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Abstract: Considering the electromagnetic protection needs of important ground buildings, exploring
the electromagnetic wave (EMW) absorption performance of manganese ore powder (MOP) building
materials is an effective way to overcome its low added value and difficulty in popularizing. Here,
choosing filling ratios commonly used in building materials such as autoclaved bricks, MOP /paraffin
samples with 20%, 40%, and 60% mass fraction of MOP were prepared, and electromagnetic properties
were analyzed at 2-18 GHz using the coaxial method. The results show that 60 wt% sample has the
best absorption performance, with a minimum reflection loss (RLy,) value of —22.06 dB at 15.04 GHz,
and the effective absorption bandwidth (EAB, RL < —10 dB) reaches 4.16 GHz at a 7.65 mm absorber
thickness, covering most of the Ku-band region. The excellent microwave absorption performance of
MOP is due to its multi-oxide forming multi-interface structure and rough surface, which can not
only form abundant dipole and interfacial polarization under the action of EMW, but also reflect and
scatter the incident EMW, prolong the transmission path, and enhanced the absorption of microwaves.
This study demonstrates that MOP building materials can have excellent microwave absorption
properties, thus becoming a new way to address harmful manganese residue; for example, autoclaved
bricks, which can not only improve the added value of manganese residue building materials but also
can be consumed on a large scale. It provides a new idea to solve the harm of manganese residue.

Keywords: manganese ore powder (MOP); electromagnetic wave absorption; pollution control;
dielectric loss

1. Introduction

Manganese is an important metal widely used in metallurgy, electronics, and the
chemical industry [1]. With the sharp reduction in the grade of manganese ore brought
about by long-term mining, the solid waste from manganese tailings mining has increased
year by year [2]. At present, the main disposal method of manganese residue is stockpiling.
However, the pollutants in manganese residue (such as Mn?2*, Cré*, Pd?*, etc.) are easy
to enter the water, soil, and air, destroy the ecological balance and endanger human
health [3-5]. Meanwhile, long-term stockpiled manganese residue is easy to cause dam-
break accidents. Therefore, to reduce ecological and environmental hazards, and promote
the healthy development of the mining industry, research on the reduction, harmless, and
resource utilization technology of manganese residue should be carried out.

Molecules 2022, 27, 3758. https:/ /doi.org/10.3390/molecules27123758

https://www.mdpi.com/journal /molecules


https://doi.org/10.3390/molecules27123758
https://doi.org/10.3390/molecules27123758
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-8072-8506
https://orcid.org/0000-0003-4698-5645
https://doi.org/10.3390/molecules27123758
https://www.mdpi.com/journal/molecules
https://www.mdpi.com/article/10.3390/molecules27123758?type=check_update&version=2

Molecules 2022, 27, 3758

2 of 14

Building materials are one of the main ways to consume manganese ore powder
(MOP), which can be used to prepare roadbed, autoclaved brick, autoclaved aerated
concrete, glass-ceramics, cement clinker, and geo-polymers, so as to realize the large-scale
utilization of MOP [6-11]. For instance, Wang et al. [10] studied the mechanical and
environmental properties of non-sintered permeable bricks prepared from electrolytic
manganese residue (EMR). The test results showed that the splitting tensile strength of
the optimal ratio (50 wt% of EMR) was 3.53 MPa, and the permeability coefficient was
3.2 x 1072 cm/s. Li et al. [12] prepared autoclaved bricks with a filler mass fraction of 63%
by EMR, which could be obtained with 1-day compressive strength of 23.5 MPa and the
Mn leaching concentration of <0.02 mg-L~!. Although researchers have carried out a large
number of studies on resource utilization of manganese residue building materials, the
overall combined utilization rate is low. Meanwhile, the increased costs associated with the
pre-treatment of manganese residue have led to weak market competitiveness, which limits
the promotion and application of manganese residue building materials. The motivation of
this study is to find an effective way to improve the added value and large-scale utilization
of MOP building materials.

