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a b s t r a c t

Vanadium pentoxide (V2O5) is one of the fundamental materials applied in the productions

of batteries, vanadium-aluminium alloys, biomedicine, catalysis, etc. High purity V2O5 can

be prepared from an intermediate product, namely ammonium polyvanadate (APV), using

roasting after a drying process. In this paper, microwave heating was used as an alternative

drying option for APV, which has advantages including selective heating, high heating

efficiency, energy-saving, and environmental protection. The authors investigated the

microwave heating characteristics of APV and discussed the effects of microwave power,

the mass of APV, and initial water content on the efficiency of microwave drying. The

dynamic analysis of the APVmicrowave drying process was also carried out. Four groups of

thin-layer drying dynamic models, namely Modified-Page model, Verma model, Sickm-

plified-Fick's-diffusion model, and Two-term-exponential model, were fitted with the

experimental data. Through comparison, the Modified Page model could better describe

the microwave drying process of APV.

© 2021 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

Vanadium pentoxide (V2O5) is a brick-red, acid-dominated

crystalline powder with applications in batteries, vanadium-

aluminium alloy, biomedical, catalytic, etc [1e5]. V2O5 is
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used as an electrode composite material, and it plays an

essential role in the production of lithium-ion batteries [6e10].

In recent years, scholars devoted to exploring the applications

of V2O5, including vanadium pentoxide/reduced graphene

oxide composite microsphere, which is an electrode material
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with a discharge capacity as high as 273mAhg�1. The capacity

retention rate of this material increased to 51.3% with opti-

mised cycling stability when the current density increased

from 100 to 1000 mAg�1 [11]. V2O5 is also an important raw

material for the preparation of vanadium-aluminium alloys.

Wan et al. [12] investigated V2O5 granules andAl granuleswith

different mass ratios mixed in the high-efficiency sealed

blender for 10e30 min with an additive of CaO. The mixed

materialswere continuously heated by the electrode in the arc

furnace for 5e20 min to produce the AlV55 alloy.

With the continuous development of the vanadium in-

dustry, higher requirements are rising for the purification and

preparation of V2O5 powder. Thus, the synthesis of V2O5 pow-

der from one of the high-pure intermediate products, namely

APV, has drawn wide attention. However, APV is sourced from

a high concentration of vanadium liquid. Thus, a drying pro-

cess is necessary for avoiding the exploding of this high-water

content material resulting from a steep temperature gradient.

At present, conventional drying is commonly used to dry

APVs, while the yield and mass of V2O5 are unsatisfactory

because of the low heating efficiency and high energy con-

sumption. To solve the above issues, the application of mi-

crowave heating in the drying of APVs has received attention.

Microwave is a novel technology firstly applied in the radar

industry and food processing industry [13e17]. With the

outstanding achievements that microwave heating has

received, this potential technology is now accepted in metal-

lurgy, the chemical industry, and et al. [18e23]. Microwave is a

kind of electromagnetic wave with a high-intensity penetra-

tion, a frequency of 0.3e300 GHz, and a microwave length of

1 m-1 mm. Under microwave heating, the polar molecules in

the material are constantly swinging in the high-frequency

alternating magnetic field. Thus, generating a lot of heat and

drying materials. Microwave heating is a green and clean

method highlighting the advantages of fast heating rate, se-

lective heating, high efficiency, and energy-saving. This po-

tential method has successful application in the treatment of

vanadium slag, which endowed excellent microwave ab-

sorption properties, with a minimum εr' value of 34.447 (F/M)

[24]. The characteristics identified by heating rates for mi-

crowave heating can be explained by the variations of

dielectric properties caused by temperature change.

Caminata et al. [25] used microwave-assisted heating in

the process of evaporation solvent and polymeric resin for-

mation. The results show that microwave heating allowed a

reduction of more than 80% in the duration of the process

compared to conventional heating at the same temperature.

The calculated energy values for crystallisation of the prod-

ucts synthesised by the microwave-assisted method were

lower than those obtained by the conventional method. A

favorable influence of microwave heating was noticed in

getting smaller nanoparticles with uniform morphology and

narrow particle distribution. Therefore, microwave heating

technology has better prospects for increasing heating rates

and improving product quality.

