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Abstract
In this study, the characteristics and mechanism of microwave-assisted drying were investigated to improve the efficiency of
the storage and extraction of biomass through the removal of moisture from plant cell Taxus chinensis. The efficiency of
microwave-assisted drying increased with increasing microwave power. When the experimental data were fitted to typical dry-
ing kinetic models, the page and modified Page models were the most appropriate. The microwave-assisted drying was de-
termined to be a spontaneous endothermic process, and randomness increased during the drying process. The effective dif-
fusion coefficient (3.445 x 10°~7.163 x 107 m%s) and mass transfer coefficient (3.1529 x 10°~1.2895 x 107 m/s) increased
with increasing microwave power. The small Biot number (0.3890~0.7198) indicated that the mass transfer process was ex-

ternally controlled.
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2.1. HO|2OA A2

B Aol AREE vlo] Qul A= Al E A Taxus chinensis®] 210
2RE 9 AEFE A wiek24 T, 150 rpm, & )k o
1], A EAEnoF 3 ufjokod © R XE] decanter (Westfalia, CA150
Clarifying Decanter)& ©]-&3to] A=A (Hlo] Qv 2)E& 333l
2 Al AREE AEMEE (P)AFrto] LR e 2R AlRigith

i SRS - S771(HGS3, Metter Toled)E ©]-8-3k0] #2413}
Atk A 25, ARL AI59 ok ZH7F 120 C, 120 min, 2 gO] ST
242} AES 370 Fsto] B4 & BHagks FAsSKSth

2.3. Oo|3 =90 0|88 Ax A

nfo]lAE o] BE o] &8t wlo] QiAo A AFE fIste], vlo]
Az o] JX](2450 MHz Model 1501, Korea Microwave Instrument
Co, Korea)= ©]€315t}k. A= 7] W 420 mm x D 380 mm x
H 420 mmo|™, Wz} W AAgE 7=k G011 wjo] =9
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43} TH20]. A7 A (coefficient of determination, r*)E &3}
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Eyring equation © = H-E] 43} deu|e]l &/d38} Gibbs Aol
UA HSKAGH), 443} ey MskAH"), 243 =z s
(ASY)E ARtsigivhd). A" H4o) dx mdwry AN %
LA kB o]g3te] 2] (8)2] Eyring equationol] 2J&] WA AH" 2}

AS'E 3 T A (9)F 53 AG'E AxrE & ok

k  AH k, AS”
IHT = *ﬁ +IHT + R (8)
AG" = AH—-TAS ©)

o714 RE 7]AAE(8.314 Jimol « K), TE AL 5E(K)ol, k=
4524447, k& Boltzmann “d<(1.3807 x 10> J/K), hi= Planck 23~
(6.6261 x 107" J - )]tk

van’t Hoff equation ©. 2 FE] @84 m2fu]E|Qd ¥+ Gibbs AT
oltix] WMIHAGY), FF dgy WsAH"), ZF dEZY W
(ASN)E AXtIATT7]. 5, AHSE AS"E 4] (10)2] B9 #(K)
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Figure 1. Effect of drying time on the moisture content of biomass
at different microwave powers.

E(m)gi Hat AL W& du)sit) =5t B ddel oigk o] -

12 Z3e] A A71E ZAH] $18) B LE %(Biot number,
Bl)—é Akt om27], EHAEAG(h,, mis)9 FEEAHAIGD,,
m¥s)E B2 AgdS 9% FAbd v E S0 o) AMZ AvkEt2e).

Bi = (14)

Dincer 2} Hussain[30]<> H| Q. E
= 22 ATk

49} 219 Dincer 5 A3A]7)

Bi = 0375 (15)

Di

gle

(16)

A7)M k= 7% EE AT, vl AF 3719 SEmis)oln] vt
o|AEge|r A4 uE 3.8 m/solTh

3.1. Oo|3=90l8 miRloll e 2 & w3l

vlo] QuiARRE FF Fg AASRE Z vio) Al B
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Figure 2. Effect of drying time on the moisture ratio of biomass at
different microwave powers.

H&= Ao R wkEu31,32]. vlo]AE o]y uker) SUMESE 7
Z a&o] TUkste] g2 Az Altel| blo] emiAe] it AV} ¢
23 FISILE vpolagzgoln 97t =2FE BAlUXR|7}
S7tE O] 2T i Skl o] fu& o] Wol Ax LU

A= o7 Aekdr33].

