
ww.sciencedirect.com

j o u r n a l o f m a t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 1 4 9 7e1 5 0 9
Available online at w
journal homepage: www.elsevier .com/locate/ jmrt
Original Article
Drying characteristics of ammonium polyvanadate
under microwave heating based on a thin-layer
drying kinetics fitting model
Weiwei Huang a, Yanqiong Zhang a, Hongju Qiu a, Junzheng Huang a,
Jin Chen a,****, Lei Gao a,***, Mamdouh Omran b,*, Guo Chen a,**

a Kunming Key Laboratory of Energy Materials Chemistry, Yunnan Minzu University, Kunming 650500, Yunnan, PR

China
b Process Metallurgy Research Group, Faculty of Technology, University of Oulu, Finland
a r t i c l e i n f o

Article history:

Received 3 March 2022

Accepted 21 May 2022

Available online 27 May 2022

Keywords:

Ammonium polyvanadate

Drying kinetics

Microwave drying

Drying rate
* Corresponding author.
** Corresponding author.
*** Corresponding author.
**** Corresponding author.

E-mail addresses: jinchen@kust.edu.cn (J
kust.edu.cn (G. Chen).
https://doi.org/10.1016/j.jmrt.2022.05.127
2238-7854/© 2022 The Author(s). Published
creativecommons.org/licenses/by-nc-nd/4.0/
a b s t r a c t

The dried ammonium polyvanadate (APV) can be used to produce high-purity Vanadium

pentoxide (V2O5) by calcination. Therefore, drying is a necessary process. The advantages

of microwave drying are uniform heating, selective heating, high heating efficiency and the

operation process is clean and hygienic. This study uses a microwave to dry APV and

discusses the effect of the initial mass, microwave power, initial moisture content on the

drying efficiency of APV. The results display that the average drying rate is positively

correlated with the microwave output power. When the initial mass is 35 g, the average

rate is shown as 0.000263%/s. As the initial moisture content and power of APV increases to

25% and 560W, the average drying rate increases to 0.00036231%/s and 0.003125%/s,

respectively. At the same time, through the analysis of APV drying kinetics and the fitting

of experimental data, it is found that the APV microwave drying process can be precisely

described by the Modified Page model. The microwave heating process saves energy and

time, directly penetrates the product, and has certain advantages in green metallurgy.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Withadvantages includinghigh theoretical capacity, relatively

low price, and good performance, vanadium pentoxide has
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received widespread attention in emerging fields such as all-

vanadium flow batteries and high-performance vanadium al-

loys. This potential material is widely used in aerospace,

petrochemical, iron, and steelmetallurgy, biocatalysis, energy,

and environment [1e5]. As an antimagnetic semiconductor,
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V2O5 is used to slowdown recombination, prolong life, develop

electron-hole separation, and increase photocurrent to

enhance photocatalytic activity [6]. In addition, by controlling

the preparation of V2O5/graphene nanocomposites, it is also a

valuable positive electrode composite for the manufacture of

batteries [7e11].

In current years, with the speedy development of aero-

space, military, and other fields, the continuous supplemen-

tation of high-quality V2O5 powder has become progressively

demanded. Producing high-quality V2O5 products needs

ammonium polyvanadate (APV) with limited impurities and

lowmoisture content [12]. However, the conventional process

of vanadium production is divided into magnet adsorption,

roasting, water leaching, precipitation, and sintering of V2O5.

Usually, APV is made with a solution containing a great per-

centage of vanadium using a chemical precipitation method.

Thus, the prepared APV is rich in water [13]. During the baking

process, the water becomes water vapor in contact with high

temperatures, expanding a thousand times through the accu-

mulation volume, causing the steam to explode. To avoid this,

an effectivedryingprocess is demandedbefore the subsequent

high-temperature process. Conventional drying equipment

has a long time, low efficiency by high heat loss.What ismore,

the dispersion effect is not ideal. Chen et al. designed a vana-

dium pentoxide production system using flash drying [14].

