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Abstract: Drying treatment, as a critical initial processing step, enables the transformation of industrial sewage sludge 

into green fuels, addressing dual environmental and energy challenges. A designed microwave drying 

thermogravimetric experimental system was developed to investigate the effects of sludge weight (20, 25, 30, 35, and 

40 g) and microwave power (400, 450, 500, 550, and 600 W) on the drying performances through analysis of transient 

temperature and weight. Results identified three distinct drying stages: (I) rapid preheating dominated by sensible 

heat absorption of free water; (II) constant-temperature stage where microwave energy primarily converted to latent 

heat for free water removal; (III) slower bound-water removal stage. Crucially, drying performance peaked at 30 g 

sludge weight. Increasing microwave power significantly enhanced efficiency, reducing total drying time by 37.4% 

when power rose from 400 W to 600 W. Maximum drying efficiency (81.9 wt.% moisture removal) occurred at  

500 W, demonstrating a non-linear power-efficiency relationship. These findings provide essential mechanistic 

insights and operational parameters to optimize industrial sludge to energy processes. 
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1. Introduction 

The continuous progress of industrialization and urbanization has led to a substantial annual increase in global 

industrial sewage sludge (ISS) generation [1]. Current worldwide production of dry ISS reaches approximately 

1.6 million tons per year [2], presenting a significant environmental challenge. 

Figure 1 shows the main components and utilization methods of ISS. There are substantial organic constituents 

in the ISS, demonstrating significant potential as a renewable source for green fuels and energy production [3,4]. ISS 

can be converted into green fuels and energy through various methods, including anaerobic digestion [5], pyrolysis 

[6], gasification [7], combustion [8], and composting [9]. Notably, ISS biochar shows potential applications in soil 

remediation [10] and water treatment [11]. These approaches enable simultaneous waste management and green 

energy generation while addressing environmental concerns associated with ISS disposal. 

However, due to the characteristic of ISS having an ultra-high moisture content [12], it is necessary to 

perform drying treatment to effectively reduce the costs of transportation and storage [13], as well as the energy 

consumption of subsequent processing [14]. For instance, Zhang et al. [15] investigated a 400 t/d sludge thermal 

drying-combustion pilot plant. Their research revealed that the energy required for the drying process significantly 

decreased as the sludge moisture content was reduced. When the sludge moisture content decreased from 80% to 

50%, the recoverable energy from the combustion process increased from 3213.49 to 8047.5 kW. 

The widely adopted ISS drying methods include pressure filtration drying [16], hot air heating drying [17], 

solar drying [18] and microwave drying [19]. Pressure filtration drying utilizes a filter press to mechanically 

dewater ISS. While this method requires no thermal energy input, its dehydration capability is limited to reducing 

moisture content to 80% of the initial value [20]. Hot air drying achieves sludge dewatering by utilizing heated air 

streams. Currently, hot air is typically sourced from direct electric heating or biomass combustion [21,22]. Despite 

advantages in operational simplicity and technological maturity, its fundamental dependence on external-to-

internal thermal conduction in samples inevitably leads to limitations: high energy consumption from low thermal 
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penetration efficiency [23], material surface scorching caused by localized heating, and unsatisfactory drying rates 

[24]. Solar drying utilizes thermal energy derived from solar radiation to dewater ISS, representing a cost-effective 

and environmentally benign dewater method. Currently, solar drying systems can be classified into two principal 

categories: direct solar drying [25] and concentrated solar drying [26,27]. Under conditions of insufficient solar 

irradiance, concentrated solar drying systems demonstrate enhanced efficacy in improving drying efficiency. 

 

Figure 1. Main components and utilization methods of ISS. 