32, Sost U HOIBHH oA

A% B4 3 AN slstel, tEA oA A A% we
(Newton, Page, modified Page, Henderson and Pabis, Geometric)°ll 2!
FdlolelE g4k A4 AF)=E 2do Ade vlnsilh
Newton, Page, modified Page, Henderson and Pabis, Geometric 713 &
S A sste] Figure 30 Uehiglom, 24428 7]e719} Ao
ZHE AR w72l A A5 Table 190 %2181t} Newton
RAZRE AAE kg2 0.0495~10.606, Page R ZEE AALE k
9} nghe 1.3711~7.07819} 1.5004~2.7391, modified Page & 9= HE]
AR k9 ngke 1.1221~3.68529F 1.5004~2.7391, Henderson and
Pabis 2 ZHE] AAkE ke} ngk2 0.0495~10.6062} 3.1887~6.8586,
Geometric ZAZHE AAFE n} a2 1.6293~2.90669} 0.00628~
0.1531°]31t}. mlo]Az o] B 97} 75 kgko] S71sto] T
wEA xS 4§ Adth T 7S Newton B9 0.7477~
0.8030, Page =2 0.9002~0.9764, modified Page =2 0.9002~0.9764,
Henderson and Pabis .2 0.7477~0.9013, Geometric 5.2 0.5391~
0.85340|ck. oA 79 Ax S v|wdt A3 Page R}
modified Page 2&o| 71 52 P3kS 74 wlo|A 2 go|BE o] 83t
Azl QJ3t XAEMNE Taxus chinensis] S5 A Aol 7F4 A 8kskS
o 5 AUATE EE vlo]AZ o] nE o] &3 AxE B9 At HH
(potato slice)®] 7% kFte 6.3~7.8 (Flo]aE ol B 3+9: 200~300
WE, & A7 ZAur; ddAor £ A% £55 HITH34].

Page 2} modified Page F2°] &5 k& Arrhenius equation®]] 2
EAAE W Fho] 1] B 77k modified Page B E-& o]&3to] &4
StUA(E,)E T3F3Ith Arrhenius equations ©]€3Fo Ink o] 1/T
A3 el Figure 4] UERIQIT. 449 71871258 T @
68.9314 kJ/mol©| % tHTable 2). Eyring equations ©|-2-3}] AZX
Aol -] 443} debu]E] E(activation parameters)S AL T
3 HolHE o] 45t In(k/T) bl UTE E=2815o] Figure 501
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Table 1. Newton, Page, Modified Page, Henderson and Pabis and
Geometric Model Constants for the Microwave-assisted Drying of
Biomass

Power (W)
Model Parameter
100 200 300
k (i h 0.0495 3.2629 10.606
Newton .
r? 0.7477 0.9013 0.8030
k (i h 13711 2.8285 7.0781
Page n 2.7391 2.0622 1.5004
r? 0.9625 0.9764 0.9002
k (h1) 1.1221 1.6549 3.6852
Modified n 2.7391 2.0622 1.5004
Page
2 0.9625 0.9764 0.9002
k (Y 0.0495 3.2629 10.606
Henderson a 3.1887 2.2984 6.8586
and Pabis
r 0.7477 0.9013 0.8030
a 0.1531 0.1088 0.00628
Geometric n 1.6293 1.5983 2.9066
r? 0.5391 0.7517 0.8534
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Figure 3. Microwave-assisted drying kinetics for biomass using linear
form of model at different microwave powers: Newton model (A),
Page model (B), modified Page model (C), Henderson and Pabis
model (D), Geometric model (E).
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Table 2. Activation Parameters for the Microwave-assisted Drying of Biomass at Different Microwave Powers

Power (W) k Y E, (kJ/mol) AH" (kJ/mol) AS” (J/mol - K) AG” (kJ/mol)
100 1.1221 74.7996
200 1.6549 68.9314 65.9959 -28.5834 75.0854
300 3.6852 75.3713
Table 3. Thermodynamic Parameters for the Microwave-assisted Drying of Biomass at Different Microwave Powers
Power (W) K. 0 AH? (kJ/mol) AS° (J/mol + K) AGY (kJ/mol)
100 12.2708 -6.3521
200 18.5823 40.4385 151.9176 -7.8713
300 32.1969 -9.3905
-2 36
[ ]
34 1
-4
32 1
5
£ X 0
- )
-8
2.8 1
10 -
26 1
*
12 ; ; . ; ; 24 . . . . T
000300  0.00305  0.00310 000315  0.00320 000325  0.00330 000300 000305 000310 000315 000320 000325  0.00330
1/T(K) 1T (1/K)

Figure 4. Plot of Ink versus 1/T (* = 1.000).

