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The main highlights of this work are as follows, 

 

•Investigation of the dielectric properties of manganese anode mud. 

•Evaluation of the thermal behavior of manganese anode mud in microwave field. 

•Declaration of the feasibility of applying microwave heating to manganese anode 

mud. 

 

 

Abstract 

Exploring the dielectric properties of a material can provide guidance for applications of 

microwave technology to the material. In this work, dielectric properties and thermal behavior 

of manganese anode mud and pure MnO2, CaSO4 and PbSO4 components were systematically 

investigated. Results indicated that manganese anode mud showed excellent responsiveness to 

microwaves, with εr′ value of 17.971 (F/M) at room temperature and a maximum value of 

20.816 (F/M) at 150 °C, rendering it took only 5.5 min for manganese anode mud to be heated 

from room temperature to 1000 °C. The dielectric properties of manganese anode mud were 

related to its thermal behavior, mainly affected by MnO2 component. Moreover, the heating 

process of manganese anode mud was divided into four stages identified by temperatures: less 

than 200 °C, 200 °C-700 °C, 700 °C-900 °C, greater than 900 °C, corresponding to the five 

stages of thermal behavior: the removal of absorption water and combined water, the 

decomposition reaction of Pb2Mn8O16, and the deoxidation reactions of PbO2, MnO2 and 
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Mn3O4. The work highlights the feasibility of processing manganese anode mud by 

microwave heating. 

Keywords: manganese anode mud; dielectric properties; heating characteristics; 

thermochemical behavior; microwave heating 

 

1 Introduction 

Manganese and its related processing products are widely applied in various fields of the 

national economy, predominantly as deoxidizer, desulfurizer, and alloying agent in the 

steelmaking process [1-2], additionally consumed in nonferrous metallurgy, chemical, 

electronics, battery, agriculture, and national defense etc. [3-7]. Manganese metal is primarily 

produced by electrolysis, therefore the increased demand for manganese alloys has promoted 

the rapid development of electrolytic manganese industry [8]. However, in the process of 

electrolytic manganese production, it is inevitable to generate a large amount of waste residue 

in the anode region of the electrolytic cell, namely the electrolytic manganese anode mud [9]. 

As a hazardous material, the component compositions of manganese anode mud are complex, 

with 40% to 50% of high manganese (Mn) content and 6%-7% of high lead (Pb) content, 

even accompanying with other complicated impurities such as Co, Ni, Fe, Pb, Sn, and other 

soluble salts [10]. With the low activity and complex compositions, manganese anode mud 

cannot be directly recycled by simple mechanical or mineral processing methods, mainly 

stored as hazardous waste or sold cheaply, with only a small part used for steelmaking 

additives and most of the anode mud not fully utilized, rendering waste of resources and 

environmental pollution [11]. Currently, among the reported technologies for comprehensive 
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utilization of electrolytic manganese anode mud, reduction roasting-leaching method [12] and 

wet reduction-leaching method [13] are the mainly widely applied methods, aiming at the 

recycle utilization of manganese (Mn) and lead (Pb), while without considering the crystal 

structure advantage of manganese dioxide (MnO2) in manganese anode mud and involving 

the secondary pollution control of lead (Pb), even the fabrication and environmental 

applications of multifunctional mixed metal-biochar composites [14-16]. Moreover, the 

methods are plagued with high temperature, high-energy consumption, environmental 

restrictions, complicated operation, and lengthy process; and there are also specific 

requirements for the reducing agents. If manganese anode mud was disposed improperly, 

serious heavy metal pollution accidents and resources waste will be caused. Therefore, it 

urgently demands development of new processes that are potentially environmentally benign 

and cost effective to process manganese anode mud. 

Microwave heating (2450 MHz) as a novel green method, has become increasingly 

frequent in the fields, including mineral processing, organic synthesis, material preparation, 

and environmental remediation, etc. [17-22]. Actually, in the comprehensive utilization of 

hazardous waste resources, Saucier et al. reported the efficient removal of sodium diclofenac 

(DFC) and nimesulide (NM) from aqueous solutions with activated carbon, prepared from 

cocoa shell by microwave-induced chemical activation process [23]. Leonelli et al. utilized 

microwave technology to successfully inert asbestos containing waste (ACW) [24]. The 

essence of microwave heating is by generating dielectric loss in the interior of the material, 

and then through the dielectric loss to directly transfer microwave energy to the reacting 

molecules or atoms inside the material, therefore rendering microwave heating more efficient 
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than conventional heating [25-27]. 

The ability of a material to absorb microwaves depends primarily on its dielectric 

properties, which are affected by the frequency of the electric field, temperature, moisture 

content and chemical composition etc., wherein temperature is particularly important. Ye et al. 