Microwave drying involves the conversion of electrical energy into microwave radiation, which is 

subsequently utilized to heat the ISS. Microwave, defined as non-ionizing electromagnetic radiation with a 

frequency range from 300 MHz to 300 GHz and a wavelength between 1 mm and 1 m, possesses the ability to 

penetrate materials with ease [28]. The primary heating mechanisms of microwave are dipole rotation and ionic 

polarization [29]. As microwave radiation interacts with the dipoles within a material, it induces high-speed 

rotation. This rapid rotation, coupled with the resulting collisions between dipoles and surrounding molecules, 

amplifies molecular vibrations, generating frictional heat that raises the temperature of the substance [30]. 

Consequently, due to the superior uniformity and energy efficiency of microwave radiation, microwave drying 

outperforms alternative dehydration methods in achieving rapid and uniform drying of ISS [31]. 

Microwave drying offers a more efficient and uniform drying method. In recent years, the advantages of 

microwave drying have been increasingly recognized, leading to a growing body of research on this technique. 

Ozdemir et al. [32] investigated the effects of microwave drying on propolis extract, demonstrating that increasing 

the microwave power from 180 to 900 W reduced the drying time by 67%. Furthermore, at 900 W, the propolis 

extract exhibited the highest effective moisture diffusivity, with its phenolic and flavonoid contents being 

comparable to those of fresh propolis extract, indicating the most effective drying conditions. Carvalho et al. [33] 

compared the differences between electric heating drying and microwave drying for barley malt. The results 

revealed that traditional electric heating drying required 540–840 min, while microwave drying reduced the time 

by 95%. Meanwhile, microwave drying technology has also been applied to sludge drying. Wang et al. [34] studied 

the drying characteristics of chromium-rich electroplating sludge, showing that the sludge exhibited excellent 

microwave absorption. Compared to conventional drying at 105 °C, microwave drying at 600 W reduced the 

drying time by 98.5%. Slezak et al. [35] investigated the effects of microwave power and drying time on the drying 

performance using fine dust sludge with a moisture content of 26–60%. The experimental results demonstrated 

that microwave drying at 300 W for 6 min represented the optimal condition. However, the application of 

excessively high microwave power was observed to induce vigorous boiling of the material during the drying 

process, which, under extreme circumstances, could result in the explosive disintegration of the sample. 

Wulyapash et al. [36] conducted a comparative analysis between hot air drying and microwave drying, revealing 

that microwave drying could reduce the drying time by 37.5%. The total calorific value of sludge dried by 

microwave ranged from 20.8 to 21.4 MJ/kg, while that of sludge dried by hot air ranged from 19.4 to 21.8 MJ/kg, 

indicating that microwave drying does not adversely affect the calorific value of the sludge. 
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However, current research predominantly focuses on analyzing drying results [37–39], but lacks investigation 

into transient temperature and weight loss. This gap makes it difficult to gain deeper insights into the transient 

drying performances of sludge and conduct kinetic and thermodynamic analysis. Therefore, this study developed 

a microwave drying thermogravimetric experimental system to investigate the effects of ISS weight and 

microwave power on the drying performance by analyzing the transient variations in ISS temperature and weight 

during the drying process. 

2. Materials and Methods 

2.1. Materials 

The ISS sample utilized in this study was sourced from Qingdao Tundao Sewage Treatment Plant (Qingdao, 

Shandong, China). Before the drying experiment, all ISS samples were crushed into particles less than 3 mm. The 

photographs of ISS sample and ISS particles after sieving were shown in Figure 2. 

  
(a) (b) 

Figure 2. Photographs of (a). ISS sample and (b) ISS particles after sieving. 

2.2. Experimental Setup 

Figure 3 illustrates the experimental setup used to explore the drying effect of ISS. Figure 4 displays a 

photograph of the microwave drying experimental system. The experimental setup comprised a microwave oven, an 

iron support, a tension sensor, two data acquisition instruments, a thermocouple, a heating band, a fan and a reactor. 

 

Figure 3. Schematic diagram of the microwave drying experimental system. 