In(k/T)

*

-17 T T T T T
0.00300 0.00305 0.00310 0.00315 0.00320 0.00325 0.00330

1T (1/K)
Figure 5. Plot of In(k/T) versus 1/T ( = 0.9703).

F ASTh AG™E wlolaZgo]B 349)(100, 200, 300 W)7} F71E
F= +74.80 < +75.09 < +75.37 kl/mol 2 F7}sh= A S Bk w
2hA] 713 o] vAPE A 0 Z vkE-S 317) 918l F7HAQ) eluAE
o7 k= AoT AAFTH4]. AS™S S5 7H-28.5834 J/mol) O F
o] “dHl(transition state)®] € S (activated complex) 47 77 o]
H7F A e & 5 gtk 3 ddey vlelu)E]E(thermodyna-
mic parameters)= AlFel7] $1810] van’t Hoff 4% o]§3ste ol /T

25kt Ml 31 & M 2 &, 2020

Figure 6. Plot of InKe versus 1/T (@ = 0.9903).
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AHFellAA] ASHAG S Altsiaith Alite AHY 9 AS, AG &=
Table 3o YERASITE AH 9] ZES +40.44 kJ/mol = 1A% 37 0]
A41-(endothermic)°]™ 1z HAgol| UA7} 24 HE & F
t} AG'E mlolm R glo] B 9k€)(100, 200, 300 W)7F F7HE=
7} .6.352 > -7.871 > -9.391 kJ/mol & 7+A38h= 73S Kok wh
Az F7o] ApLA O 7 o] FoX|m] FIHAQ] oA E Q7 X
S A0F ke AS'S 5 Fh+151.918 Jmol - K)O.F, 7%
oA T2 E(randomness)7F S7FEE & ASITH

s 11101‘
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33. SEEMPIS 9 SENMEAIS A

Fick’s second laws 2]-23F°] InMR o]l t& E£2413}51] Figure 71
Uehlglon, 717 25E GaSAHASAD,)E o F HoE F
Bi) 2 BAADAF(h )Z ARSI [26,27]. Table 404 B= u}
o} Zo] wloja @ o] B 3}$] 100, 200, 300 WollA FEZAASD,)
B 22} 3.445 x 107, 5.167 x 107, 7.163 x 107 m¥s°]3) 0. wlo]=L
Zeflojn v} 7S frafibles Sk 2 57t
2 vfo] Qu A7} w2 Al ZFAE 3L vio] Qull A )-8 FT]4e] A
sh o] 2 Qlal wio] Qulj A el 7] Fo] A 1y el &
AhZto) iﬂ&]ﬂ o2 FAehEch3s]). FahiAlg i A%
ANzl i Az Hgollxe] dnbAl D gke] HLI(101~10° mYs)
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Table 4. Mass Transfer Properties of Moisture Calculated for Three Microwave Powers (100, 200 and 300 W)

Power (W) D, x10° (m¥s) Dix10* h, x10° (m/s) Bi
100 3.4450 6.5212 3.1529 0.3890
200 5.1674 3.1641 6.2027 0.5101
300 71633 1.2632 1289.5 0.7198
1 .4 =

In(MR)

0.0 0.2 0.4 06 08 1.0 1.2 14 16

Figure 7. Plot of In(MR) versus t i = 0.7477 at 100 W, r* = 0.8424
at 200 W, and ¥ = 0.8538 at 300 W).