[28] and Li et al. [29] investigated the high-temperature dielectric properties of waste 

hydrodesulfurization catalysts and manganese ore-walnut shell mixtures, respectively, 

indicating that temperature has significant influence for dielectric properties of materials. 

Therefore, before performing microwave technology processing, it is the basis to determine 

the responsiveness of a material to microwaves, referring to the dielectric properties of 

materials at high temperatures. Moreover, based on the above microwave heating mechanism, 

it could be speculated that microwave technology can be applied efficiently to process 

manganese anode mud, attributed to that manganese anode mud contained various metal 

compounds, which show excellent microwave-absorbing ability [30]. 

Previous work focused on the reduction-leaching of manganese (Mn) and lead (Pb) from 

manganese anode mud by conventional heating, and Tokkan et al. have investigated the silver 

removal from anode slime by microwave irradiation [31], while few detailed studies reported 

that microwave heating technology directly acts on manganese anode mud to replace 

conventional heating, instead of microwave radiation, even the analysis about the dielectric 

properties and thermal behavior of manganese anode mud. Moreover, to make microwave 

heating technology more efficient apply to manganese anode mud, before microwave heating 

processing, it is fundamentally important to determine the high-temperature dielectric 

properties of manganese anode mud. Hence, in the present work, the dielectric properties and 
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heating characteristics of manganese anode mud in microwave field were evaluated to clarify 

the feasibility of processing manganese anode mud through microwave heating; ultimately, 

the dielectric properties and heating characteristics of three pure components in manganese 

anode mud were studied to elucidate effects of various components on the dielectric 

properties and heating characteristics of manganese anode mud, including MnO2, CaSO4, and 

PbSO4; moreover, the thermochemical characteristics of manganese anode mud were 

investigated to understand the thermal decomposition behavior of manganese anode mud, 

further contributing to analyze the process mechanism of manganese anode mud in 

microwave field. 

 

2 Experimental 

2.1 Materials and chemical reagents 

Electrolytic manganese anode mud was used as raw material, received from CITIC 

Dameng Mining Industries Limited (Nanning City, Guangxi Province, P.R. China). The 

chemical compositions of manganese anode mud were provided by Advanced Analysis and 

Measurment Center of the Yunnan University, as presented in Table 1. It was characterized 

by the manganese anode mud with high manganese content (Mn, 57.58%) and high lead 

content (Pb, 6.06%). Fig. 1 illustrated the XRD pattern of manganese anode mud, analyzed by 

X-ray diffractometer (X’Pert3 powder, Panaco, Netherlands); and it indicated the manganese 

anode mud contained MnO2 phase (JCPDS: 44-0140), PbSO4 phase (JCPDS: 36-1461), 

CaSO4 phase (JCPDS: 45-0157), Pb2Mn8O16 phase (JCPDS: 29-0778).  

Based on the phase compositions from XRD analysis, three chemical reagents (including 
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MnO2, CaSO4, and PbSO4) were acquired to analyze its effect on the 

dielectric properties and thermal behavior of manganese anode mud in microwave field, while 

with Pb2Mn8O16 no purchase channel. Wherein MnO2 (85.0%) and CaSO4·2H2O (99.0%) 

were purchased from Fengchuan Chemical Reagent Technologies Co., Ltd (Tianjin City, P.R. 

China); PbSO4 (98.0%) was purchased from Macklin Biochemical Co., Ltd (Shanghai City, 

P.R. China); meanwhile, all the chemical reagents were analytically pure. 

2.2 Measurement instrumentations for dielectric properties and heating characteristics 

The schematic diagram of measurement instrumentations for dielectric properties and 

heating characteristics was illustrated in Fig. 2, wherein Fig. 2(a) presented the dielectric test 

device, and Fig. 2(b) demonstrated the microwave box furnace, respectively. 

The measurement of the dielectric properties was performed by cylindrical cavity 

perturbation method with a dielectric test device (Agilent-E5071C, MYWAVE), with a 

variable-temperature test system for complex permittivity measurements of powdered solid 

materials. As shown in Fig. 2(a), the device mainly consisted of a cylindrical resonant cavity 

(TM0n0), coupling device, temperature test instrument, eddy current heating system, 

circulating water cooling system, detector and DSP, interface circuit, vector network analyzer 

(Agilent-N5230C), computer and oil-free-air compressor. 