The laboratory-scale microwave oven procured from Shanghai Longyu Microwave Equipment Company 

(Shanghai, China) delivers a fixed 2.45 GHz output frequency with power adjustable via rotary knob (300–1000 W), 

while real-time monitoring ensured operational consistency between actual and preset power values. The microwave 

chamber was constructed from stainless steel. After closing the chamber door, aluminum foil tape was applied to seal 
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the door gaps, effectively preventing any microwave leakage. The reactor was a quartz tube with an outer diameter 

of 26 mm, a wall thickness of 2 mm, and a length of 300 mm. The thermal insulating material was aluminosilicate 

ceramic fiber, which did not absorb microwaves. The microwave chamber was fully filled with the insulating material, 

but the material did not come into contact with the reactor to avoid affecting the experimental results. 

Sample weight was measured using a tension sensor procured from Bengbu Sensor Systems Engineering Co., 

Ltd. (Anhui, China), featuring a 0–500 g measurement range with measurement error not exceeding ±0.25 g. 

Temperature was monitored via a PT100 thermocouple procured from Sanping Hardware Equipment Co., Ltd. 

(Shanghai, China), with a measurement range of 0–600 °C and an accuracy specification of ±0.1 °C. The 

temperature and weight of ISS were recorded separately by two data acquisition instruments every 1 s. The iron 

support was heavy enough to effectively prevent errors caused by vibration. The heating band was set to 90 °C, 

which ensured no vapor would liquefy at the top of the reactor. The fan was used to change the direction of vapor 

and prevent it from interfering with the tension sensor. 

 

Figure 4. Photograph of the microwave drying experimental system. 

2.3. Experimental Procedures 

The detailed experimental procedures are as follows: 

(1) The ISS blocks were crushed using a mortar and sieved to obtain particles with a diameter less than 3 mm. 

(2) A measured quantity of ISS was introduced into the reactor. Void spaces between particles were minimized 

by gentle tapping of the vessel walls. A thermocouple was inserted and positioned 10–15 mm above the 

reactor base. 

(3) The reactor was coupled to a tension sensor via a cotton rope linkage, and the assembly height was adjusted. 

Residual volume within the microwave chamber was occupied with thermal insulation material. The seams 

of microwave oven were sealed using aluminum foil tape to mitigate microwave leakage. 

(4) Electrical heating band was activated and regulated to a setpoint temperature of 90 °C. The fan and data 

acquisition instruments were turn on. Temperature and mass data were sampled at one second intervals by 

the data acquisition instruments. Once the system stabilized, the microwave oven was initiated to begin the 

experiment. 

(5) As temperature increased, upon reaching 110 °C, microwave power was modulated to maintain this 

temperature for a duration of 6 min. 

(6) Subsequent to the isothermal period, heating was continued. Microwave irradiation was discontinued upon 

the sample temperature attaining 150 °C. 

2.4. Data Analysis 

The weight loss rate and average heating rate were calculated to analysis drying effect. The detailed equations were: 
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where: 

RW, is weight loss rate, wt.%. 

m0, is the initial weight of the sample, g. 

m1, is the weight of the sample at point 1, g. 

m2, is the weight of the sample at point 2, g. 

RH, is the average heating rate, °C/min. 

T1, is the temperature of the sample at point 1, °C. 

T2, is the temperature of the sample at point 2, °C. 

t1, is the time of the sample at point 1, min. 

t2, is the time of the sample at point 2, min. 

3. Results and Discussion 

3.1. Effect of ISS Weight 

This section focused on studying the effect of ISS weight (20, 25, 30, 35, and 40 g) on the drying efficiency. 

A microwave power of 500 W was used. When the drying temperature reached 110 °C, the process was halted 

after 6 min to enhance the drying effect. 

3.1.1. Transient Temperature 

Figure 5 illustrates the transient temperature variations of ISS with different weights. The drying process 

commenced at an initial temperature of 15 °C and concluded at 150 °C. The figure reveals three distinct drying 

stages: (I) preheating stage, (II) constant-temperature drying stage, and (III) falling-rate drying stage. 
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Figure 5. Curve of transient temperature variations with different weights at 500 W. 

