high pHpzc values cause the sample to
exhibit significant variable charge characteristics: trapping protons at pH levels below the
zero charge point and introducing positive charges, and dissociating protons at higher pH
values and introducing negative charges.
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Figure 7. (a) Effect of initial pH value of solution on Cu?* adsorption; (b) influence of pH on the zeta
potential on Fe;04@C.

The correlation between the Cu?* adsorption capacity Q. in the range of pH = 3-7 at
Fe;04@C and the corresponding zeta potential was analyzed, and both showed a good
correlation (R? = 0.84). This indicates that the pH-dependent Cu?*-adsorption behavior of
Fe;04@C is closely related to its surface variable charge. It is, further, proved that, in the
low-pH region, the surface of Fe;04@C has a net positive charge and forms electrostatic
repulsion with Cu?*, which is not conducive to Fe;04@C adsorption of Cu?*. In the high-
pH region, the surface of Fe30O4@C has a net negative charge, which forms electrostatic
attraction to Cu?* and shows a higher adsorption removal of Cu?*.

As can be seen from Figure 8, when the adsorbent is adsorbed for 10 min, there is a
large number of empty adsorption sites on the surface of the adsorbent, and the removal
rate of Cu®* by porous carbon coated with iron oxide can reach 90%. With the extension of
the adsorption time, the adsorption site is gradually occupied by metal ions, the electrostatic
repulsion between metal ions in the adsorption phase and metal ions in the solution phase
is enhanced, and the concentration difference (driving force) of solute diffusion to the
surface of the adsorbent is decreased, resulting in difficulty in later adsorption and the
adsorption rate gradually slowing down. After 30 min, the adsorption curve of the porous
carbon-coated iron oxide on Cu®* gradually flattened, that is, a dynamic equilibrium
process of adsorption and desorption was achieved.
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Figure 8. Cu?* adsorption: (a) the effect of adsorption time (the inset is the fitting of adsorption
diffusion process); (b) the effect of initial concentration (the inset is the fitting of Langmuir model).

The experimental data were simulated for adsorption first-order kinetics and second-
order kinetics [23], and the calculation results are shown in Table 2. It can be seen from
Table 2 that the second-order kinetic equation can well-describe the adsorption process
of Cu?* by porous carbon-coated iron oxide, with the adsorption rate constant k, being
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0.0076 g/(mg-min) and the R? being 0.9977, indicating that the adsorption is mainly con-
trolled by chemical action rather than by material transport steps. The mass-transfer
mechanism of Cu(ll) adsorbed by Fe;0,@C was further investigated by using the intraclass
diffusion model. The relevant results are shown in the illustrations in Figure 8a. It can
be seen from the figure that Cu(Il) at Fe;0,4@C first diffuses externally in the liquid film
around the Fe30,@C. Next is internal diffusion in the Fe304,@C mesopore; finally, there is
adsorption at the active site Fe;04@C. Moreover, the fitting line of step 1 passes through
the origin, which indicates that intra-particle diffusion is involved as a rate control step
in the initial stage of adsorption. However, the fitting lines for steps 2 and 3 do not pass
through the origin, suggesting that intra-particle diffusion is not the only rate-determining
step in the adsorption process, and that chemisorption mechanisms may also be involved.

Table 2. The fitting results of adsorption kinetic parameters.

First-Order Kinetic Equation Second-Order Kinetic Equation
Qe (mg/g) 56.61 Qe (mg/g) 5291
kq (min—1) 0.0466 ky (g/mg-min) 0.0076

R? 0.7911 R? 0.9977

It can be seen from Figure 8b that the adsorption isotherm of porous carbon-coated
iron oxide for Cu?* is L-shaped. With the increase in the initial mass concentration of Cu?*,
the adsorption capacity also increases. The adsorption capacity will increase rapidly with
the increase in the equilibrium mass concentration of metal ions in the solution. Even in
the solution with a low mass concentration, there is a strong adsorption of heavy metal
ions, and a better removal rate can be achieved with less cellulose, which is conducive
to the full utilization of the adsorbent. As the concentration of the solution increases to a
certain extent, the content of heavy metal ions in the solution and the exchange site of the
adsorption material gradually decrease, making the slope of the isotherm decrease and
tend to be gentle until the adsorption amount tends to a constant value, thus achieving
adsorption equilibrium.