The heating characteristics of manganese anode mud and three pure components were 

determined by a microwave box furnace (HM-X08-16, MAKEWAVE), with a K-type 

thermocouple (ZS5.K-T03T) serviced with a maximum temperature of 1200 °C. As shown in 

Fig. 2(b), the microwave furnace was mainly composed by microwave reactor, rotation, motor, 

thermocouple, insulating brick, vacuum pump, a computer control system, rotameter, 
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flowmeter and gas generator. Continuous controllable microwave power was provided by two 

magnetrons at 2.45 GHz microwave frequency and 3 kW microwave power. The reactor was 

cooled by water circulation when working. 

2.3 Measurement procedure of dielectric properties and heating characteristics 

Manganese anode mud were ground and screened to particle size ranges of 60-140 mesh, 

with a median particle diameter (D50) of 5.85 μm, examined by a laser particle size analyzer 

(JL-1177, Chengdu Jingxin Powder Analyse Instruments Co. Ltd). Before testing and 

characterizing, the anode mud specimens were dried at 105 °C for 12 h in an air dry oven 

(DHG9079A, Shanghai YiHeng Scientific Instruments Co. Ltd). After drying, each of the 

samples was subjected to the high temperature TGA thermogravimetric analyzer (TGA/DSC 

1/1600, METTLER TOLEDO, Switzerland) by placing 5.0 mg sample in a ceramic crucible 

with alumina (70 L) as the sample holder and measured at the temperature range from 25 °C 

to 1000 °C with Air flow rate of 50.0 mL/min, at different heating rates of 10 K/min, 20 

K/min, 30 K/min, respectively. In addition, certain weight of manganese anode mud and three 

pure components were placed into corundum crucible and then introduced into the microwave 

box furnace to measure microwave heating characteristics, under microwave irradiation at 

2450 MHz from room temperature to 1000 °C with air atmosphere; wherein 30.0 g of 

manganese anode mud was measured at three microwave powers with 1000 W, 1200 W, and 

1400 W; and 40.0 g of the three pure components were determined at 1200 W.  

The dried specimens were also introduced to the dielectric test device (Agilent-E5071C, 

MYWAVE) to measure the complex permittivity of manganese anode mud and the three pure 

components, from room temperature to 1000 °C, with 50 °C interval as a temperature variable 
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node. And the complex permittivity of the material can be obtained through four steps by 

cavity calibration, quartz empty tube calibration, charging and loading quartz tube test, and 

recalculation of the just measured complex permittivity [28-29]. More detailed information 

about the dielectric properties was presented in Supplementary material. Two-frequency 

system of 2450 MHz and 915 MHz was attached to the dielectric device, while microwave 

equipment applied in laboratory are mostly equipped with a frequency of 2450 MHz, 

therefore, the dielectric properties of manganese anode mud and the three pure components 

were measured at 2450 MHz.  

3 Results and discussion 

3.1Thermogravimetric analysis 

Thermogravimetric measurement can determine the thermochemical characteristics of 

manganese anode mud, further assisting to analyze the dielectric properties and thermal 

behavior of manganese anode mud in microwave field. Therefore, thermogravimetric analysis 

for manganese anode mud was conducted at different heating rates, and the TG-DTG-DSC 

curves were plotted in Fig. 3. 

Fig. 3(a) presented the TG curves. It was observed from Fig. 3(a) that at different heating 

rates, three TG curves showed the same trend for the weight loss of manganese anode mud 

with temperature, and the thermal behavior of manganese anode mud can be divided into five 

stages: (1) the first stage, the weight loss at this stage was attributed to the evaporation of 

absorption water, and the weight loss of manganese anode mud was near 4.0%5.0% with 

different heating rates. (2) The second stage, the weight loss could correspond to the 

dehydration stage of the combined water. Wherein CaSO4·2H2O phase in manganese anode 
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mud occur the loss of 1 molecule of combined water at 128 °C and all combined water at 

163 °C [32]. (3) The third stage, with temperature improving, the lead manganese oxide 

Pb2Mn8O16 was decomposed into PbO2, MnO2 and MnO by thermal effect. The weight loss at 

the stage was assigned to the deoxidation reaction of the decomposed product PbO2, with the 

initial temperature of PbO2 deoxidation reaction being 403.6 °C (the theoretical initial 

temperature calculated by thermochemical software FactSage and HSC). (4) The fourth stage, 

the deoxidation reaction of MnO2 phase led to the weight loss of manganese anode mud at this 

stage. The main phase composition in manganese anode mud, original MnO2 phase 

(concluded from Table 1 and Fig. 1) and the new MnO2 phase generated by Pb2Mn8O16 

thermal decomposition reaction, were deoxidized into Mn2O3 at 529.3 °C, meanwhile with 

some oxygen gas (O2) produced [33]. (5) The fifth stage could be commensurate with the 

deoxidation reaction of Mn2O3 phase [33]. Temperature increasing, Mn2O3 phase was 

deoxidized into Mn3O4 and O2 at 999.7 °C [33]. From Fig. 3(a), it was observed that at 

different heating rates, the weight loss at different stages varied except the first stage, which 

was attributed to the nearly same content of absorption water of manganese anode mud, after 

dried at 105 °C for 12 h before testing. Meanwhile, the residue weight of manganese anode 

mud was close for three heating rates, with 79.66%, 80.95% and 81.91% at 10 K/min, 20 