Wang et al. prepared V2O5/graphene-enhanced sodium-ion

storage composites by freeze-drying [15]. In the production of

powdered vanadium pentoxide, Zhang used flash drying and

rotary kiln production process equipment for the first time to

achieve continuous automated assembly line production [16].

There are various novel drying methods, such as dispersant

displacement drying, freeze-drying, ultrasonic cavitation,

which can prevent agglomeration. On the contrary, compared

to conventional control procedures, the procedures are pretty

complicated and equipment is expensive in practical applica-

tions [17,18].

As a result, a novel drying process, known as microwave

heating, has beennoted as an alternative to traditional heating

processes. Compared with the current heating methods, mi-

crowave heating can selectively heat the substance, heat

evenly, reduce heat loss, save energy and time, and do not

produce exhaust gases [19,20]. In the early years, microwaves

were successfully applied to telecommunications. Then due to

continuous in-depth research, the method has been success-

fullyused in the foodandmedicine industryand isnowapplied

in drying ores or slags [21,22]. Microwaves are highly pene-

trating electromagnetic waves. Microwaves range in fre-

quencies from 0.3 GHz to 300 GHz, corresponding to

frequencies ranging from1mto 1mm[19,23]. In the traditional

drying process, owing to liquid surface tension and the pres-

ence of a solid-liquid interface, the substance is prone to

agglomerate when the liquid is volatilized. This leads to

reduced material properties and the generation of interfacial

cracks, especially for materials with lowly thermal conduc-

tivity, which is more pronounced. Yet, microwaves can pene-

trate thematerial uniformly, get the impact of overall heating,

effectively reduce the internal stress produced because of un-

evenheating, then avoid the occurrence of splits in theheating

process [24,25]. Microwave heating depends mainly on the

dielectric loss of the sample, independent of the shape of the
material, and heat is generated by coupling of the material to

microwave so that the effect of selective heating can be ach-

ieved [26e28]. Du et al. discussed the microwave drying ki-

netics as well as properties of manganese ore in combination

with the particular characteristics of microwave drying. They

found that thediffusionmodelwas in goodagreementwith the

experimental data [29]. Lin et al. studied the extraction mech-

anism of manganese in low-quality soft manganese ore by

microwave leaching method and conventional leaching

method, then found that the leaching rate of manganese is

increased by microwave heating, which is because the unique

dipole rotational heating mechanism of microwave energy

that inhibits the formation of sulfur passivation layer [30]. The

whole process heats the material by converting electrical en-

ergy into electromagnetic energy. There exists no heat con-

duction in the process, the heating time required for the

material stands short, and the radiation is slight. Liu et al. [31]

performed microwave drying tests on maize, and the micro-

wave drying characteristics of maize were determined.

Consequently, it effectively avoids the loss of heating and

environmental pollution caused by the traditional heating

process and improves the utilization rate of resources. This is

indeedagreenandefficientheatingway [32].Undermicrowave

heating, high-frequency electromagnetic fields induce

continuous polar molecules to oscillate, resulting in a large

amount of heat generated by molecular friction [33,34]. It is

worth noting that heat and mass transfer have the same

gradient direction in the process of microwave heating [35],

which greatly improves the drying efficiency [36]. Microwave

drying has been selected for the deep drying of limonite [37]

and has better drying properties than conventional drying. In

the drying experiments of laterite nickel ore, its drying per-

formance is also 2e3 times that of conventional drying per-

formance [38]. Nonetheless, the further application of

microwave heating technology still faces grander challenges.

Accompanied by unique heating advantages with drying

models, microwave drying shows potential application pros-

pects in the process of material drying.

At present, to optimize the drying process and improve the

drying efficiency, the drying kinetics of numerous materials

are explored by a lot of researchers, and the application of

microwave drying in minerals, such as lignite and soft man-

ganese ore has been reviewed more [39e41]. Zeng et al. [42]

examined the drying properties of wet coke by using a micro-

fluidic bed reactorwith temperaturecontrol between773Kand

1173K.Theoutcomesdisplay that initialmoisturecontentboth

temperature and both temperatures have extensive guidance

on the drying properties of the objects. Furthermore, at higher

initial humidity values, this effect can be described by the

Lewis drying model. Li et al. [43] researched the kinetic condi-

tions of microwave-dried ilmenite at a mass of 25 g with a

microwave power of 385 W, confirming the Semi-empirical

model of the page can describe the process. Tahmasebi et al.