After fitting the relationship between the adsorption capacity and initial mass concen-
tration of heavy metal ions (Cu*) by porous carbon coated with iron oxides, the adsorption
parameters and correlation coefficient R are shown in Table 3 [24]. As can be seen from
Table 3, the fitting results are obviously in line with the Langmuir (R? = 0.9981) adsorption
model, reaching a very significant level, indicating that the adsorption of heavy metal ions
(Cu?*) by porous carbon-coated iron oxides is done by a single molecular layer. Based
on the fitting of the Langmuir adsorption isothermal model, the adsorption strength (Ry))
can be further calculated according to the kL value of the Langmuir constant at a certain
temperature, that is, Ry, = 1/(1 + k. Cp). It is generally believed that, when 0 < Ry, <1, ions
in solution are easily adsorbed; on the contrary, when Ry, > 1, ions in the solution are not
easily adsorbed [25]. As can be seen from Table 3, ki is a positive number, so the adsorption
strength of porous carbon-coated iron oxides on metal ions is less than 1, and the RL also
decreases with the increase in the initial mass concentration of heavy metal ions (Cu?"),
which fully indicates that, the greater the initial mass concentration of heavy metal ions,
the more favorable the adsorption [26].

Table 3. The fitting results of adsorption isotherm model parameters.

Langmuir Adsorption Isotherm Freundlich Adsorption Isotherm

Qe (mg/g) 69.93 n 0.2473
kp (L/mg) 0.0378 ke (L/g) 15.92
R? 0.9981 R? 0.6665
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In Table 4, the Fe304@C composite adsorbent prepared in this experiment is compared
with several other representative Cu®* adsorbents. As can be seen from the table, the ad-
sorption capacity of the Fe30,@C composite for Cu®* is higher than that of other materials.
This is mainly due to the micropore-filling and electrostatic action of porous carbon in
Fe;04@C composite.

Table 4. Comparison of adsorption capacities of different adsorbents for Cu?*.

Adsorbent Adsorption Apacity (mg/g) Cite Literature
Fe;0,@C 69.93 This work
pectin B-cyclodextrin composite 12.51 [27]
Cellulose reinforced electrospunchitosan nanofibers 36.76 [28]
SiO,-TEPA-NA 13.44 [29]
The adsorbent prepared from Bayer’s method-derived red mud (RM) 68.86 [30]
Magnetically modified iron oxide immobilized biochar adsorbent using 16.83
. . [31]
Juglans regia shells
Chlorides-modified hydrochars 54.74 [32]

3.3. Reusability of Fe30,@C

The reuse performance of the adsorbent is another important indicator to realize its
potential application in practical wastewater treatment. Therefore, the adsorption and
desorption cycle experiments of Fe30,@C for the adsorption properties of Cu?* ions were
carried out at room temperature. As can be seen from the experimental results in Figure 9a,
the composite still showed an excellent adsorption capacity for heavy metal Cu* ions after
desorption in EDTA (0.1M) solution. In particular, the removal rate of heavy metal Cu?*
ions by Fe30,@C remained at nearly 80% of the initial adsorption value after five cycles.
The slight decrease in the adsorption capacity of the composite after cyclic adsorption
may be due to the decrease in the active site and the plugging of porous carbon pores
in several aspects [26]. On the one hand, the content of residual heavy metal ions in the
adsorbent gradually increases, which reduces the amount of exposed active sites. On the
other hand, the products formed by chemisorption and complexation adhere to the surface
of the adsorbent, which not only reduces the number of active sites on the surface of the
adsorbent, but also blocks the pores of porous carbon, which reduces the mass-transfer
capacity of the heavy metal ions.

a b
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Figure 9. The adsorption capacity of Cu?* (a); the dissolution capacity of Fe>* and Fe3* in the
recycling experiment (b).