Presently, with the development of electronic technology, it is vital to safeguard the
electronic and information security of all types of ground buildings with important func-
tions and tasks [13,14]. Researchers have worked to develop effective electromagnetic
wave (EMW) shielding or EMW absorbing materials to solve these problems [15-18]. Wave
absorbing materials exhibit greater advantages than shielding materials due to their ability
to convert incident electromagnetic energy into thermal energy rather than reflecting it
back into the environment [19-21]. Therefore, using building materials with high EMW
absorption performance is a simple and effective way to realize electromagnetic protec-
tion for important ground buildings. Fortunately, the main components of MOP, such as
5i0; [22], MnO [23], and Al,O3 [24], are typical dielectric loss microwave absorbing materi-
als. This shows that MOP building materials, especially wall materials such as no-burn
bricks, autoclaved bricks, non-sintered permeable bricks, and autoclaved aerated concrete
with 30-60% admixture are expected to have an excellent electromagnetic absorption effect,
which can not only consume a lot of manganese residue, but also improve the added value
of MOP building materials. While, as far as we know, there are no published reports on the
microwave absorption of MOP building materials.

To investigate the microwave absorption properties of manganese residue and its
potential application in electromagnetic protection building materials, MOP was selected to
explore the electromagnetic characteristics. Specifically, grind the MOP and fuse with flake
paraffin, and then pressed into coaxial ring by mold to test and analyze electromagnetic
parameters. Here, the filling mass fractions of 20%, 40% and 60% commonly used for
manganese residue building materials are selected, and the experimental results show that
the microwave absorption performance is positively correlated with the filling mass fraction.
For the sample with 60 wt% mass fraction, the minimum reflection loss (RLin) of —22.06 dB
can be achieved at 15.04 GHz, and the effective absorption bandwidth (EAB, RL < —10 dB)
of 4.16 GHz (13.84-18 GHz) can be obtained at a thickness of 7.65 mm. It is well known
that the mass fraction of manganese residue filling suitable for autoclaved bricks should
be greater than 60 wt%, and the thickness of the brick is usually 53 mm [12]. This shows
that manganese residue building materials, especially autoclaved bricks, have excellent
EMW absorption properties and can be used in electromagnetic protection buildings. In
short, this study provides a brand new way to utilize manganese residue on a large scale
and increase the added value of MOP building materials.

2. Experiment
2.1. Materials
The processing procedure for sample preparation is shown in Figure 1. Manganese ore

was obtained from a typical manganese deposit in Xiushan County (Chongging, China).
The crushed manganese ore was dried in a constant temperature oven at 105 °C for 12 h,
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and ground with a planetary ball mill for 12 h to obtain powder. Since the particle size of
MOP used as construction raw material is generally around 150 um, the powder obtained
was passed through a 100 mesh sieve (particle size < 150 um).

Manganese Ore Cracking into Drying at 105°C for 12 h

small pieces

”-' W = EY‘Q’

{ A
Passing through
a 100 mesh sieve Grinding for 12 h

Figure 1. The preparation process of MOP.

2.2. Characterization

Elemental and chemical analyses were performed with X-ray fluorescence (XRF, AR-
LAdvant’X Intellipower 3600, Waltham, MA, USA). The X-ray powder diffraction (XRD,
Rigaku Ultima IV, Tokyo, Japan) method was carried out to identity the crystallization
phase of the MOP, using nickel-filtered Cu Kot (A = 0.154 nm) radiation at an angle of 5-85°
at a scanning rate of 8 °/min. A scanning electron microscopy (FIB/SEM, ZEISS AURIGA,
Oberkochen, Germany) with EDS equipment was used to observe the surface topography
and elemental distribution of the MOP. The magnetic properties of the composites were
measured with a vibrating sample magnetometer (VSM, LakeShore 7404, Columbus, OH,
USA). The particle size distribution was analyzed with a laser particle size analyzer (PSA,
Mastersizer 2000, Malvern, UK).

For the EMW absorption properties, the samples were prepared by mixing the MOP
with melted paraffin at mass filling ratios of 20 wt%, 40 wt%, and 60 wt%, respectively. The
mixture was compressed into a ring with an outer diameter of 7 mm, an inner diameter
of 3.04 mm, and a thickness of 2.0 mm. The complex permittivity (¢, = ¢ — je’’) and
permeability (i = p’ — ju'’) were measured in the frequency range of 2.0-18.0 GHz using a
vector network analyzer (VNA, Agilent N5244A, Santa Clara, CA, USA) with the coaxial
line method.