Table 1 summarizes the average heating rates of ISS samples with different weights during each stage. It is 

evident that all five ISS samples exhibited significantly higher average heating rates during stage (I). The average 

heating rate initially increased with sample weight, and subsequently decreased. Specifically, the 20 g sample 

demonstrated the lowest average heating rate of 19.33 °C/min, whereas the 30 g sample achieved the highest rate 

of 120.02 °C/min. A progressive enhancement in microwave absorption was observed as sample weight increased 

from 20 to 30 g. This elevation corresponded directly to increased thermal energy acquisition per unit time, 

resulting in accelerated average heating rates. Beyond the 30 g, samples approached near-total microwave 

absorption, leading to no further increase in heat acquisition per unit time. The substantial water content in samples 

combined with water’s high specific heat capacity caused the average heating rate to decrease with continued 

weight increase. During this stage, the microwave energy absorbed by the samples was predominantly converted 
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into sensible heat of the water within the ISS [34]. Concurrently, the vapor pressure of the water in the ISS 

increased progressively with rising temperature [40]. 

When the sample temperature reached 90–100 °C, and the vapor pressure of the water equaled the ambient 

pressure, the drying process transitioned into stage (II) [39]. During this stage, the temperature of all samples 

remained below 100 °C, as the absorbed microwave energy was not only utilized for the latent heat of stage change 

of the liquid water in the ISS but was also partially dissipated into the surrounding environment. The limited 

microwave energy was insufficient to sustain the ISS temperature at 100 °C [41]. The heating rates of all samples 

were relatively low, ranging from 0.20 to 0.30 °C/min, except for the 20 g ISS sample, which exhibited a heating 

rate of only 0.11 °C/min. The slowed heating rate resulted from impaired microwave energy coupling efficiency. 

This impairment occurred because at 20 g ISS sample weight, the low filling ratio in the reactor yields a reduced 

projected area, consequently causing inadequate absorption of microwave irradiation [42,43]. 

Upon the removal of the majority of free water from the samples, the temperature began to rise, marking the 

onset of stage (III). Following the constant-temperature stage, the heating curves of all samples tended to become 

parallel, with the average heating rates of the five sample groups reaching 5.61, 6.14, 6.16, 6.13, and 6.23 °C /min 

respectively. 

Table 1. Average heating rates of ISS with different weights (°C/min). 

Weight Stage I Stage II Stage III 

20 g 19.33 0.11 5.61 

25 g 41.74 0.26 6.14 

30 g 120.02 0.20 6.16 

35 g 75.51 0.22 6.13 

40 g 36.13 0.21 6.23 

3.1.2. Transient Weight 

Figure 6 demonstrates the transient weight variations of ISS samples with different weights. As shown in the 

figure, the weight loss process can also be divided into three distinct stages, corresponding to the temperature 

variation stages. During stage (I), except for the 20 g ISS group, the drying rates of the remaining four groups 

exhibited the highest values among all three stages. This phenomenon can be attributed to two factors. (1) In the 

initial drying stage, the ISS contains a substantial amount of free water [44], whose molecules readily rotate under 

the oscillating magnetic field generated by microwave radiation, generating heat through molecular friction [45]. 

(2) During the early heating stage, the moisture on the ISS surface is directly exposed to the ambient air, resulting 

in minimal evaporation resistance. Additionally, microwave heating induces rapid internal temperature elevation, 

increasing the water vapor pressure and creating a significant pressure gradient between the ISS interior and the 

external environment, thereby accelerating moisture removal [46]. In contrast, the 20 g ISS group demonstrated 

limited weight loss in stage (I) due to incomplete microwave absorption and slower heating rates. 
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Figure 6. Curve of transient weight variations with different weights at 500 W. 
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In stage (II), all groups exhibited significant weight loss, corresponding to the primary evaporation stage of 

free water. The cumulative weight losses of the five groups reached 8.4, 11.0, 14.5, 17.7, and 18.05 g, accounting 

for 42.0 wt.%, 44.0 wt.%, 48.3 wt.%, 50.6 wt.%, and 45.1 wt.%, respectively. Notably, the 40 g ISS group required 

an extended stage (II) duration of 43 min to complete free water removal due to its higher initial weight. 