K/min and 30 K/min, respectively. During the weight loss process of manganese anode mud, 

the decomposition reactions in manganese anode mud occurred at with temperature regimes 

from 25 °C to 1000 °C, could be summarized as follows, 

Pb2Mn8O16=2PbO2+4MnO2+4MnO (3) 

2PbO2=2PbO+O2 (g) (4) 
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4MnO2=2Mn2O3+O2 (g) (5) 

6Mn2O3=4Mn3O4+O2 (g) (6) 

The melting point temperature of PbSO4 and CaSO4 phase are 1087 °C and 1450 °C, 

respectively, which the two melting point temperatures are higher than 1000 °C. Therefore, 

PbSO4 and CaSO4 phases keep the original form at temperature regime from 25 °C to 

1000 °C, without decomposition reaction occurred, further with few contribution to the 

weight loss of manganese anode mud. 

Fig. 3(b) illustrated the DTG curves. It was observed from Fig. 3(b) that the thermal 

effects of those DTG curves showed the same trend, with four endothermic peaks and two 

exothermic peaks. The first endothermic peak at nearly 50 °C, was attributed to the 

evaporative endotherm of absorption water. The second endothermic peak at nearly 250 °C, 

was caused by the decomposition reaction of lead manganese oxide Pb2Mn8O16 and the 

removal of combined water. The first small exothermic peak appeared at closely 330 °C, 

which was assigned to the crystal transformation of amorphous MnO2 into β-MnO2 [34], the 

sample began to undergo a crystal form transition to release heat, meanwhile offsetting part of 

the heat required for evaporation of the combined water, therefore, the exothermic peak was 

not obvious. Another small exothermic peak at 410 °C, was ascribed to the deoxidation 

reaction of 2PbO2=2PbO+O2 (g), which is an exothermic reaction. The third endothermic 

peak was generated by the deoxidation reaction of 4MnO2=2Mn2O3+O2 (g) [35], and the four 

endothermic peak was assigned to the deoxidation reaction of 6Mn2O3=4Mn3O4+O2 (g) [35], 

with both the two endothermic reactions. Moreover, it can be concluded from Fig. 3(b) that 

those endothermic and exothermic peaks temperature varied with different heating rates, and 
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the values of those peak temperatures increased with the heating rate. 

Fig. 3(c) showed the DSC curves. It can be seen from Fig. 3(c) that those DSC curves 

show the same trend with an epitaxial termination temperature peak, referring to the 

intersection of the tangent of the DSC curve and the maximum weight loss line, where the 

maximum weight loss of manganese anode mud occurred, with 633.9 °C, 681.2 °C, and 

720.7 °C at 10 K/min, 20 K/min, and 30 K/min, respectively; indicating decreasing the 

heating rate will decrease the values of those peak temperatures, which was consistent with 

the phenomenon observed from DTG curves (Fig. 3(b)), referring to that peaks temperature 

decreased with the heating rates decreasing. 

3.2 Dielectric properties analysis 

The dielectric properties (including dielectric constants (εr′), dielectric loss factors (εr″), 

and loss tangent coefficients (tan δ)) of manganese anode mud and three pure components 

were measured, and the results were illustrated in Fig. 4, Fig. 5 and Fig. 6, respectively. 

3.2.1 Dielectric constants analysis 

Fig. 4 presented the dielectric constants (εr′). εr' indicates the ability of the substance to 

absorb microwaves and store electromagnetic waves in matter [28-29]. For manganese anode 

mud, as shown in Fig. 4(a), the εr′ value was 17.971 (F/M) at room temperature, and had a 

downward trend before 50 °C, which was attributed to the removal of absorption water of the 

anode mud, corresponding to the first dehydration stage of thermogravimetric analysis 

process. Temperature higher than 50 °C, the εr′ of manganese anode mud increased with 

temperature increasing, with the maximum εr′ value of 20.816 (F/M) at 150 °C. In the 

temperature ranging from 50 °C to 150 °C, one physical and one chemical process occurred, 
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wherein the dehydration stage of the combined water caused the decrease of the εr′ value, 

meanwhile the decomposition reaction of lead manganese oxide Pb2Mn8O16 generated PbO2 

and MnO2, which both show excellent microwave-absorbing properties [30]; hence, in a 

whole, the εr′ of manganese anode mud showed an upward tendency at temperature between 