The advantages of microwave heating are resulting from

its unique heating mechanism. During conventional drying,

the drying medium (such as hot air) will transfer the heat to

the raw material. Then, the raw material will be heated and

exchange the water molecules to the drying medium. Due to
energy supply limitations, the low efficiency of the heat and

mass transfer process in the boundary layer reduced the rising

of the free water temperature in the material [26]. During the

microwave drying process, the energy can directly penetrate

the material and produce a large amount of heat under the

interaction of the microwave field and water molecules.

Therefore, compared with conventional drying, microwave

heating can quickly transfer energy, raise the material's in-

ternal temperature rapidly, and reduce energy consumption.

To optimise the drying process and enhance drying effi-

ciency, many researchers have studied the drying kinetics for

various materials [27e30]. Zeng et al. [31] have studied the

drying characteristics of moist char using amicro fluidised bed

reactor in a temperature range from773K to 1173K. The results

indicate that both the temperature and initial moisture

strongly affected the drying behaviour of the material, which

the Lewis drying model can describe at a high initial moisture

value. Fu et al. [32] studied the heat transfer characteristics and

drying kinetics of a thin layer of hematite during hot air con-

vection at seven different temperatures. The results show that

the isothermal temperature increasedwith the elevated hot air

temperature, which increased by about 56% as the hot air

temperature rose from 100 �C to 160 �C. Liu et al. [33] studied

the gas production characteristics, drying characteristics, and

kinetic characteristics of Yimin lignite. Results show that the

drying process produced H2O and CO2 at low temperatures and

produced combustible gases, including CO and CH4, at a tem-

perature above 250 �C. The drying behaviour of Yimin lignite

was described by Kissinger Akahira Sunose (KAS) drying pro-

cess with suitable kinetic parameters. Taheri et al. [34] studied

the drying kinetics of red lentil seeds in a microwave-assisted

fluidized bed dryer. The results showed that the microwave

drying curve of red lentil seeds was consistent with the Page

model. The effective moisture diffusion coefficient of red lentil

seeds was positively proportional to microwave power and

temperature. However, the application of microwave technol-

ogy in the drying of APV was currently rare, and few re-

searchers have investigated its drying kinetics.

In this paper, the effects of microwave power, APV mass,

and initial moisture content on the microwave drying effi-

ciency of APV were investigated. Also, to investigate the

mechanism of the microwave drying process of APV, the

Modified-Page model, Verma model, Sickmplified-Fick's-
dispersion model, and Two-term-experimental model were

fitted nonlinearly to the experimental data, which provides

basic research data for the development of drying technology

in the vanadium industry.
2. Experimental section

2.1. Experimental equipment

The experimental equipment for microwave drying of APV is

shown in Fig. 1, whichmainly consists of the following parts: a

microwave oven, an induction heater, a cooling water system,

a gas generator, a temperature detection system, a mass

detection system, and a computer system. The material is

placed on the sample table, and the computer control system

controls the heating power of the microwave oven. With the

https://doi.org/10.1016/j.jmrt.2021.05.056
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Table 1 e Microwave working/stopping time and
microwave power converted at different positions.

100% 80% 50% 40%

Working/Stoping time (s) 30/0 24/6 15/15 12/18

Converted power (W) 700 560 350 280

Fig. 1 e The schematic diagram of equipment for microwave drying of APV.
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development of the drying experiment, the mass of materials

decreased. The mass sensor records the weight of the sample

and displays the value on an electronic balance. Besides, the

electronic balance (AL-104) was placed above the microwave

oven and connected with the internal quartz balance to read

the time-dependent data of the mass of the material. The

maximum power of the microwave oven was 700 W, and the

frequency was 2.45 GHz with a working voltage of 220 V. The

details for the using powers and its pulse interval heating

durations are shown in Table 1.

2.2. Chemicals and materials

In this experiment, APV was sourced from Hubei Xinrunde

Chemical Limited Company,Wuhan City, Hubei Province. The

chemical compositions of the as-received APV are shown in

Table 2, and the main elements are V and O. Also, there are

some other trace elements. Using a particle size analyser

(Mastersizer-3000), the powder was analysed in the range of

10e3.5 mm, and the results were shown in Fig. 2. Fig. 2 shows

that the particle size distribution of APV powder is between

3.28 mm and 29.24 mm. The blue part shows the volume

accumulation distribution. The average particle size of APV is

10.04 mm, and the median particle size is 7.24 mm. The size of

APV particles is fine, and the specific surface area of adsorbed

water is large, conducive to the drying experiment.