[44] the drying kinetics under a superheated steam fluidized

bed, nitrogen gas flow, and microwave radiation were studied

by fitting the moisture content of ten distinct thin layers

empirical drying models at different times to fit the moisture

content. The results show that theMidilli-Kucukmodel is best

suited to the nitriding bed process and the superheated

vaporization bed process. Despite this, there are still few
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Fig. 1 e XRD pattern of ammonium polyvanadate.
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studies usingmicrowaveheating and its drying kinetics inAPV

drying.

In this paper, to reduce the moisture content of APV and

obtain high purity V2O5, the drying process of APV is carried

out bymicrowave heating. To explore the factors affecting the

drying characteristics of APV, the PAV drying rate was

explored under the conditions of different initial water con-

tent, the mass of APV, with microwave power. To find the

optimal drying conditions, a dynamic model of the drying

system was studied as suggested by Ref [43,45]. The experi-

mental data are fitted by the Modified Page model, Simplified

Fick's dispersion model, Verma model, and Two Term exper-

imental model mentioned above. It is that microwave drying

technology can provide a more energy-saving and efficient

method for drying in the vanadium field.
2. Experiment

2.1. Experimental material

APV was purchased from Hubei Xinrunde Chemical Limited

Company, Wuhan City, Hubei Province. The XRD pattern of

the experimental materials is displayed in Fig. 1. It is shown

that the main image of the raw material is ðNH4Þ2V6O16 by

analysis. The specific element content of the material is

revealed in Table 1.

The primary chemical constituents of APV are listed in

Table 1, revealing8.00% N, 26.99% O, 64.55% V, and a small

number of other elements. The XRD samples of APV are

revealed in Fig. 1, indicating that the core component of the
Table 1 e Main chemical components of the APV.

Composition V O N

Mass % 64.55 26.99 8.00 0
raw material is ðNH4Þ2V6O16. The three-strong peaks at

2q ¼ 11.313�, 2q ¼ 15.455�, and 2q ¼ 27.766� are fitting with the

standard card of APV (PDF#22e1046).

2.2. Experimental apparatus

The microwave drying equipment (HM-X08-16) used in this

experiment is shown in Fig. 2, which mainly includes the

following parts: drying box, automatic heater, computer-aided

control system, temperature sensor, flow meter, gas reactor,

quality detection system, temperature detection system and

cooling water protection system. In addition, the electronic

balance (AL-104) is located above the drying chamber and is

connected to the quartz inside the microwave oven to record

data on changes in the quality of thematerial. Themicrowave

oven heats up to 700 W, microwaves at a frequency of

2.45 GHz, and operates with an output voltage of 220 V. At

normal frequencies, different experimental requirements can

be met by using automatic adjustment or manual control of

power.

2.3. Experimental procedure

To accurately control the experiment, we prepared samples

with different moisture content. Samples were dried in an

oven at 80 �C for 12 h. The dried samples were subjected to

ultrasound for 1.5 h under closed conditions to make the

samples evenly dispersed. Then, the mass of ultrapure water

required was calculated according to a wet-based moisture

content formula. The mixed samples were subjected to ul-

trasonic for 2 h under closed conditions to evenly mix the
Fe S Na K Si

.097 0.092 0.052 0.046 0.054
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Fig. 2 e Schematic diagram of microwave furnace.

Table 2 e Model and model equation.

