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Abstract — This study investigated the removal efficiency of residual pentane from paclitaxel according to the drying
temperature in the case of rotary evaporation, and performed a kinetic and thermodynamic analysis of the drying process.
At all the temperatures (25, 30, 35, 40, and 45 °C), a large amount of the residual solvent was initially removed during
the drying, and the drying efficiency increased when increasing the drying temperature. Five drying models (Newton,
Page, modified Page, Henderson and Pabis, Geometric) were then used for the kinetic analysis, where the Henderson
and Pabis model showed the highest coefficient of determination (r*) and lowest root mean square deviation (RMSD),
indicating that these models were the most suitable. Furthermore, in the thermodynamic analysis of the rotary evapora-
tion, the activation energy (E,) was 4.9815 kJ/mol and the standard Gibbs free energy change (AG’) was negative,
whereas the standard enthalpy change (AH®) and standard entropy change (AS®) were both positive, indicating that the
drying process was spontaneous, endothermic, and irreversible.
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FAREG 7| AL LS A 555 A71as 71,
WA, ek, 7HEA] S5 (kaposi’s sarcoma) 2 H| AA| LA
Sk(non-small cell lung cancer, NSCLC) X &l A} &5 1L Q= &
ShAlolth2]. B3 FuFE| A BE 9, d=stoly X5 59 45
ol A% gdE 1 glon, v X5 S B3l &

.

sk QA g o] 18 Feol Qlo] SEE|E e o= Al Bold
Agolth3,4]. IE AL = AP S FE R E A
A FEsks 5], TE YRS ellA A (precursor)E Do
A& (side chain)yS 3184 © 2 A 3tsk= W] (semi-synthesis)
W 6], FEUFANA A A (callus)E F-E8FL S vl W(seed

cultureyS A A =897 ] (main bioreactor)ol| 4] 2] EA| ZuljoFS )
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A 5 9] & (active pharmaceutical ingredient, APT)] 3 Ell(morphology)
hR|e]ekE2] AF AL o} AlE Pl W FF
vzt Az olokne] Fel= A 83lE, &8 £5, a8
A 0185 Alofel] ullg- F gk W=l Th9,10]. A% F (crystalline
form)°l| B3} ¥ 3 (amorphous form) ¢ 5 2] 22 23 &= (solubility),
23]l 4= (dissolution rate), 2F= =4k 72U (uniformity of drug
dispersion), A4 A] U] o] 7 & (bioavailability) S oA 22 o]4
& Alzatr] witell Adds] 5 ko Qo 11]. 53] b A%
o} sl Y FEe fallies 11240 A& 5 A o=
B3E 3 QIeH9]. mEbA] gAE dsolokEe] FHE S8 o®
Ao} W e e HFookre] Alx, 53] AP el vl
2314 &g = 4= vH12,13]. 1997 Liggins 51411 2]} solid-
state paclitaxel®] FEE 283 7 Qli= Aol 771 s1%1e
Az Z271o] ug- a12elA] o] ol A B A8 o) #] J5k T
o] Qltt. o] diAllskr] 3l 2011 FHF AR g2 g
HE 8212 (solvent treatment)]] £J5}o] FhtsiA] 245k 4= Q=
Sl " (solvent-induced method)©] 7HFE SATH15].

)= o (USP 27-NF22)0ll AlA E o] Q= shEefetale] #4
Q7 27 gatd A e gAY 5, Eva Y Usa
(endotoxin) 3, FH7-8-ml W pFt $F So] T ook gt
t}. 53] 28] A A8 02 T8 Q& International
Conference on Harmonisation (ICH) Q3C guidance®ll ]3l $12 3}
Al A I UATH16]. A& S, FNEH(pentane), MEHE(methanol),
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Newton, Page, Modified Page, Henderson and
% RaA Agslo] 47 HolEE & B & 5 o wdN
M), obgel AejsA stetlEle Givbs <HouIA) Wak,
gk 9 AEZ T W3}l 9 &4 3} o X (activation energy)E
Abete] sl Az WS B8 Ax oA 2 whg- zlE) oF
A& AFH o7 aiM skt sigith

[\

M= A A

2 A AL 2GS A EHE Taxus chinensis®]
R 458 AEF(cell line)Z AEN (24 °C, 150 rpm, &
Z71)ske] AATH23]. AEAHEZES $ kel © 2 HE] decanter
(Westfalia, CA150 Claritying Decanter)?} 114 €14 %-2] 7] (a-Laval,
BTPX205GD-35CDEEP)E ©]8-3to] 2] EA 2 (blo] 2. ) E 3]
Bl o gatekulo] @ 7o R RE] Algigit)