2.3. Drying experimental procedure

In this paper, three experimental conditions that affect the

drying characteristics of APV are discussed: microwave
power, the mass of APV, and initial water content. In the

experiment, to eliminate the influence of the initial shape of

the samples on themicrowave drying process, all the samples

were laid in a 9.5 � 6.5 � 2 cm rectangular corundum crucible.

2.3.1. Microwave power experiments
The effect of different microwave powers on the drying

characteristics of APV was investigated. Four groups of APV

with a mass of 20 g and an initial moisture content of 20%

were extracted using the controlled variablemethod and dried

at 280, 350, 560, and 700 W microwave powers, respectively.

The mass of APV was measured in a period of 30 s.

2.3.2. Material mass experiments
The method of controlled variables was used to extract

ammonium vanadate with an initial moisture content of 20%

and material masses of 10, 20, and 30 g, respectively, which

were placed under the microwave power of 560 W for drying.

2.3.3. Initial water content test
The sample for the test is prepared using the concept of dry

base moisture content. To prepare the samples with an initial

moisture content of APV (10, 20, and 30%), 22, 24, and 26 g of

dried APV were weighed and mixed with 2, 4, and 6 g of

https://doi.org/10.1016/j.jmrt.2021.05.056
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Table 2 e Main chemical composition of the APV.

Composition V O N Fe S Na K Si

Mass% 64.55 26.99 8.00 0.097 0.092 0.052 0.046 0.054
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Fig. 2 e Particle size distribution histograms and the

corresponding cumulative volume distribution curve.
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deionised water, respectively. Subsequently, 20 g of the thor-

oughly mixed sample was taken out for the drying experi-

ments, respectively.

2.4. Residual moisture analysis

The equation for the water content of the material Mt with a

drying time t is:

Mt ¼ ðmt � mdtÞ =mdt � 100% (1)

where mt is the mass of APV after drying time t, g; mdt is the

dry mass of APV, g. The moisture content is calculated as

follows:

MR ¼ ðMt � MeÞ = ðM0 � MeÞ (2)

where, M0 is the initial water content of APV, %; Me is the

equilibrium moisture content, that is, at a specific tempera-

ture and humidity level of infinite time after drying the water

content. Under microwave drying, the value of Me is ignorable

compared with Mt and M0. Thus, Me can be considered equal

to 0 [35e37]. As a result, the water content equation is

simplified to:

MR ¼ Mt=M0 (3)

The drying rate DR can be defined as the rate of change in

the moisture content of APV per unit of time and is calculated

as follows:
Table 3 e Drying kinetic models used for data fitting.

Model

1 Modified Page

2 Verma

3 Sickmplified Fick's diffusion

4 Two term exponential
DR ¼ ðMt � MTÞ = ðT � tÞ (4)

where MT is the water content of APV at the T moment, %.

2.5. Drying kinetic model

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

models, mainly including theoretical equation, semi-

theoretical equation, semi-empirical equation, and empirical

equation. These drying kinetic models were widely used in

cereal drying at the beginning. Later, many researchers

matched the drying kinetics model with the drying data of

other materials and found that the thin-layer drying kinetics

model has more applications except cereal drying. In 1921,

Lewis proposed a semi-empirical equation of drying rate for

thin-layer materials, similar to Newton's equation for cooling

rate [38]. In 1949, Pagemodified the Lewis model and achieved

the Page model, which was widely used in the description of

cereal drying [39]. In 1970, Chirife et al. obtained the Simplified

Fick diffusion model according to Fick's law and the combi-

nation of experimental data of cassava flour [40]. In 1973,

Overhults et al. modified the Page model and obtained the

Page I equation [41]. In 1980, Sharaf-Eldeen et al. analysed and

modified Rowe's equations further and obtained the Two-

term-exponential model [42,43]. In 1985, Verma et al. ob-

tained the Verma model based on the Henderson and Pabis

model and combined it with the experimental data of rice

drying [44].