Model Model equation

1 Modified Page MR ¼ exp ð � ðktÞnÞ
2 Verma MR ¼ aexpð� ktÞ þ ð1 � aÞexpð � gtÞ
3 Simplified Fick's diffusion MR ¼ aexpð � ct =L2Þ
4 Two-term exponentials MR ¼ aexpð� ktÞ þ ð1 � aÞexpð �

katÞ
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samples and water. After the ultrasound, samples were

immediately put into three crucibles with a length of 9.5 cm, a

width of 6.5 cm, and a height of 1.8 cm, placed in a microwave

oven, and dry it by controlling the microwave power. The

drying condition of thin-layer dynamics is that the layer

height does not exceed 2 cm. In each experiment, considering

thin-layer kinetic conditions, we measured the sample

thickness before the experiment and kept it at the same

height. Under the condition of thin-layer drying and consid-

ering the limited size of the crucible, 15 g, 25 g, and 35 g were

selected as the mass variables of the experiment. In each

experiment, put three samples and took the average value in

the calculation. During the experiments, the weight detector

was activated at intervals of 30 s for the collection of the

corresponding sample mass.

Moisture ratios can be defined as:

MR ¼Mt �Me

M0 �Me
� 100% (1)

where, M0 represents wet-based water content of APV, %; Me

stands for the equilibriummoisture content. It can be thought

of as a parameter that measures the moisture content, tem-

perature, and humidity points after infinite drying. Compared

with Mt and M0, the value of Me is minimal, and Me can be

considered equal to 0 [46e48].

The moisture content of APV can be reckoned using the

equation:

Mt ¼
�
1�m0 � ð1�M0Þ

mt

�
� 100% (2)

where Mt;M0; m0;andmt are wet-based moisture content at

time T of APV, %; the initial water content of APV, %; the initial

mass of APV, g; the real-time mass of APV, g.
The dehydration rate of APV can be gotten by the equation:

Dt¼
�
Mo �MT

Mo �M

�
� 100% (3)

where Dt is the dehydration rate, %; M0 represents the wet-

based mass before APV drying, g; MT represents the mass at

time T in the drying process, g; M represents the actual mass

of APV after drying, g.

Where Dr is the drying rate, the following equation can be

obtained:

Dr¼
�
Mt �MT

T� t

�
� 100% (4)

where,MT; Drmeans the percentage of moisture in APV when

microwaved drying, %; the drying rate (%)/s.

2.4. Kinetic model

At present, there are many kinds of thin-layer drying kinetic

models, which are mainly divided into theoretical equations,

semi-empirical equations, and empirical equations. Initially,

thesedryingkineticmodelswerepopularwhen it cametograin
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drying. Later, many researchers combined drying data from

other materials with drying kinetic models, and through

analysis, showed that drying kinetic models can be applied in

many other fields. Lewis first proposed a semi-empirical

equation for the drying rate of thin-layered materials in 1921,

which has many similarities to Newton's equation for cooling

rate [49]. Page improved the model in 1949 and successfully

discovered the Pagemodel for grain drying [50]. In 1970, Chirife

et al. obtained a simplified Fick diffusionmodel,which is based

on a combination of cassava flour experimental data and Fick's
Fig. 3 e Variation in dehydration rate (a)and drying rate (b)with t

with different initial moisture contents.
law [51]. Overhults et al. obtained the Page I equation by

changing the Page model in 1973 [52]. Sharaf-Eldeen et al. got

the Two-term-exponential model by further observing and

enhancing Rowe's equations in 1980 [53,54]. Verma et al.

established the Vermamodel, which combines the Henderson

and Pabis models and has been successfully applied to rice

drying in 1985 [55].

To explore the kinetics of the APV drying process, the

Modified Pagemodel, Simplified Fick's diffusionmodel, Verma

model, and two-term exponentials model are implemented to
ime under microwave radiation of the same power for APV

https://doi.org/10.1016/j.jmrt.2022.05.127
https://doi.org/10.1016/j.jmrt.2022.05.127