3. Results and Discussion
3.1. Compositional and Microstructures of MOP

The particle size analysis graph of MOP is shown in Figure 2a. The average particle
size in the sample was 61.351 pm, with particles smaller than 55.351 um accounting for
50% of the total volume and particles smaller than 136.564 um accounting for 90% of the
total product. Overall, most of the crystals had particle sizes less than 150 um. This meets
the requirements for use as a raw material for the construction of building materials. In
addition, the chemical composition of the materials was characterized by XRF. As shown in
Figure 2b, the contents of 5iO;, Al,O3, Fe;O3, and CaO were 40.615%, 15.372%, 8.48%, and
3.905%, respectively, with a total content of 68.372%. It is noteworthy that these four are
the main chemical components of the building materials [5].
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Figure 2. Particle size analysis (a) and chemical composition content (b) of MOP composite.

The physical phase analysis of MOP was measured to determine its applicability to the
scenario. The results are shown in Figure 3. It can be seen that the four primary crystalline
phases have the most obvious crystalline peaks, which are KAL,SI3AlO;9(OH), (JCPDS:07-
0025), (KogzNaO18)(F8003A1197)(A1813)010(OH)2 (]CPDSSO—O742), MII(CO)3 (]CPDS83—1763) and
Si0, (JCPDS:99-0088). It is well known that quartz (SiO,), muscovite (KALSI3AlO;o(OH),,
(Ko.82Nag 18)(Fep 03Aly 97)(AlSiz)O19(OH);), and rhodochrosite (Mn(CO)s) are necessary to obtain
high-strength building materials. Therefore, MOP is a potential raw material for construction.
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Figure 3. XRD patterns of MOP composite.

Figure 4 shows the field-emission scanning electron microscope (SEM) images of
the MOP at different magnifications and the energy-dispersive X-ray spectra (EDS). The
microscopic morphology of the same manganese ore powder composite at different magni-
fications, as shown in Figure 4a—c, indicates that the manganese ore powder composite has
a diverse rough structure inside, specifically in the form of massive crystals, flake crystals,
and a small number of powder crystals. The construction material based on this microstruc-
ture has excellent resistance to compression and friction. Additionally, it facilitates multiple
reflections of EMW inside the absorber and thus extends the transmission path length,
which helps to attenuate EMW [25].
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Figure 4. SEM images (a—c); element mapping (d) of MOP composite (O, Al, C, Ca, Si, K, Mn, Fe).

The EDS further confirms which atoms are contained in the MOP. Figure 4d shows the
EDS elemental mapping of MOP, and it can be clearly observed that the manganese ore
powder composites consist of O, Al, Si, K, C, Mn, Ca, and Fe in selected regions, which fits
well with the XRF analysis results in Figure 2b. These elements may come from materials
with microwave absorbing properties such as 5iO,, Al,O3, MnO, etc. Thus, it can be
speculated that the MOP has relatively good EMW absorbing properties.

3.2. Electromagnetic Characteristics and Microwave Absorption Properties

Electromagnetic parameters (e, y;) are the decisive factor for the microwave absorbing
properties of materials, and the real parts of the permittivity and permeability (¢’ and p’)
indicate the storage capacity of electromagnetic energy, while the imaginary parts (¢’ and
#'") indicate the loss of electrical energy and magnetic loss, respectively [26-28].

Figure 5a,b shows the curves of ¢ and ¢’ values of MOP /paraffin wax samples at
different filling rates, and all samples showed a similar trend; that is, with the increase of
frequency, there is a decreasing trend. This phenomenon is due to the enhanced hysteresis
of the polarization associated with the electric field variation at higher frequencies [29,30].
In addition, the increase in filling mass fraction leads to an increase in electrical conductivity,
and thus, the complex permittivity increases with the increase in filling mass fraction [31,32].
Overall, the ¢ and ¢’ values of the MOP with three different filler mass fractions are
almost constant over the entire frequency range. Moreover, ¢’ shows multiple fluctuation
peaks around 4, 9, 14 GHz, which demonstrates the occurrence of related polarization
phenomena [33,34].