To understand the APV drying process dynamics, four

conventional models, namely Modified-Page model, Verma

model, Sickmplified-Fick's-diffusion model, and Two-term-

exponential model, were investigated as shown in Table 3,

and the different models were combined with the exper-

imental data. In Table 3, a, c, and g are the empirical

coefficients in the drying model; k is the drying constant;

n is related to the drying conditions; and L is the plate

thickness, m. The results of the dry model fit to the data

can be determined using the correlation coefficient R2,

residual squared sum (RSS), F-Value, and Simplified

Chi-Sqr.

To calculate the apparent energy and pre-exponential

factor of the APV drying process, the Arrhenius equation can

be used [45,46]:

Deff ¼ D0expð�Ea =RTÞ (5)
Model equation

MR ¼ expð � ðktÞnÞ
MR ¼ aexpð� ktÞ þ ð1 � aÞexpð � gtÞ
MR ¼ aexpð � ct =L2Þ
MR ¼ aexpð� ktÞ þ ð1 � aÞexpð � katÞ

https://doi.org/10.1016/j.jmrt.2021.05.056
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Fig. 3 e Curves of weight loss and drying rates of APV with different microwave. Power and an initial sample mass of 20 g,

20% of moisture content.
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where, Deff is effectivemoisture diffusivity, m2/s, D0 is the pre-

exponential factor, m2/s; Ea is the apparent energy, kJ/mol; R is

the universal gas constant (8.3143 J mol�1 K�1), T is the tem-

perature, K.

Eq. (6) is received taking the logarithmofbothsidesofEq. (5):

lnDeff ¼ lnD0 � ðEa =RÞð1 =TÞ (6)

By plotting the relation curve of lnDeff , and 1= T, the coef-

ficient of Eq. (6) can be obtained. Thus, the pre-exponential

factor and the apparent energy can be obtained.
Fig. 4 e The variation of average drying rate of APV under

different microwave power.
3. Results and discussion

3.1. EffectofmicrowavepoweronmicrowavedryingofAPV

Four groups of APV with a mass of 20 g and an initial moisture

content of 20% were dried at a microwave power of 280, 350,

560, and 700 W, respectively. The measured changes in

moisture content and drying rate of APV are shown in Fig. 3,

respectively.

According to the water content change curve, ammonium

vanadate drying is divided into three stages, as noticed in

experimental data receivedwith amicrowave power of 280W.

In the first stage, namely the preheating stage, free water

inside the material was heated by microwave energy to reach

the phase transformation state. However, evaporation in this

stage was slight, and thus the water content change was

ignorable.

The second stage was referred to as the evaporation stage.

The internal combined water began to evaporate from the

material surface, and a remarkable water content decrease

was found. The third stage represented the end of the evap-

oration stage, where only a few of the combinedwaterwas left

in the material.

To explore the effect of microwave power on the drying

process of APV, the drying rate of APV, namely DR, was ob-

tained by calculating the slope of themoisture content change
curve. The peak value of the DR for APV drying at 280 W was

0.000852 s�1 at a time of 240 s. The corresponding average

value of the experimental data group at 280 W was

0.000368 s�1. For the experimental group of drying with a

microwave power of 350 W, the peak value of the DR for APV

drying was 0.00106 s�1 at a time of 150 s, and the average rate

was 0.000443 s�1. For the experimental group of drying with a

microwave power of 560 W, the peak value of the DR for APV

drying was 0.00134 s�1 at a time of 120 s, and the average rate

was 0.000561 s�1. For the experimental group of drying with a

microwave power of 700 W, the peak value of the DR for APV

drying was 0.00134 s�1 at a time of 120 s, and the average rate

was 0.00068 s�1. The average drying rate of APV under

different microwave power is shown in Fig. 4. The microwave

drying efficiency of APV is proportional to the microwave

power because microwave power has a positive relationship

with the microwave energy absorbed by the water molecules

in APV.

https://doi.org/10.1016/j.jmrt.2021.05.056
https://doi.org/10.1016/j.jmrt.2021.05.056


Fig. 5 e Curves of weight loss and drying rates of APVwith different sample mass and. A microwave power of 560W, 20% of

moisture content.