Fig. 4 e Changes of the dehydration rate (a)and drying rate (b) of APVs with different initial masses with time under

microwave radiation of the same power.
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fit and analyze the data. The equations of the four models are

presented in Table 2, where the coefficients a, c, g are empir-

ical constants; n, k, L represent the drying conditions, drying

constant, the thickness of the plate, m, respectively. The

correlation coefficients R2, F-Value, Chi-Sqr, and the sum of

the squares of the residuals (RSS) determine the fitted data

results and drying model.
3. Results and discussion

3.1. Effect of initial moisture content of material

Experiments were performed with APV of 25 g at an initial

moisture content of 5%, 15%, 25%. The microwave power is

https://doi.org/10.1016/j.jmrt.2022.05.127
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Fig. 5 e Changes the dehydration rate (a) and drying rate (b) of mass APV with time under microwave radiation of different

power.
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fixed at 400W. The recorded changes in moisture content are

presented in Fig. 3 with the drying rate of APV. The removal of

the dehydration rate of APV has three different stages are

indicated in Fig. 3(a). The first stage was the gentle period, and

the temperature in the initial stage was trying to reach the

temperature of water evaporation. As a result, the upward

trend was relatively slow. The second stage was the acceler-

ation stage. The rapid volatilization rate results from the

excellent microwave absorption properties of water. The third
stage was the stable period and there is very little water inside

the material. After this stage is over, the drying rate can be

obtained.

The time constant T is used to describe the characteristics

of the drying process, which is the time needed for getting the

dehydration rate of 63.20%. The time constant of 3T is the time

needed for getting the dehydration rate of 95.00%, which is

used as the characteristic time for the end of the drying pro-

cess. As shown in Fig. 3.1(a), when the dehydration rate had

https://doi.org/10.1016/j.jmrt.2022.05.127
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Table 3 e Fitting of drying kinetic results with experimental data.

Model Wet-based
moisture content/%

Params R2 RSS F-value Reduced
Chi-Sqr

Page 5% k ¼ 0.0059, n ¼ 1.49913 0.99255 0.01308 2054.37558 8.72E-04

15% k ¼ 0.00354, n ¼ 1.9597 0.99885 0.00310 20295.42272 1.55E-04

25% k ¼ 0.00296, n ¼ 2.1777 0.99792 0.00645 13096.83254 2.93E-04

Verma 5% k ¼ 0.00759, a ¼ 1.21467, g ¼ 12658.8829 0.97419 0.04231 391.99654 0.00302

15% k ¼ 0.00472, a ¼ 1.30295, g ¼ 29585.88253 0.95121 0.12439 314.06505 0.00655

25% k ¼ 0.00396, a ¼ 1.32127, g ¼ 32688.80691 0.93151 0.20223 258.91933 0.00963

Two term exponentials 5% k ¼ 0.0096, a ¼ 1.97157 0.98769 0.02162 1240.04437 0.00144

15% k ¼ 0.00633, a ¼ 2.21397 0.98494 0.04041 1547.08096 0.00202

25% a ¼ 1.09585, c ¼ 0.04187, L ¼ 2.46109 0.96186 0.06254 263.70918 0.00447

Verma 5% a ¼ 1.18293, c ¼ 0.01838, L ¼ 2.06398 0.92967 0.17929 215.94949 0.00944

15% a ¼ 1.20966, c ¼ 0.00658, L ¼ 1.34389 0.90886 0.26911 192.82734 0.01281

25% a ¼ 1.09585, c ¼ 0.04187, L ¼ 2.46109 0.96186 0.06254 263.70918 0.00447

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 1 9 : 1 4 9 7e1 5 0 91504
touched 62.30%, the T-value corresponding to APV with a

moisture content of 5%, 15%, 25% were 470 s, 450 s, 420 s,

respectively. When the dehydration rate had become 95.00%,
Fig. 6 e Fitting curves for different drying kinetic models and da

(c) Simplified Fick's diffusion; (d) Two-term exponential.
the corresponding 3T-value of APV with a moisture content of

5%, 15%, 25% were 650 s, 630 s, 510 s, respectively. It can be

concluded that APV with a moisture content of 25% is the first
ta under microwave drying conditions, (a) Page; (b) Verma;

https://doi.org/10.1016/j.jmrt.2022.05.127
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Fig. 7 e Normal probability diagram and data fitting of the drying kinetic model resulting from (a) Page; (b) Verma; (c)

Simplified Fick's diffusion; (d) Two-term exponential.
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to reach the new steady-state and finishes the drying process.