50 °C and 150 °C. Temperatures from 150 °C to 400 °C, the εr′ value gradually decreased with 

temperature, the decrease of εr′ value was mainly ascribed to the removal of the combined 

water. Higher than 400 °C, the εr′ value was observed to suddenly drop to low levels, with a 

value of 1.141 (F/M) at 550 °C, which was attributed to the deoxidation reaction of 

2PbO2=2PbO+O2 (g), PbO2 with high dielectric loss was converted to PbO with low high 

dielectric loss. Moreover, temperature continuously increasing, it increased to 11.614 (F/M) at 

700 °C, which was caused by the crystal transformation of amorphous MnO2 into β-MnO2, 

wherein β-MnO2 with much higher dielectric properties than amorphous MnO2. The same 

phenomenon also can be observed from the εr′ curve of pure MnO2, with εr′ value increased to 

high levels, at temperature ranging from 500 °C to 650 °C (Fig. 4(b)). The decrease of εr′ 

value of manganese anode mud between 650 °C to 850 °C, was assigned to the deoxidation 

reaction of 4MnO2=2Mn2O3+O2 (g) [33], and the final decrease of the εr′ value can be 

explained by the deoxidation reaction of 6Mn2O3=4Mn3O4+O2 (g) [33], wherein MnO2 is 

easily heated by microwaves, while Mn2O3 and Mn3O4 hardly absorb microwaves, indicating 

MnO2 was gradually reduced to weakly microwave-absorbing materials such as Mn2O3, and 

Mn3O4, rendering the decrease of the dielectric properties [36]. Meanwhile, the gas produced 

by deoxidation reactions caused the volume of the sample in the quartz tube to expand, 

causing a decrease in density and further rendering a decrease in dielectric properties. 
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The dielectric properties of the three pure components, including MnO2, CaSO4 and 

PbSO4, were also determined at the same conditions to explore influence of the three pure 

components on the dielectric properties of manganese anode mud. For the pure MnO2, as 

observed from Fig. 4(b), the εr′ curve of MnO2 presented the similar change trend with that of 

manganese anode mud: rose firstly, and then decreased slightly, followed by increased 

intensely and finally decreased with temperature. In detail, at temperatures between room 

temperature to 500 °C, the εr′ values of MnO2 fluctuated up and down, but remained at a high 

level overall, even with a minimum value of 10.359 (F/M) at 500 °C, indicating pure MnO2 

with a good microwave-absorbing property. The fluctuation of εr′ value at this temperature 

regime (room temperature to 500 °C) was attributed to the removal of absorption water and 

combined water, meanwhile the water vapor produced from dehydration stage contributed the 

fluctuation. At temperature higher than 500 °C, the reasons for the change of εr′ value at the 

latter part were the same as that of manganese anode mud. Similarly, the εr′ value was 

observed suddenly to increase to higher levels, with 36.896 (F/M) at 550 °C, which the great 

increase was attributed to the crystal transformation of amorphous MnO2 into β-MnO2; 

additionally, the decrease of εr′ value of MnO2 between 550 °C to 850 °C, was assigned to the 

deoxidation reaction of 4MnO2=2Mn2O3+O2 (g) [35], and the final decrease of the εr′ value 

was explained by the deoxidation reaction of 6Mn2O3=4Mn3O4+O2 (g) [35]. While for pure 

CaSO4 and PbSO4, seen from Fig. 4(c) and Fig. 4(d), the two εr′ curves presented simple 

downward trend with temperature increasing, which the downward trend was mainly caused 

by the removal of absorption water and combined water. The melting point temperature of 

PbSO4 and CaSO4 phase is 1087 °C and 1450 °C, respectively; hence CaSO4 and PbSO4 
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phases just occurred a simple dehydration process of absorption water and combined water at 

temperature ranging from 25 °C to 1000 °C, without chemical reactions. Therefore, it can be 

concluded from Fig. 4 that the εr′ value change of manganese anode mud was mainly 

influenced by the physical and chemical process of MnO2 phase, with PbSO4 and CaSO4 

phase mainly rendering some contribution to the dehydration process of absorption water and 

combined water. 

3.2.2 Dielectric loss factors analysis 

Fig. 5 illustrated the dielectric loss factors (εr″). εr″ refers the substance converts 

microwave energy into internal energy; meanwhile, εr′, εr″ and tan δ, the three values are 

related to each other, knowing that two of them can calculate the third value [37-38]. 