Fig. 6 e The variation of average drying rate of APV with

different initial mass.

Fig. 7 e Curves of weight loss and drying rates of APV with diff

560 W, 20 g of sample mass.
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Fig. 3 indicates that the drying rate tends to increase and

then decrease under all conditions, resulting from the similar

changing tendency of the microwave absorption properties,

namely the dielectric constant ε0 and the medium loss factor

ε". Both ε" and ε
0 increase with the rising of the moisture

content of the material. Suppose the material has a low

moisture content, the water molecules adsorb on the mate-

rial's polar groups are more stable with increasing binding

force, resulting in the reduction of the dielectric loss factor ε".

On the contrary, the water molecules adsorbed in the outer

layer can easily undergo relative motion when the water

content is high, resulting in a larger dielectric loss factor ε". In

addition, the ambient temperature also affects the dielectric

loss factor ε", which decreases as the temperature rises. At the

initial stage of drying, the water content of APV is high whilst

the ambient temperature is low, the dielectric loss factor ε" is

relatively large. Thus, the material absorbs a large amount of
erent initial moisture content and a microwave power of

https://doi.org/10.1016/j.jmrt.2021.05.056
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Fig. 8 e The average drying rate of APV at different initial

moisture content was shown in the figure.
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microwave energy to produce heat and increases the drying

rate. At the later stage of drying, the content of water mole-

cules in APV decreases and leading to the decrease of the

medium loss factor ε". As a result, less microwave energy is

absorbed, and the drying rate tends to decrease.

3.2. Effect of mass on microwave drying of APV

Three groups of APV with an initial moisture content of 20%

and a material mass of 10, 20, and 30 g were placed under the
Fig. 9 e Fitting curves of experimental data under different dryi

from: (a) 280 W; (b) 350 W; (c)560 W; (d) 700 W.
microwave power of 560 W for drying, and the changes in

moisture content and drying rate of APV were obtained as

shown in Fig. 5.

The analysis showed that APV drying was divided into

three stages, which is consistent with the results of the

experimental analysis of different microwave powers. At the

end of the experiment, the moisture content of APV with a

mass of 10 g was 1.25%, and the corresponding dehydration

rate was 99.00%; the moisture content of APV with a mass of

20 g was 0.94%, and the corresponding dehydration rate was

99.25%; the moisture content of APV with a mass of 30 g was

0.21%, and the corresponding dehydration rate was 99.83%.

To analyse the impact of mass on the drying efficiency, the

drying rates of the material at different times were calculated

by the slope of the water content curve. The experimental re-

sults showed that 0.00117 s�1 was themaximum drying rate of

APV with a mass of 10 g, which was reached at 180 s. The

average drying rate of APVwith amass of 10 gwas 0.000560 s�1.

The maximum drying rate of APV with a mass of 20 g was

0.00134 s�1, which was reached at 120 s. The average drying

rate of APVwith amass of 20 gwas 0.000561 s�1. Themaximum

drying rate of APV with a mass of 30 g was 0.00142 s�1, which

was reached at 90 s. The average drying rate of APV with a

mass of 30 g was 0.000622 s�1. The average drying rate of APV

varies with different initial mass, as shown in Fig. 6.

The mass of 30 g of APV drying effect is the best among the

three experimental conditions. This finding was contrary to

the conventional heating process, where the drying behaviour

was weakened with the increase of the sample weight [47].
ng kinetic models and different microwave power resulting

https://doi.org/10.1016/j.jmrt.2021.05.056
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Table 4 e Fitting results of drying kinetics with experimental data.