It is well known that dielectric losses consist of conduction losses, ion polarization,
electron polarization, interfacial polarization, and dipole relaxation [35,36]. Electron po-
larization and ion polarization were not considered because these two are beyond the
frequency range of our study (2-18 GHz) [37,38]. Therefore, interfacial polarization and
dipole relaxation loss play a dominant role in the dielectric loss. To further explain the
dielectric loss mechanism of MOP, the Debye dielectric relaxation model (Cole—Cole model)
was used. According to the Debye dipolar relaxation theory, the relationship between ¢
and ¢” can be expressed as [39,40]:

2 _ 2
<€/_€s‘;£oo> +(£,/)2: (55 2500) (1)

where g5 and &, are the static permittivity and relative dielectric permittivity at the high-
frequency limit, respectively. As shown in Figure 6a—c, the manganese ore powder com-
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posites all exhibited multiple strong and twisted semicircles at certain frequencies with
the numbers 1, 2, and 4, respectively. It is demonstrated that multiple relaxation processes
occurred within the material under the action of an applied electromagnetic field [33]. This
is due to the complex structure of the MOP that causes the asymmetric distribution of
space charges and generates a large number of defective dipoles, which leads to varying
moments of relaxation loss [41,42]. Compared to dipole polarization, it tends to think that
it is the interfacial polarization that contributes more because of its larger microscopic
interface [43-45].

(a) 45 (b) os
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3.5 3
w %031 )
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14 16 18 2 4 6 10

8 12
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Figure 5. Frequency dependence of (a) real and (b) imaginary parts of complex permittivity, (c) real
part, and (d) imaginary part of the relative complex permeability of the MOP composite with different
filling ratios.
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Figure 6. The relationship between the real part (¢/) and imaginary part (¢') of MOP composite
material with 20 wt% loading (a), 40 wt% loading (b), and 60 wt% loading (c).

The curves of i’ and '’ values of manganese ore powder composites with different
filling ratios are shown in Figure 5¢,d. From Figure 5¢, it can be seen that the y’ values of
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the three filling ratios show irregular fluctuations with the increase of frequency, and the
fluctuation range is 1.01~0.97. The p’’ curve, on the other hand, fluctuates from 0.03 to 0. It
is noteworthy that the ' and u'/ values for the three different filling mass fractions almost
overlap, which is because MOP contains only a small amount of metal particles that exhibit
paramagnetism (Supplementary Materials; as shown in Figure S1). Therefore, as the filling
mass fraction increases, the effect on the magnetic permeability is small. In short, the real
(') and imaginary (¢'') parts of the samples for the three fill ratios are close to 1 and 0,
respectively, which indicates relatively weak magnetic losses due to the natural magnetic
resonance [46,47].

Magnetic losses in absorbing materials mainly originate from hysteresis, domain wall
resonance, eddy current effects, natural resonance, and exchange resonance [48]. Hysteresis
losses can be negligible due to the small applied electromagnetic field and domain wall
resonance only occurs in multi-domain structural materials, usually in the megahertz
range [25,49]. Therefore, the natural ferromagnetic resonance and the eddy current effects
are two important parameters to be considered in this study. It is known that eddy current
losses are related to the thickness and conductivity of the absorber and can be expressed by
the following equation [50,51]:

W' = 2muo (') od®£ /3 @)

Co=pn" (W) " 3)
where ¢ is the electrical conductivity, d is the sample thickness, and y denotes the magnetic
permeability in a vacuum. If the magnetic loss originates from eddy current loss only, the
value of Cy should be a constant at varying frequencies. As shown in Figure 7, the value of
Co for the three samples varies significantly over the entire frequency range, so it is not the
magnetic loss caused by eddy current loss. In summary, the magnetic loss comes from the
natural resonance and the exchange resonance. Noteworthy, the overall trend of Cy value
is decreasing and then stable, with only slight fluctuations at 5.1, 11.6, and 16.3 GHz. Since
the natural resonance is generally lower than the exchange resonance frequency [52-54].
Therefore, the peak at 5.1 GHz is the natural resonance and the remaining two are the
exchange resonance.

0.016

1) W%
=40 Wt%
—— 60 W%

0010
J 0.008 &
0.006 3
0.004 -

0.002

0.000 T T T

2 4 6 8 10 12
Frequency(GHz)

14 16 18

Figure 7. Eddy current loss (denoted by Cp) with frequency for MOP composite with different
filling ratios.