The water content of APV was 0.69% with an initial water

content of 25%, then the dehydration rate was 99.7% at 550 s.

The water contents of APV were 0.98% and 0.87% with initial

water contents of 5% and 15% at 680 s as well as 650 s, and the

dehydration rates respectively were 98.0% and 99.4%.

The drying rate curve is disclosed in Fig. 3(b). The drying

rate of APV first increased to a maximum during the acceler-

ation period and then decreased to the stable period until it

was close to 0. The results showed that with decreasing water

content and the absorption of less microwave energy of the

material, the drying rate had a downward trend. The analysis

showed that the average drying rate of the APV with a mois-

ture content of 25%, 15%, 5% were 0.00036231%/s, 0.0002500%/

s, 0.0000980%/s, respectively. Therefore, APV with 25% mois-

ture content has a better drying effect than APV with 15% and

5%. The reason is that APV with a high-water content of APV

can grip further microwave energy and generate more heat,

which speeds up the evaporation rate of water molecules.
3.2. Impact of mass on microwave drying of APV

APV with initial masses of 15, 25, and 35 g is dried by micro-

wave power of 450 W, respectively. The initial moisture con-

tent of the three experimental conditions is 15%. The

dehydration rate and drying rate are plotted over time, as

shown in Fig. 4.

Fig. 4(a) shows that the drying process of APV with

different initial masses also goes through three stages,

namely, flat period, acceleration period, and stability period,

under the same conditions. With the same microwave power,

the sample quality has a negative relationship with the drying

operation. The corresponding T-value for APV with initial

masses of 15 g, 25 g, and 35 g were 410 s, 390 s, and 350 s,

respectively. The corresponding 3T-value of APV with initial

masses of 15 g, 25 g, and 35 g were 610 s, 600 s, and 570 s,

respectively. It can be concluded that APVwith an initial mass

of 35 g first reaches a new steady-state and ends the drying

process.

https://doi.org/10.1016/j.jmrt.2022.05.127
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Fig. 8 e Residual normal probability distribution histogram diagram and data fitting of the drying kinetic model resulting

from(a)Page; (b)Verma; (c) Simplified Fick's diffusion; (d) Two-term exponential.
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As the sample mass rise, the maximum drying rate of APV

also displays an upward trend, as shown in Fig. 4(b). The

quality of APV is proportional to the drying rate. That is to say,

the increase in APV mass shortens the time that the drying

rate gets to the maximum during the ascending phase. The

APVmass has a positive relationship with the drying rate, and

the increase in APV mass encourages the reduction of time to

reach the maximum drying rate in the rising stage of the

drying rate curve. The results indicated that APV with a mass

of 35 g reached the maximum drying rate at 150 s, which was

0.0152%/s. The average drying rate of APV with a mass of 35 g

was 0.000263%/s. The maximum drying rates of 25 g and 15 g

APV were 0.0116%/s and 0.00743%/s at 180 s and 210 s,

respectively. The average drying rates were 0.000238%/s and

0.000217%/s, respectively. Therefore, a mass of 35 g material

had better drying performance than 25 g and 15 g material.

The reason is that water is a polar molecule that can effi-

ciently absorb microwave energy. When the mass of APV is

bigger, it has more water at the same water content to absorb

more microwave energy [17,56].
3.3. Effect of microwave power output on drying
performance of APV

APVwith amass of 25 g and an initial moisture content of 15%

was dried at 240, 400, and 560 W under the microwave. The

APV's dehydration rate and drying rate change with time are

shown in Fig. 5.

Fig. 5(a) shows that the higher themicrowave power is, the

faster the APV drying rate when other conditions remain un-

changed. At microwave of 240 W and 400 W, the drying times

of APV are 630 s and 990 s, respectively. Then, the required

time is reduced to 480 s at 560 W. Based on 210 s, the dehy-

dration rate is 73.56% at 560 W. At 400 W and 240 W, the

dehydration rates were 42.89% and 24.40%, respectively. The

T-value corresponding to APV with a microwave power of

240 W, 400 W, 560 W was 690 s, 430 s, 380 s, respectively. The

3T-value corresponding to APV with a microwave power of

240 W, 400W,560Wwas 900 s, 570 s, 480 s, respectively. It can

be concluded that APVwith amicrowave power of 560W is the

first to reach the new steady-state and ends the drying

https://doi.org/10.1016/j.jmrt.2022.05.127
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process. Therefore, at the same time, the more microwave

energy is released, the water molecules in the material can

absorb more microwave energy, the heating rate is acceler-

ated, and the speed of water volatilization is also improved.