Model Microwave
Power/W

Params R2 RSS F-value Reduced Chi-Sqr

Modified Page 280 W k ¼ 0.00402,

n ¼ 2.21722

0.99656 0.00767 5982.63332 4.79298E-4

350 W k ¼ 0.00552

n ¼ 2.44804

0.99849 0.00303 9606.43365 2.32891E-4

560 W k ¼ 0.00713

n ¼ 2.4933

0.99884 0.0019 9493.82622 1.89615E-4

700 W k ¼ 0.00761

n ¼ 2.33612

0.99788 0.00274 4875.75038 3.42021E-4

Verma 280 W k ¼ 0.00535

a ¼ 1.32185

g ¼ 24,642.81668

0.92903 0.14822 188.71724 0.00988

350 W k ¼ 0.00781

a ¼ 1.41793

g ¼ 25,821.68216

0.93557 0.11957 145.7932 0.00996

560 W k ¼ 0.01056

a ¼ 1.49248

g ¼ 24,642.81668

0.94156 0.08575 123.02713 0.00953

700 W k ¼ 0.01122

a ¼ 1.47765

g ¼ 21,916.71758

0.93881 0.06921 110.20183 0.00989

Sickmplified Fick's diffusion 280 W a ¼ 1.18137

c ¼ 0.0194

L ¼ 2.00843

0.90141 0.2059 134.45064 0.01373

350 W a ¼ 1.19008

c ¼ 0.02601

L ¼ 1.97403

0.89385 0.19697 86.92662 0.01641

560 W a ¼ 1.17594

c ¼ 0.03421

L ¼ 1.9986

0.88518 0.16847 61.1454 0.01872

700 W a ¼ 1.15692

c ¼ 0.03749

L ¼ 2.04282

0.87585 0.14041 53.13551 0.02006

Two term exponential 280 W k ¼ 0.00722

a ¼ 2.25102

0.97294 0.06029 754.02274 0.00377

350 W k ¼ 0.01017

a ¼ 2.32533

0.97427 0.05172 556.25695 0.00398

560 W k ¼ 0.0133

a ¼ 2.34996

0.97446 0.04164 427.58464 0.00416

700 W k ¼ 0.01408

a ¼ 2.31411

0.9725 0.03554 371.65853 0.00444
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Fig. 10 e Residual scatter plot of drying model.
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3.3. Effect of initial moisture content on microwave
drying of APV

Three groups of APV with a mass of 20 g and an initial mois-

ture content of 10, 20, and 30% were dried at a microwave

power of 560 W, and the changes in moisture content and

drying rate of APV obtained are shown in Fig. 7.

At the end of the experiment, the final moisture content of

APV with an initial moisture content of 10% was 1.10%, and

the corresponding dehydration rate was 98.9%; the final

moisture content of APV with an initial moisture content of

20% was 0.94%, and the corresponding dehydration rate was

99.3%, and the final moisture content of APV with an initial

moisture content of 30% was 0.48%, and the corresponding

dehydration rate was 99.7%.

To analyse the effect of the initial moisture content on the

drying efficiency of APV, the drying rate DR was calculated.

The APV with an initial moisture content of 10% reached the
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Fig. 12 e Residual histogram of the drying kinetic model and data fitting.
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maximumdrying rate of 0.000382 s�1 at 120 s, with an average

rate of 0.000266 s�1; according to the data calculation, the

maximum drying rate was 0.00134 s�1 and the average drying

rate was 0.000561 s�1 when the initial moisture content of 20%

was 120 s; with the same method, the maximum drying rate

and the average drying rate of APV were 0.00182 s�1 and

0.000842 s�1, respectively, with an initial moisture content of

30% and a time of 180 s. The results indicate that the drying

effect of APV with an initial moisture content of 30% is better.

The average drying rate of APV with different initial moisture

content is shown in Fig. 8.

3.4. Drying kinetic model fitting

To find a suitablemodel to describe the drying kinetics of APV,

the experimental data and the four kinetic models in Table 3

were fitted, the fitting curve for the experimental data is

shown in Fig. 9, and the corresponding fitting parameters are

shown in Table 4. The fit results for each model and experi-

mental data were evaluated by Value and Reduced Chi-Sqr

(RSS). The fitting is regarded as successful when the R2 value

is close to 1, the RSS value is small, the F-Value is large, and

the Reduced Chi-Sqr is close to 0.

Fig. 9 shows that the residual between the Modified Page

model and the experimental data curve is minimal, and the

results of the fitted data in Table 4 show that the average R2

values of Modified-Page model, Verma model, Sickmplified-

Fick's-diffusion model, and Two-term-exponential model are

0.9979425, 0.9362423, 0.889073, and 0.973543, respectively. The

corresponding average RSS values are 0.003835, 0.105688,

0.177938 and 0.047298, respectively. The corresponding

average F-values are 7489.660893, 141.9349, 83.91454, and
Table 5 e Exponential factor and apparent energy of
microwave drying APV at different temperatures.