In order to further investigate the stability of Fe;04@C, the dissolution of Fe?" and
Fe3* after adsorption was detected simultaneously. Figure 8b shows the change in the
amount of Fe?* and Fe®* dissolved during the reuse process. The solubility of Fe** and
Fe®* in each copper ion adsorption process is lower than 0.2 mg/L, which fully indicates
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that the Fe;0,@C adsorption material is very stable during the adsorption of copper ions,
and that dissolved ions will not cause secondary pollution to the environment. After each
adsorption of copper ions, the dissolution amount of bivalent iron ions decreases with the
decrease in the adsorption amount of copper ions, and the dissolution amount of trivalent
iron ions does not decrease significantly, indicating that the main adsorption process of
the adsorption of copper ions by the adsorption material is the exchange of bivalent iron
ions with copper ions, supplemented by the exchange of trivalent iron ions with copper
ions [27,28].

3.4. Adsorption Mechanism of Fe3O,@C

Further, combined with previous characterization results of surface functional groups,
the specific surface area of magnetic porous carbon composites, and experimental results
of adsorption of Cu?*, the main adsorption mechanisms of Cu?* by Fe;0,@C include
ion exchange, pore diffusion, electrostatic action, and coordination action, as shown in
Figure 10 [33,34].

o0
oo Hydrothermal Carbonlzatlon
dh
120°C, 48 h 700°C, 2 h
c
® 2
— o ‘é
S o
+ v
-
® Fe3+ <
o %,
v
4,4 -biphenyl z 0 Cation-mt mechanism
dicarboxylic v Electrostatic action
acid v Coordination

v Precipitation

Figure 10. Schematic diagram of material synthesis and adsorption mechanism.

Firstly, the charged cation in Fe304@C can dissolve and have ion exchange with
Cu(Il). In the above experiments, the concentration of Fe?* ions in the supernatant after
the adsorption of Cu?* is significantly increased [35]. Secondly, the high specific surface
area and developed pore structure of Fe30,@C not only strengthen the contact between
the adsorption site on the surface of porous carbon and the heavy metal ions, but also
enhance the contact between the adsorption site on the surface of porous carbon and the
heavy metal ions, which is conducive to the introduction of new functional groups. The
adsorption kinetics of Cu(Il) and the rapid initial adsorption of the Fe30,@C adsorption
isotherm are attributed to pore diffusion [36,37]. Thirdly, electrostatic action is one of the
main mechanisms affecting the removal of Cu(II) from Fe304@C. The negative charge on
the porous carbon surface easily interacts with Cu(ll). The functional groups on the porous
carbon surface are important factors affecting the electrostatic action. Under different pH
levels, the functional groups show different chemical forms, thus affecting the electrostatic
action. Charged Fe3;04@C has an electrostatic adsorption effect on heavy metal ions,
limiting the free state of the heavy metal ions. Therefore, the carbonization temperature is
the main factor affecting the electrostatic interaction of functional groups on the surface
of porous carbon [38]. Finally, coordination is the main mechanism of removing Cu(Il)
from magnetic porous carbon material (Fe304@C), because Cu(ll) has a strong coordination
ability and can form adsorption sites with carboxyl, hydroxyl, and other functional groups
contained in porous carbon, and coordination between these adsorption sites and metal
ions occurs [39].
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4. Conclusions

In this paper, the magnetic porous carbon composite Fes04@C was synthesized by
hydrothermal recombination and the carbonization of the fusiform MIL-88D (Fe) as the
precursor. The material still maintains the frame structure of MIL-88D (Fe), the central
ion Fe is oxidized into nanometer iron oxide with magnetic properties, which is evenly
distributed in the carbon-based pores, and the composite adsorption material of iron oxide
and porous carbon is obtained. After carbonization, the original smooth spindle structure
became rough, and the number of active sites increased. At the same time, the magnetic
ferric oxide formed under the action of an external magnetic field is conducive to realizing
fast solid-liquid separation. Compared with pure MIL-88D (Fe), the adsorption capacity
of the Fe30,@C material for Cu?* ions is greatly improved. The pH value is an important
parameter that affects the adsorption effect. When the pH is 6 and the adsorption time is
30 min, the adsorption effect is the best, and the removal rate is 96%. The adsorption process
of Cu?* by porous carbon-coated iron oxide conforms to the second-order reaction kinetics
and Langmuir adsorption isothermal equation, indicating that the adsorption process
occurs mainly through chemisorption and typical single-molecular-layer adsorption.
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