As the drying process proceeded, the moisture content of the ISS further decreased, leading to a decline in 

drying rate and the transition to stage (III). During this stage, the five sample groups achieved weight reductions 

of 19.4 wt.%, 7.16 wt.%, 14.7 wt.%, 11.0 wt.%, and 13.6 wt.%, respectively. The weight loss was primarily 

governed by the evaporation of bound water, with moisture migration dominated by internal diffusion mechanisms 

[47]. Concurrently, progressive surface hardening and partial pore clogging in the ISS increased weight transfer 

resistance [48]. 

3.1.3. Thermogravimetric Analysis 

Figure 7 shows the thermogravimetric curves of five ISS samples. It is evident from the figure that below  

90 °C, the sample mass remained almost unchanged with increasing temperature. This indicated that during this 

stage, the microwave radiation energy was converted into the internal energy of the samples, with almost no 

moisture removal occurring. However, a significant weight loss was observed in the temperature range of  

90–100 °C. This finding corresponds exactly to stage (II) of the microwave drying process shown in Figures 5 and 

6, where slow temperature increases and substantial mass reduction occurred simultaneously. This further verified 

that during stage (II), the absorbed microwave radiation energy was converted into the latent heat of water and the 

energy required for moisture transport. At 100 °C, the cumulative weight losses of the five groups reached  

44.4 wt.%, 61.3 wt.%, 61.5 wt.%, 62.5 wt.%, and 51.1 wt.%, respectively. Beyond 100 °C, the weight loss rate 

per unit temperature gradually decreased. A sharp decline in sample weight was observed at 110 °C, resulting from 

the 6-min isothermal holding at this temperature. Following the isothermal stage, minimal weight variations were 

detected in the four groups with ISS weights above 20 g as temperature increased, indicating that the majority of 

bound water had been removed. Upon reaching 150 °C, the total weight losses of the five groups were 61.4 wt.%, 

70.2 wt.%, 81.9 wt.%, 76.7 wt.%, and 61.5 wt.%, respectively. These results indicate that the effectiveness of 

microwave drying initially increased and subsequently decreased with increasing ISS weight, achieving optimal 

performance at 30 g. 
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Figure 7. Thermogravimetric curve of ISS with different weights at 500 W. 

3.2. Effect of Microwave Power 

In Section 3.1, a raw material weight of 30 g resulted in the highest weight loss for the ISS samples. Therefore, 

this section is dedicated to examining the influence of microwave power (400, 450, 500, 550, and 600 W) on 

drying performance. The raw material weight was fixed at 30 g, and an isothermal holding period of 6 min at  

110 °C was maintained to optimize drying efficiency. 
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3.2.1. Transient Temperature 

Figure 8 presents the variation in the transient temperature of the ISS samples under different microwave 

powers. As depicted in the figure, following the initiation of heating, the temperature of the samples exhibited a 

rapid increase from ambient temperature to 90–100 °C, after which it stabilized for a brief period before continuing 

to rise. The overall process can be categorized into three distinct stages. Notably, when the microwave power was 

set to 400 W, the drying time was markedly longer compared to the other four power settings. Upon increasing the 

microwave power from 400 W to 600 W, the time required for the sample to reach 150 °C decreased from 67.9 to 

42.5 min, resulting in a reduction of 25.4 min. This reduction is attributed to the intensified vibration of polar 

molecules within the ISS, which, as the microwave power increased, led to a higher generation of heat. 