It is known that the reflection loss (RL) can be used to evaluate the microwave absorp-
tion properties of a material. According to the transmission line theory of relative complex
permittivity and magnetic permeability, the RL values can be calculated by the following
equation [55-57]:

RL(dB) = 2010g|(Ziy — Zo)/(Zin + Zo)| @
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where Z is the free-space impedance of the absorber, and Z;, is the input impedance at the
free space and material interface, which can be expressed as:

Zin = Zo~/pr/ ertanh[j(27tfd / c)\/1irer] (5)

where ji;, ¢, are the relative complex permeability and relative complex permittivity; f is
the frequency of microwave in free space, d is the thickness of absorber, and c is the speed
of light.

Figure 8 shows the EMW absorption of samples with 20 wt%, 40 wt% and 60 wt%
MOP in the frequency range of 2-18 GHz. From Figure 8a,c,e, it can be seen that MOP
had good wave absorption performance, and the absorbing performance of the sample
became better as the mass fraction of MOP filling increased (as also shown in Figure S2).
For instance, as the filling mass fraction of MOP increased from 20% to 60%, the RLpin
of the samples declined from —6.30 dB to —22.06 dB. Meanwhile, Figure 8b,d,f) shows
the maximum EAB of the samples with 20 wt%, 40 wt%, and 60 wt% of MOP are 0, 1.68,
and 4.16 GHz, respectively. In summary, the best EMW absorption performance of the
samples was achieved when the filling mass fraction of MOP was 60 wt%, as shown by
RLin reaching —22.06 dB at 7.95 mm and EAB reaching 4.16 GHz at 7.65 mm.

SRUR

EN

(16.72 GHz, ‘w

8.90 mm, \

Tickness(mm)
-

@mm

8 10 12
Frequency(GHz)

(8.35 GHz, L
8.35 mm,
-13.63 dB)\ 18

8 10 12
Frequency(GHz)

(15.04 GHz,
7.95 mm,

8 10 12
Frequency(GHz)

Figure 8. The 3D representation and contour plots of the reflection loss of MOP composite at different
filling ratios: 20 wt% (a,b), 40 wt% (c,d), and 60 wt% (ef).

This indicates that MOP with a filling mass fraction of 60 wt% has the best EMW
absorption effect and is less than the thickness of 10 mm, while the autoclaved bricks
usually require 60 wt% of MOP and a thickness of 53 mm [12,58]. It can be inferred that
autoclaved bricks made from MOP have an excellent wave absorption effect and can
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be used for electromagnetic protection building materials, thus realizing the large-scale
utilization of MOP.

For comparison, the RLyi, values and EAB curves of microwave absorption perfor-
mance from the 3D contour plots in Figure 8 have been extracted and summarized in
Figure 9. As shown in Figure 9a, the transformation trend of the RL;, value generally
showed a gradual decrease with the increase in thickness. In contrast to the trend of
RLin values, the EAB values gradually increase with the increase of absorber thickness
(Figure 9b). The samples with a filling mass fraction of 60 wt% exhibited good adsorption
properties starting from a thickness of 6 mm. It is worth noting that this does not compound
the thin thickness of traditional EMW absorbing materials, but the thickness of a standard
autoclaved brick (53 mm) is much greater than this value. This further confirms that the
application of MOP to autoclaved bricks is very suitable [59].

(a) o= (b) s———

——40W1%
4k ———cowt%

B ol —o—20m% =5t
% —— 40Wt% 5
é- —— 0Wt% E
- -15 | <2}
=4 = el
P N
20 F 1} '#_.v’ ¥
25 : . r : 0 *55# :
0 7 4 6 8 10 6 8 10

Thickness(mm) Thickness(mm)

Figure 9. Absorber thickness dependence of (a) RLmin values, (b) EAB in composites with MOP.