Therefore, the reason for the dielectric constant change can also be applied to explain the 

change of dielectric loss factor. For manganese anode mud, it was observed from Fig. 5(a) 

that the εr″ value was with a small value of 2.16×10-4 (F/M) at room temperature, and 

increased to 3.453 (F/M) at 100 °C, then having a small drop in the middle with the minimum 

value of 7.49×10-5 (F/M) at 600 °C, then rose to high levels with a value of 3.832 (F/M) at 

950 °C, and finally dropped. For the pure MnO2, as presented in Fig. 5(b), the change trend of 

εr″ values with temperature was generally consistent with that of manganese anode mud, with 

1.76×10-4 (F/M) at room temperature; beyond 50 °C, it suddenly increased to high levels with 

3.574 (F/M) at 50 °C, and those high levels lasted until temperatures higher than 800 °C, with 

the maximum εr″ value of 3.819 (F/M) at 800 °C; higher than 800 °C, the values dropped 

sharply with temperature. For CaSO4, as shown in Fig. 5(c), the change of εr″ values with 

temperature can be summarized as follows: the maximum value of 5.86×10-2 (F/M) was 
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appeared at room temperature; temperature increasing, the values firstly fell, then rose and 

next dropped; after temperature exceeding 600 °C, the εr″ values of CaSO4 changed slightly. 

Moreover, it can be seen from Fig. 5(d) that the change of εr″ values of PbSO4 with 

temperature was generally consistent with that of CaSO4, with a maximum value of 5.35×10-2 

(F/M) at 400 °C. Meanwhile, it can be observed from Fig. 5 that at the same temperature, the 

εr″ values of CaSO4 and PbSO4 were much smaller than that of manganese anode mud and 

MnO2, with the difference of two orders of magnitude; while the values of MnO2 phase were 

the same order of magnitude as that of manganese anode mud, and the change trend of εr″ 

with temperature for manganese anode mud and MnO2 was generally consistent. Therefore, it 

can be concluded from Fig. 5 that MnO2 phase had more significant effect on the εr″ value 

change of manganese anode mud, compared with the influence of PbSO4 and CaSO4 phase. 

3.2.3 Loss tangent coefficients analysis 

Fig. 6 showed the loss tangent coefficients (tan δ). tan δ describes the efficiency of the 

material to convert the absorbed microwave energy into internal energy [37-38]. It can be 

observed from Fig. 6 that the tan δ curve of each sample showed the same trend with the εr″ 

curve, shown in Fig. 5. Moreover, the change trend of tan δ values of manganese anode mud 

was generally consistent with that of MnO2, as shown in Fig. 6(a) and Fig.6(b), respectively; 

meanwhile, the change trend of tan δ values of PbSO4 was consistent with that of the CaSO4, 

as shown in Fig. 6(c) and Fig.6(d), respectively. Furthermore, the tan δ values of CaSO4 and 

PbSO4 at the same temperature were two orders of magnitude smaller than that of manganese 

anode mud, while the values of MnO2 phase were the same order of magnitude as that of 

manganese anode mud, and the change trend of εr″ with temperature for MnO2 phase was 
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generally consistent with that of manganese anode mud. Hence, the same conclusion can be 

obtained from Fig. 6, referring to that the tan δ value change of manganese anode mud was 

mainly influenced by MnO2 phase. 

In summary, it can be concluded from Fig. 4, Fig. 5 and Fig. 6 that the dielectric 

properties (including εr′, εr″, and tan δ) of manganese anode mud were mainly affected by the 

physical and chemical process of MnO2 phase, with PbSO4 and CaSO4 phase mainly 

rendering some contribution to the dehydration process of absorption water and combined 

water. 

3.3 Microwave heating characteristics analysis 

Microwave heating characteristics of materials in microwave field can contribute to 

verify the correctness of measured dielectric properties of materials. Therefore, the heating 

characteristics of manganese anode mud and three pure components were investigated in 

microwave field, as presented in Fig. 7 and Fig. 8, respectively. 

Fig. 7 displayed the temperature rise curves of manganese anode mud at different 

microwave powers. As illustrated in Fig. 7, the heating process of manganese anode mud can 

be divided into four stages identified by temperatures: <200 °C, 200 °C-700 °C, 

700 °C-900 °C, >900 °C, with different temperature rise rates. And with the same tested 

weight, it took 10.0 min for manganese anode mud to be heated from room temperature to 

1000 °C with microwave power at 1000 W, meanwhile with 7.5 min at 1200 W and 5.5 min 

at 1400 W, respectively, indicating manganese anode mud with excellent 

microwave-absorbing properties. Meanwhile, it can be concluded from Fig. 7 that with the 

same objective temperature, increasing microwave power can shorten the heating time. Table 
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2 introduced the regression parameters in the linear function of temperature, which indicated 

the relationship between temperature and heating time during microwave heating. Specifically, 

the function successfully matched the experimental values, with the excellent R2 (correlation 

coefficient) values all over 0.97. The slope values of the temperature rise curves revealed the 

temperature rise rates. Therefore, it can be observed from Table 2 that the temperature rise 

rate of manganese anode mud at stage II was higher than that of any other stages, with 