In stage (I), the increase in microwave power had a negligible effect on the heating rate, as all five sample 

groups reached 90–100 °C within a very short period. In stage (II), the temperature of the samples in all groups 

remained largely below 100 °C. During this stage, the energy input from the microwave radiation was primarily 

converted into the latent heat of stage transition of the free water within the ISS. Among these, the sample exposed 

to 550 W of microwave power exhibited a superheating phenomenon, where the temperature first increased and 

then decreased, with a maximum temperature reaching 106.7 °C. This phenomenon is due to the generation of 

excessive water vapor under high microwave power, which could not be expelled quickly enough. As a result, the 

pressure difference between the surface and internal steam increased, causing superheating [39]. 

As the drying process progressed into stage (III), the temperature of the samples rose again. At this point, 

most of the free water had been removed, leaving behind primarily bound water and solid ISS. The average heating 

rates of the samples during this stage were significantly influenced by the microwave power. The average heating 

rates from 110 to 150 °C for the five groups of samples were 4.22, 3.91, 5.59, 5.66, and 12.08 °C/min, respectively. 

This variation can be attributed to that part of the absorbed microwave energy was used as latent heat to evaporate 

the bound water, while the remaining energy served as sensible heat to raise the temperature of the ISS solids. 
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Figure 8. Curve of transient temperature with different microwave power at 30 g ISS. 

3.2.2. Transient Weight 

Figure 9 presents the variation in the transient weight of the ISS samples under different microwave powers. 

As shown in the figure, the weight change can also be divided into three stages, corresponding to the stages of 

temperature change. Due to the rapid heating rates in all five sample groups, the weight change was minimal in 

stage (I). Stage (II) represented the primary stage of weight loss. During this stage, the average weight loss rate of 

the five sample groups increased with the rise in microwave power. The highest average weight loss rate was 

observed when the microwave power was 600 W. Additionally, for the sample exposed to 550 W microwave 

power, a notable change in the weight loss rate was observed at 18.9 min. This coincided with the time at which 

the sample in Figure 7 reached its maximum superheating temperature of 106.7 °C, indicating that the superheating 

phenomenon in the early drying stage may facilitate the removal of free water. Once the drying process entered 

stage (III), the rate of weight loss decreased, and the removal of bound water became the dominant process. 
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Figure 9. Curve of transient weight with different microwave power at 30 g ISS. 

3.2.3. Thermogravimetric Analysis 

Figure 10 shows the thermogravimetric curve of the five ISS samples with respect to microwave power. As 

can be clearly seen from the figure, all five sample groups exhibited the highest weight loss rates during the 

temperature rise from 90 to 100 °C. At 100 °C, the cumulative weight loss for the five groups were 63.3 wt.%, 

53.6 wt.%, 61.5 wt.%, 51.3 wt.%, and 59.0 wt.%, respectively. After the temperature exceeded 100 °C, the weight 

loss rate per unit temperature gradually decreased. Following the constant temperature stage, all five sample groups 

showed minimal changes in weight with increasing temperature, indicating the substantial removal of bound water 

from these samples. This conclusion is supported by data presented in Figures 8 and 9. Specifically, Figure 8 

demonstrates that once sample temperatures exceeded 110 °C, the average heating rates became comparable across 

all groups and increased significantly relative to pre-constant temperature stage values, reflecting consistently low 

residual bound water content. Figure 9 shows negligible weight variations over time after the constant temperature 

stage concluded, further corroborating that minimal bound water remained. When the temperature reached 150 °C, 

the cumulative weight losses of the five groups were 76.7 wt.%, 72.9 wt.%, 81.9 wt.%, 68.5 wt.%, and 69.67 wt.%, 

respectively. This indicated that the effect of microwave drying on the ISS initially increased with microwave 

power and then decreased, reaching its optimum at 500 W. 
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Figure 10. Thermogravimetric curve with different microwave power at 30 g ISS. 
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3.3. Mechanism of Microwave Drying 

Microwave drying utilizes the ability of microwaves to induce rapid rotation of polar molecules within a 

material. This intensifies molecular collisions and friction, causing the temperature of the substance to rise 

continuously. Figure 11 illustrates the mechanism of microwave drying. The diagram shows that when the ISS 

material is placed in a microwave environment, the continuous heating by the microwaves causes the water in the 

ISS to convert into vapor. This vapor then escapes from the ISS, achieving the drying effect. 