2-2. S| 24

viZe et ghaf 4 918l HPLC A28 (SCL-10AVP, Shimadzu,
Japan)Z} Capcell Pak (C,g) Z (250 mmx4.6 mm; Shiseido, Japan)<-
AFEEFATE 015 S ol EU E-/ZF42(65/35~35/65, Vv,
gradient mode) &N-S 4 1.0 mL/min® 2 ST A8
Q1eF2 20 uLo]™ 227 nmoll A UV detectorel] 23l &3 th
[18,24]. HPLC 42> RF A FH4AE o] &3alglom XFA 5+

Sigma-Aldrich A& E: 98.7%)= ARE-3I3Tt.

2-3. 3HBUS 25 A|lEFEH|

A1 S AR FY 0 ZRE] 3] nlo] @ M A (GRS 75~80%,
wiw)2k ME-2-0] U] &S 1/1 (wiv)E 310] AF&olA] 43] WhE =&
stlom FENE FEHE A 30%)5 F - FEE Y5

EEE vEE Solof Wdd FR2elo| =8 AreE w5
M| 25%)3kaL, 30 - FUF WHE F FAAA A B E 55
t}, oo 2255 33] REE Faste] shEegalo] 23k sl
W Sxdolt Fo g sEeAs sgete] s55kaL 1%
Az31lck. A EAE 8 B2 9 oA RS AAT] $l8te]
AZH FFE(crude extract)= HE A FZ o] =] 20% (viw)
H] &2 wo]il F &A1 AR FE(Fuji Silysia Chemical Ltd.,
Japan)E A FEE thy] 50% (wiw) W& 2 7}s19] 40 °C
2 Z(PS-1000, EYELA, Japan)°llA] 30 & 5 wrkslar k-A|71
T it ofFhale- 30 °C, A4 A ElolA Hzsto] ik A
570l o] g3l th AxE A BE wEHd ST o] St
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of oy -8 FE381] Bl=/3E5E (non-polar impurity)yS
AASATHEE A SZ22fo] =/ax=1/10, viv). BAt HH 3 of3=
slo] upZeEhd HHES A1 35°CoA] 24 AR B9 A
E.(UP-2000, EYELA, Japan)©. 2 71%3}3lth. #AF A4S E3to]
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EA[18]eN AAE] 7]s== o] gict.

2 2 FE ol-m

nN' ok

2-4. 2EY niSEMIO| FMBTE Y

748 e EAs et AgulE AASH] $I8iA Al
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45 °CollA st “sFato] HxsIlTH2]. 113 Altel] mhE A xd
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sFEe e f ZR-8viQ] Ak 714 A=W ke 129 (YL6S00GC,
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(25m, 0.33 mm film, 0.20 mm ID) %! FID (flame ionization detector)S
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Henderson and Pabis 717 E@4]2 Fick’s second lawel| 7]35}
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Arrhenius 2] u}2} Zﬂfi ST 2 (1] IAIE 7 AL e
w o] & A4 Y| R 4= it

k, =kee (7

Gibbs A+ #] HIZHAG, kI/molye HES-2] ZP2hA)-S- LfER )= A
EER 50 7k 7 A, ko) gks 7AW vIApAd S o
ERdit}. leks] WM3HAH, ki/mol)y= BH-ES UehllE A2A &
o] kS 7 kg0 2 ykg- A S| A8 WESlaL, 9k
e 7 FENRS O R RS Al TR S FHsit) dlE R
HBHAS, Jmol K= RES-2] FAAMEE Ul X324 09] 3hs
7 whgo] 7ped Aol Rt & ks 7HAW whgo] u|7kelA
A= veRdt), 431 92l (activation paramerter)?] 2493} <ll
ey HEHAHNS 2413} dIE 23] WMSHAS™)E Henderson and
Pabis 1% X2 9] &1k k5 o] &30 kol A% 215 F3
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Fig. 2. Effect of drying time on the residual pentane concentration
at different temperatures in rotary evaporation.
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Fig. 3. Effect of drying time on the residual pentane ratio at differ-
ent temperatures in rotary evapotation.
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Fig. 4. Rotary evaporation Kinetics for paclitaxel using linear form of model at different temperatures: (A): Newton model, (B): Page model,
(C): Modified Page model, (D): Henderson and Pabis model, (E): Geometric model.
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Table 1. Newton, Page, Modified Page, Henderson and Pabis, and Geometric model constants for the rotary evaporation of paclitaxel