206.2 °C/min, 276.2 °C/min, and 338.6 °C/min at 1000 W, 1200 W and 1400 W, respectively; 

which corresponded to the εr′ change of manganese anode mud with temperature. At 

temperature increasing from 150 °C to 400 °C, the εr′ kept at high levels with a maximum 

value of 20.816 (F/M) at 150 °C and a maximum value of 17.509 (F/M) at 400 °C, both much 

higher than the εr′ values at any other temperature range. From the above analysis for Fig. 7 

and Table 2, it can be verified that the measured dielectric properties of manganese anode 

mud was numerically correct. 

Fig. 8(a), Fig. 8(b), and Fig. 8(c) showed the temperature rise curves of pure MnO2, 

CaSO4 and PbSO4, respectively. As Seen from Fig. 8(a), as heating time prolonged, the 

heating characteristics of MnO2 can be divided into four stages identified by different heating 

rates, with 143.0 °C/min, 291.4 °C/min, 168.0 °C/min, 74.2 °C/min, and 21.0 °C/min. The 

heating rate at stage II was obviously higher than that of another stage, which was attributed 

to the crystal transformation of amorphous MnO2 into β-MnO2, rendering an increase of εr′ 

and further resulting in the higher heating rate at stage II. Moreover, as observed from Fig. 

6(a), temperatures exceeding the temperature range of stage II, the heating rate of MnO2 

gradually decreased from 291.4 °C/min to 168.0 °C/min to 74.2 °C/min to 21.0 °C/min, which 
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was ascribed to the decease of εr′, caused by the deoxidation reactions of 4MnO2=2Mn2O3+O2 

(g) and 6Mn2O3=4Mn3O4+O2 (g). As observed From Fig. 8(b), with heating time prolonging, 

the heating characteristics of CaSO4 was divided into three stages, identified with 

10.87°C/min, 6.55 °C/min, and 2.17 °C/min. The gradual decrease of heating rate was caused 

by the gradual decrease of the εr′ of CaSO4, which was consistent with the εr′ curve trend of 

CaSO4 (Fig. 4(c)). As temperature continually increased, the absorption water and combined 

water in CaSO4 were gradually removed, rendering the εr′ value of CaSO4 decreased 

synchronously. In addition, the heating process of PbSO4 was divided into four stages with 

12.29 °C/min, 8.49 °C/min, 3.67 °C/min and 2.96 °C/min (Fig. 8(c)); the decrease of heating 

rate was also caused by the removal of the absorption water and combined water. 

From the above analysis, combined with Fig. 7, Fig. 8 and Table 2, the microwave 

heating characteristics of manganese anode mud and three pure components successfully 

matched the dielectric properties change (Fig. 4), verifying the correctness of the measured 

dielectric properties. 

3.4 Phase composition analysis 

X-ray diffractometer (XRD) was utilized to characterize the phase transformation of 

microwave heated manganese anode mud, with 2450 MHz at 1000 °C for 30 min, further to 

verify the thermal behavior during heating process; and the XRD pattern was presented as Fig. 

9.  

As observed from Fig. 9, the phase compositions of the microwave treated manganese 

anode mud contained PbO (JCPDS: 05-0561), Mn3O4 (JCPDS: 24-0734), MnSiO3 (JCPDS: 

12-0181) and PbSnF4 (JCPDS: 34-1049). In those new generated phases, PbO phase was 
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generated by the deoxidation reaction of PbO2 phase, which was produced by the 

decomposition reaction of lead manganese oxide Pb2Mn8O16. Moreover, compared with the 

XRD pattern of the raw manganese anode mud (Fig. 1), it can be concluded that MnO2 phase 

in manganese anode mud was reduced into Mn3O4 phase, and the peak intensity of the 

strongest preferential orientation of (101), (101), and (211) plane of Mn3O4 phase was 

observed to appear at 2θ=18.000, 2θ=28.880, and 2θ=36.085, respectively. Moreover, the 

diffraction peaks of Mn3O4 phase were smooth and clear, indicating it with a very good 

crystalline structure. As new phases, the appearance of PbO and Mn3O4 was consistent with 

the above analysis for the thermal behavior of manganese anode mud. Therefore, the XRD 

analysis indicated that the analysis of dielectric properties and thermal behavior of manganese 

anode mud was reasonable. 