The process occurs as follows. When microwave radiation penetrates ISS, polar water molecules (including free 

and bound water) undergo rapid rotation, leading to rapid heat accumulation. As depicted in stage I of Figures 5 and 8, 

temperature of ISS increases sharply during the initial heating phase. 

As the temperature of the ISS increases, the kinetic energy of the water molecules gradually rises. Free water 

is primarily influenced by hydrogen bonds and van der Waals forces. These forces result in relatively weak 

intermolecular interactions, and the water molecules are not strongly adsorbed by the solid particles in the ISS. As 

the temperature approaches water’s boiling point, free water molecules acquire sufficient kinetic energy to 

overcome intermolecular forces and undergo rapid evaporation. This is evidenced in stage II of Figures 5 and 8, 

where the ISS temperature plateau occurs at 90–100 °C with minimal temperature increase. Concurrently, distinct 

mass loss is observed in stage II of Figures 6 and 9. These phenomena confirm that microwave energy is primarily 

consumed by free water evaporation at this stage, rather than sensible heating. 

Bound water is influenced not only by hydrogen bonds and van der Waals forces but also by electrostatic 

forces, capillary forces, and other interactions. As a result, bound water does not evaporate as quickly as free water 

during microwave heating. Only as the temperature increases further, and the bound water molecules acquire 

greater kinetic energy, can they overcome the adsorption forces or chemical bonds with the solid particles in the 

ISS. This results in the eventual release of bound water. As evidenced in stage III of Figures 6 and 9, when ISS 

temperature exceeds 100 °C, persistent mass loss continues despite minimal temperature elevation, indicating 

thermal decomposition of sludge constituents. 

 

Figure 11. Mechanism diagram of microwave drying. 

4. Conclusions 

The transient microwave drying performances of ISS at different ISS weights (20, 25, 30, 35, and 40 g) and 

microwave powers (400, 450, 500, 550, and 600 W) studied and presented. Some conclusions were obtained. 

The ISS drying process can be divided into three stages: (I) preheating stage, (II) constant-temperature drying 

stage, and (III) falling-rate drying stage. In stage (I), the microwave energy absorbed by the sample was mainly 

converted into sensible heat to raise the temperature of the free water in the sample, which was reflected in the rapid 

temperature rise and minimal weight loss. In stage (II), microwave energy was primarily converted into latent heat 

of stage transition of the free water in the sample, leading to the temperature remaining between 90 and 100 °C while 

the weight of the sample decreased significantly. In stage (III), the free water in the sample was almost completely 

removed, and microwave energy was converted into the latent heat of stage transition of the bound water and the 

sensible heat of the ISS particles, characterized by a slow rise in temperature and gradual weight loss. 
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The drying performance of ISS increased with the ISS weight up to a peak at 30 g, after which it decreased. 

At the end of the drying process, the cumulative weight losses for the five ISS weights were 61.4 wt.%, 70.2 wt.%, 

81.9 wt.%, 76.7 wt.%, and 61.5 wt.%, respectively. When the microwave power increased from 400 W to 600 W, 

the total drying time was reduced by 37.4%. At the end of the drying process, the cumulative weight losses for the 

five microwave powers were 76.7 wt.%, 72.9 wt.%, 81.9 wt.%, 68.5 wt.%, and 69.67 wt.%, respectively. The 

optimal microwave drying performance was at 30 g ISS weight and 500 W microwave power. 
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