T(K) Deff�10�10 (m2/s) R2

408.5 8.68 0.998

420.3 11.83 0.997

425.5 13.33 0.999

0.00234 0.00236 0.00238 0.00240 0.00242 0.00244 0.00246
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Fig. 13 e Relationship between logarithm of effective

diffusion coefficient and reciprocal of temperature.
527.3807, respectively. The corresponding average values of

Reduced Chi-Sqr of four drying kinetic models are

0.000310956, 0.009815, 0.01723, and 0.0040875, respectively. By

comparing R2, RSS, F-Value, and Reduced Chi Sqr, the

Modified-Page model is the best model to describe the drying

process of APV.

Besides, this paper also uses mathematical statistics to

analyse the standard residuals of the fitted data, resulting in

a scatter plot of the residuals, as shown in Fig. 10. The results

show that the standard residuals of the fitted data of the

Modified-Page model are closer to the standard line and are

randomly distributed, verifying that the fitting results are

correct. Fig. 11 shows the normal probability distribution of

the standard residuals, and the standard residuals of the

Modified-Page model fit the experimental data well. Fig. 12

shows the normal distribution histogram of standard re-

siduals. Compared with the other three models, the

Modified-Page model in Fig. 12 is more in line with the

normal distribution, so it is more consistent with the

description of the APV drying process.

3.5. Calculation of apparent energy and pre-exponential
factor for microwave drying

Taking the microwave power of 700 W, the mass of 20 g, and

the moisture content of 20% as an example, the effective

diffusion coefficient, APV temperature, and R2 values are

given in Table 5. The natural logarithm of the effective diffu-

sion coefficient is taken to obtain the relationship between

lnDeff and 1=T, as shown in Fig. 13. Linear fitting of the data

leads to an equation similar to y ¼ aþbx. By combining the

Arrhenius equation, the following equation is obtained:

lnDeff ¼ � 12:37604� 4407:64921=T (7)

In the equation, �12.37604 is lnD0, and the pre-exponential

factor D0 can be obtained by calculation as 4.21846 � 10�6 m2/

s. Apparent energy (Ea) was calculated by fitting the slope of a

straight line, which is 36.65 kJ/mol.
4. Conclusions

In this paper, the effects of microwave power, mass, and

initial moisture content of APV on its drying performance

were investigated. In addition, the drying kinetic of ammo-

nium vanadate was also studied. The conclusions are as

follows:

(1) The drying performance was improved with the in-

crease in microwave power. For example, under the

conditions of microwave power of 280, 350, 560, and

700 W, the average drying rate of APV was 0.000368,

0.000443, 0.000561, and 0.000680 s�1, and the drying

completion time was 510, 420, 330, and 270 s

respectively.

(2) The increase in the mass of APV improves the drying

efficiency of APV. For example, under the conditions

where the sample mass of APV was 10, 20, and 30 g, the

drying completion times were 330, 330, and 300 s, and
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the corresponding average drying rates of APV were

0.000560, 0.000561, and 0.000622 s�1.

(3) The initial moisture content of APV is proportional to

the drying efficiency. For example, under the conditions

where the initial moisture contents of APV were 10, 20,

and 30%, the average drying rates of APV were 0.000842,

0.000561, and 0.000266 s�1, the drying completion time

was 330, 330, and 300 s, respectively.

(4) The experimental data and the fitting results of the four

drying kinetic models show that the Modified Page

model is most consistent with the drying process of

APV, proved by the fitting values achieved from the

Modified Page model, namely the R2, the RSS, the F-

Value and the Reduced Chi-Sqr. The effective water

diffusion coefficient well followed Arrhenius behavior.

With a microwave power of 700 W, the natural loga-

rithm of the effective water diffusion coefficient has a

linear relationship with the reciprocal of the tempera-

ture. The apparent energy and pre-exponential factor

are 36.65 kJ/mol and 4.21846 � 10�6 m2/s through the

derivation of the Arrhenius formula.
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