 

4 Conclusions 

In the present work, the dielectric properties of manganese anode mud and pure MnO2, 

CaSO4 and PbSO4 components were measured, and the microwave heating characteristics 

were determined to verify the relationship between dielectric properties and temperature. The 

conclusions were summarized as follows: 

(1) The thermal behavior of manganese anode mud was divided into five stages: the 

evaporation of absorption water, removal of combined water, the decomposition reaction of 

Pb2Mn8O16 and the deoxidation reactions of PbO2, MnO2 and Mn3O4. 

(2) Manganese anode mud showed excellent responsiveness to microwaves, with high 

value of εr′. And the change of dielectric properties with temperature for manganese anode 
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mud was related to its thermal behavior. Moreover, the dielectric properties of manganese 

anode mud were mainly affected by MnO2 component.  

(3) The heating process of manganese anode mud was divided into four stages: <200 °C, 

200 °C-700 °C, 700 °C-900 °C, >900 °C, with different temperature rise rates caused by the 

dielectric properties change. The heating rate of manganese anode mud at the second stage 

higher than any other stage, attributed to the decomposition reaction of Pb2Mn8O16 and the 

crystal transformation of amorphous MnO2 into β-MnO2, rendering an increase in dielectric 

properties. The short heating time for manganese anode mud to be heated from room 

temperature to 1000 °C, with only 5.5 min, verified that manganese anode mud with excellent 

microwave-absorbing properties. 
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Table captions 

Table 1 Chemical compositions of manganese anode mud 

Table 2 Regression parameters in the linear function of temperature  
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Figure captions 

Fig.1. XRD pattern of raw manganese anode mud 

Fig.2. Schematic diagram of (a) dielectric test device and (b) microwave box furnace 

Fig.3. TG-DTG-DSC curves of manganese anode mud, (a) TG curves; (b) DTG curves; (c) 

DSC curves 

Fig.4. Dielectric constants (εr′) of manganese anode mud and three pure components, (a) 

manganese anode mud; (b) MnO2; (c) CaSO4; (d) PbSO4 

Fig.5. Dielectric loss factors (εr″) of manganese anode mud and three pure components, (a) 

manganese anode mud; (b) MnO2; (c) CaSO4; (d) PbSO4 

Fig.6. Loss tangent coefficients (tan δ) of manganese anode mud and three pure components, 

(a) manganese anode mud; (b) MnO2; (c) CaSO4; (d) PbSO4 

Fig.7. Microwave heating characteristics of manganese anode mud 

Fig.8. Microwave heating characteristics of three pure components, (a) MnO2; (b) CaSO4; (c) 

PbSO4 

Fig.9. XRD pattern of microwave heated manganese anode mud 
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Table 1 Chemical compositions of manganese anode mud. 

Compositions Mn Fe Pb CaO MgO S Ni Co 

Mass/W% 57.58 1.06 6.06 7.76 2.52 3.91 0.053 0.021 
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Table 2 Regression parameters in the linear function of temperature. 

Power Stages a (°C） b (°C/min） R2 

1000 W 

I 28.6 100.2 0.98 

II -120.9 206.2 0.99 

Ⅲ 296.0 101.0 0.98 

Ⅳ 728.0 29.2 0.97 

1200 W 

I 19.5 14.3 0.99 

II -116.4 276.2 0.99 

Ⅲ 316.1 130.4 0.97 

Ⅳ 811.3 25.7 0.97 

1400 W 

I 23.8 157.0 0.98 

II -145.3 338.6 0.99 

Ⅲ 352.9 140.8 0.97 

Ⅳ 635.6 68.6 0.98 
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Fig.1. XRD pattern of raw manganese anode mud 
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Fig.2. Schematic diagram of (a) dielectric test device and (b) microwave box furnace 
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Fig.3. TG-DTG-DSC curves of manganese anode mud, (a) TG curves; (b) DTG curves; (c) 

DSC curves 
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Fig.4. Dielectric constants (εr′) of manganese anode mud and three pure components, (a) 

manganese anode mud; (b) MnO2; (c) CaSO4; (d) PbSO4 
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Fig.5. Dielectric loss factors (εr″) of manganese anode mud and three pure components, (a) 

manganese anode mud; (b) MnO2; (c) CaSO4; (d) PbSO4 
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Fig.6. Loss tangent coefficients (tan δ) of manganese anode mud and three pure components, 

(a) manganese anode mud; (b) MnO2; (c) CaSO4; (d) PbSO4 
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Fig.7. Microwave heating characteristics of manganese anode mud 
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Fig.8. Microwave heating characteristics of three pure components, (a) MnO2; (b) CaSO4; (c) 

PbSO4 
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Fig.9. XRD pattern of microwave heated manganese anode mud 
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