A positive correlation between the drying rate and the

microwave output power is also found, as shown in Fig. 5(b).

APV with a microwave power of 240 W, 400 W, and 560 W

reached the maximum drying rate in 150 s, 210 s, 270 s,

respectively. The maximum drying rate corresponded to

values of 0.00166%/s, 0.00726%/s,0.0116%/s, respectively. The

main reason for this is that the higher the output of micro-

wave power is, the more electromagnetic energy can be

absorbed by the water in the material. Meanwhile, the elec-

tromagnetic energy is altered into thermal energy during the

heating process to accelerate the volatilization of water.

3.4. Kinetic analysis

The modeling fitting results of APV microwave drying are

shown in Table 3, which lists the major correlation coefficient

R-value, residual square sum (RSS), F-value, and reduced Chi

SQR ismodeled in Table 3. The partial fitting curve is shown in

Fig. 6. When the R2 value is closer to 1, the reduced Chi SQR is

closer to 0, the F-value is bigger, the RSS value is smaller.

Therefore, the Modified Page model is most in line with the

normal distribution by comparing with the other three

models. So, it is considered the most suitable model for the

microwave drying process of APV.

The results display that the fitted data are randomly

distributed, and the fitted data of the standard residuals of the

Modified-Page model are stickier to the standard line, so the

fitted result is determined to be valid. Fig. 7 shows that the

residual data of the Modified-Page model are closer to the

standard line. Subsequently, it is considered that of the four

models, it is more in line with the normal distribution. This

shows that the residual error of the data passes the normality

test. The results present that the Modified-Pagemodel is more

in line with the normal distribution in Fig. 8. Hence, it is more

reasonable to use it to describe the APV drying process.
4. Conclusion

Under the conditions of different initial moisture contents,

initial masses, and microwave power, the APV was dried by

microwave heating technology. At the same time, the APV

drying kinetics were studied, and the Modified Page model

that best described the APV drying process was obtained by

simulation. The conclusions are as follows, Microwave drying

technology has the advantages of energy savings, high effi-

ciency, selective heating, and remarkable drying effects. Mi-

crowave drying technology is used to improve the quality of

products in the industry. Microwave technology is suitable for

drying high-quality materials. Meanwhile, the drying time is

shortened. There was a positive correlation between micro-

wave power and APV drying efficiency. The better drying ef-

fect of APV at 560 W power (the average drying rate is

0003125%/s, and the drying completion time is 480 s) is shown.

Higher microwaves can promote the generation of heat and

accelerate the volatilization of water.With the increase of APV
mass, the drying effect is better. Under other constant con-

ditions, APV with an initial mass of 35 g has a better drying

effect (the average drying rate is 0.000263%/s, and the drying

completion time is 570 s). Under the same water content, the

greater the mass of the material, the more water it contains

and absorbs more microwave energy. Thus, the temperature

rises faster, and the drying rate is accelerated. The drying ef-

fect of APV is better with increasing initial moisture content.

For example, under the conditions where the initial moisture

contents of APV were 5, 15, and 25%, the average drying rates

of APV were 0.0000980%/s, 0.0002500%/s, and 0.00036231%/s,

and the drying completion time was 680, 650, and 550 s,

respectively. Finally, the dynamic process can be better un-

derstood by comparing the fourmodels. It is indicated that the

R2 of the Modified-Page model value is closer to 1, the reduced

Chi- Sqr is closer to 0, the F-value is bigger, the RSS value is

smaller. Therefore, the Modified Page model is most in line

with the normal distribution by comparing with the other

three models. So, it is considered to be the most suitable

model for the microwave drying process of APV.
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