Hoh 2 ks 7HRTH36). olElgt Afole Ax W, AR ¥

A BA, At A B FR 5 Gl ] AEE 4 9l
tH29]. mlo]AZ ol H x]ollA Az F719] £ (u)= 3.8 m/sOql
o, A% £5 A ki modified Page R ZHE 5191 01 o]
Az go)8 119] 100 (35 T), 200 (45 C), 300 W (55 CT)ollH 212} 1.122,
1.655, 3.685 h'o]glom, mlolggzdo]ln w(Ax %)} F71e
T katel S7Fet] o mEA AxES & 5 USITE rro]a 2 90)
B 3¢ 100, 200, 300 WollA D= 22+ 6.521 x 10, 3.164 x 10,
1.263 x 10*] 3t} Big Alklst Az}, nfo]a 2 9o] B 2+9] 100, 200,
300 WellAdl 242} 0.3890, 0.5101, 0.7198< YFERSITE 213 =9
S Az MY Bigk0.1020~0.3528)2 HE 7] 2Nclay roof
tile)2] AZ oA Bigh(0.0212~0.00342) K.t} 5£94TH34,37]. B}
olemz I FHA Y L9} 7 TS AL o7} glom
2 Hlo] eul A ANk =9} it BTt Hdsith i AlA S
© 2AE7] AbelA ] B4 Ao Frent oEst2gE Bd A
@ 7go] o alef g&f AlojHrk &, Q- Age] i Aot
2R F5 guisith. ELAGAR(h,)E vlelAZelH 9] 100,
200, 300 Wl Z+2}+ 3.1529 x 107, 6.2027 x 107, 1.2895 x 10 m/s
olith A% A5 i dx FAelA 2] AnkHel h 3H(10°~107
m/s) Bk mf$- wektl30,34]. 3 EARNGAFE FREMPIFEY
g & Fow Frkete] EPHATRIRE 2dAGAGTL rto] AR
olr gtglell o] AA YIS wdTh B A7E Y= AEAE Taus

i

=~
AGASe) A4 P ATToRA A% Y A D 54
o 88 guw 287 5 9k

B Ao mlo] Az g0l BE o] 83 Azl wlo|Azg o) B
spelell W AEAME Taxus chinensis®] T A Tgel sl A
som, Az Tl theh Fois W Ao XS FHst
njo]g 2 9ol = 319] 100 (35 C), 200 (45 T), 300 W (55 C)olA A
Z z7) FEgro] F43] st} o] % ntkelA 1A4sksl o
AZ 1.5 (100 W), 1.0 (200 W), 0.5 (300 W)oll Z+zF Ho] =da19]
ol mlola =z Sol B w97} SV S vio] Qu 8] 7 A 58
T 7T Ak 1% 2@ (Newton model, Page model, modi-
fied Page model, Henderson and Pabis model, Geometric model)ll 2
45+ A7}, Page modelZ} modified Page model®] 717 & 274 A5 gk
(0.9002~0.9625)= 7+ 7HE A gslsich gt mlo] A2 o] BE o]
S5t 7zol M o] Bt LA] = 68.9314 kI/molo] o, 245} <l
EZ¥] BlgK-28.58 Jmol)= = #4Q W E433) ] Wsk(+66.00
kJ/mol)9} &/d3} Gibbs AHFrelli#] H3H+74.80~+75.37 kJ/mol)&=
R ok kS YERth B3 Gibbs Aol A] M3H-6.352~-9.391
kl/mol)= =7 gkl Whe XF <=y wislel ¥FE dEZS W)
(+151.9176 J/mol - K)i= & 3he UERALE olefst A7 =24
Z o] ApdA FANgoln nrtelA o ® saEs o 4 Stk
FEIAATE rlelZZ90]1E 9k 100, 200, 300 WellA] 212} 3.445
x 107, 5.167 x 10°, 7.163 x 107 m¥s0|3]oH, vlo] A2 g0 B 3¢
7} Skl Wt a7 S718kRITE Dincer 79k HIQE
£ olgst] BRG] A 7o EAHGATE A
Akgt Az}, mro] gz glo] B 3k9] 100, 200, 300 WellA ZHz} 3.1529 x
107, 6.2027 x 107, 1.2895 x 107 m/sE YERYTh vlo]azglo]n
397F 71kl met 2dAEATE SRt o)F 3l wlola
ZHol8 FJ7) =&5E X G0 =28 & F 9%, nle
E 450.3890~0.7198)5 &S Wl Tavus chinensis®] 7432 218
Q- gabel] o8 2HEE & 4 AT

Z Ab
O] ¥ 20189 AR (WS Ao R sh=ATAEe] A

< ol =y 7|2 ATAE S AREUTHI AR E: 2018RID1A-
3A03000683).
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