Generally, relatively high attenuation constant (x) and well-matched impedance char-
acteristics (Z,) are two guarantees to have excellent absorption performance [60,61]. A high
attenuation constant implies that a unit length of microwave absorbing material can convert
more microwave energy into heat or interference [62,63]. The impedance matching deter-
mines the total amount of incident electromagnetic waves that can enter the material [64].
The two parameters mentioned above involved the following equations [65,66]:

X = @ X \/(‘uugn _ ‘Z/IIE/) + \/(}1”8” _ ‘11/8/)2 _|_ (‘ulsl/ + ]/IHE/)Z (6)
Zy = \/pr/er 7)

Figure 10a shows the attenuation constants of the MOP, the « of the three samples
increases sharply with increasing frequency, indicating that these three samples have
excellent attenuation ability in the high-frequency range. In the frequency range, the
attenuation constants of the sample with 60 wt% of MOP are larger than those of the
40 wt% and the 20 wt% of samples, indicating that the sample with a filling mass fraction
of 60 wt% has better attenuation performance. In addition, the exact impedance matching
values of MOP composites as a function of frequency is given in Figure 10b, from which
it can be seen that the specimens with different filler ratios deteriorate as the filler mass
fraction increases. The larger the impedance matching value, the better the impedance
matching characteristics, while 60 wt% of the sample has the worst impedance matching
characteristics, which is due to the higher filler mass fraction, the better the conductivity.
In summary, although the 60 wt% sample has poor impedance matching characteristics,
it has the highest attenuation coefficient and therefore shows the best EMW absorption
performance, which corresponds to the location of RLi, for the samples with different
mass fractions in Figure 8.
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Figure 10. Frequency dependence of (a) attenuation constant « and (b) impedance matching Z for
MOP composite with different filling ratios.

Figure 11 depicts in detail the EMW absorption mechanism of the MOP sample. Firstly,
the multiple oxides such as S5iO,, Al;O3, and Fe;O3 in the sample lead to an asymmetric
space charge distribution, which results in a large number of dipole polarization. Mean-
while, a large number of interfaces were generated between different oxides, which in turn
leads to the occurrence of interfacial polarization. The dipole and interfacial polarization
enhanced the attenuation of electromagnetic waves. Secondly, non-magnetic low-grade
manganese residue showed a weak and almost constant magnetic loss, and the interfacial
and dipole polarization proportional to the filling ratio brought about a significant increase
in attenuation coefficient and microwave absorption capacity. Lastly, in the multilayer
structure, multiple reflections and scattering occur between the abundant non-uniform
interfaces and the randomly distributed chemical components, which prolongs the trans-
mission path and facilitates the increase of EMW propagation path and energy attenuation,
thus enhancing the absorption of EMW [67,68].

(a)

lncndent

wave M

(‘A%Z%\Mm\%@

\’(‘ } Transmitted = Others

w‘% wave %

(b)

Absorbed

wa}'!

Al203
e MnO
Fe203

w— Si02

wave
gAbso rbed

Figure 11. The EMW absorption mechanism of MOP: (a) multiple reflections, (b) dipole polarization,
(c) interfacial polarization, and (d) dielectric and magnetic losses act in concert.

4. Conclusions

In this work, the EMW absorption performance of MOP is investigated. The EMW
absorption performance of MOP /paraffin composites with different filling mass ratios
(20 wt%, 40 wt%, and 60 wt%) was tested and analyzed in the range of 2-18 GHz. When
the filling mass fraction is 60 wt% with an absorber thickness of 7.95 mm, the RL,,;, value
reaches —22.06 dB at 7.53 GHz, and the widest EAB reaches 4.16 GHz at a 7.65 mm absorber
thickness, covering most of the Ku-band region. This excellent broadband absorption
performance is attributed to the dipole polarization and interfacial polarization due to
the multi-oxide of the MOP. In addition, the multi-interface structure and rough surface
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composed of multi-oxide can effectively reflect and scatter the incident electromagnetic
wave, prolong the transmission path and enhance the absorption of electromagnetic wave.

It is well known that building materials, such as autoclaved bricks, usually need to
be filled with more than 60 wt% manganese residue, and the thickness is 53 mm. Thus it
can be seen that the research in this paper provides a new and effective way to realize the
resource utilization of manganese, which will alleviate the ecological and environmental
risks caused by large amounts of stockpiles, crack the problem of low value-added MOP,
and its application in building materials can realize absorbing broadband electromagnetic
shielding buildings.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /molecules27123758 /s1, Figure S1: Magnetic hysteresis loops of
MOP;; Figure S2: Frequency dependence of (a) absorption and (b) transmission of MOP composites
with different filling ratios.
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