Temperature (°C)
Model Parameter
25 30 35 40 45

k 0.1029 0.1063 0.1106 0.1141 0.1163

Newton 0.9958 0.9962 0.9906 0.9978 0.9969

RMSD 0.0415 0.0717 0.0817 0.0983 0.1160

k 0.1403 0.1640 0.1849 0.2081 0.2258

P n 0.9137 0.8856 0.8626 0.8436 0.8284

age

8 0.9923 0.9922 0.9865 0.9900 0.9904

RMSD 0.0079 0.0066 0.0073 0.0101 0.0039

k 0.1165 0.1298 0.1413 0.1555 0.1659

. n 0.9137 0.8856 0.8626 0.8436 0.8284

Modified Page

0.9923 0.9922 0.9865 0.9900 0.9904

RMSD 0.0227 0.0162 0.0082 0.0009 0.0005

k 0.1029 0.1063 0.1106 0.1141 0.1163

. a 0.9315 0.8574 0.8368 0.8015 0.7474

Henderson and Pabis

0.9958 0.9962 0.9906 0.9978 0.9969

RMSD 0.0066 0.0019 0.0055 0.0090 0.0051

a 24.638 25.855 28.344 29.773 30.502

. n 1.9413 2.0126 2.0867 2.1465 2.1960

Geometric

0.8773 0.8850 0.8740 0.8748 0.8807

RMSD 0.3906 0.3502 0.3248 0.2965 0.2729
Uehjilt A% 57 S74eeE k gk S7kske] o WA 2] 0.9865~0.9923 ¢} 0.0005~0.0227, Henderson and Pabis 5% 2]
AzxEE & S QJlt) o]2] 8k 4 3= microwave-assisted drying 0.9906~0.9978 2} 0.0019~0.0090, Geometric &2 0.8740~0.88502}
oM Ax 27h SRRl wet o] whe SRR AR Add 2 0.2729~0.39065 LFERA AT B F79] % BaA S vl gt

Zlo|= i sk 7SRl o] A Rteke 2 ARSI 18].
TS 253 RMSD k2 Newton ™24 0.9906~0.9978%} 0.0415~0.1160,

Page =214 0.9865~0.9923%} 0.0039~0.0101, Modified Page B2
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Fig. 5. Comparison of experimental and predicted pentane ratio by
Henderson and Pabis model.
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Table 2. Activation parameters for the rotary evaporation of paclitaxel at different temperatures

Temperature (°C) k E, (kJ/mol) AH" (kJ/mol) AS* (J/mol-K) AG (kJ/mol)
25 0.1029 78.61
30 0.1063 79.88
35 0.1106 4.98 2.42 —255.66 81.16
40 0.1141 82.44
45 0.1163 83.72
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Fig. 6. Plot of Ink versus 1/T (A), In(k/T) versus 1/T (B), and versus
1/T (C) for the rotary evaporation of paclitaxel.
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Table 3. Thermodynamic parameters for the rotary evaporation of
paclitaxel at different temperatures

Temperature (°C) (kJ/mol)  (J/mol'K)  (kJ/mol)
25 3.9875 -3.391
30 4.4520 -3.769
35 4.9832 15.155 75.659 —4.148
40 5.6210 —4.526
45 6.5069 —4.904
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WAolm] 7RI oUA7F @ FE| Itk gt A8 gjA]-& ¢
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kl/mol®= 713 37go] FY whgolw 13 #pgel| olux)7F o8&
oF 5= ST, AS®= Ok ZH(+75.65994 J/mol K)© &2 A% FA o]
H|7F A S & = ATk AGYE A 215(25. 30, 35, 40, 45 °C)
7} SV = 42 —3.391> —3.769> —4.148> —4.526> —4.904 kl/
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4.9815 kJ/molo] 3] o™ 2433} IEZ ] HMBHAH: (-255.6641 J/
molyE S 3l Wl 43} dety] MEHAG™: +2.4228 ki/mol)2}
243} Gibbs AH-oll A %] W3} +78.61 ki/mol (25 °C), +79.89 kl/mol
(30°C), +81.17 kJ/mol (35 °C), +82.45 kJ/mol (40 °C), +83.72, kl/mol
(45 °Cy= B o ks YISt B Gibbs ARollU A 8}
—3391.46 kJ/mol (25 °C), =3769.76 kJ/mol (30 °C), —4148.06 kJ/mol
(35 °C), —4526.36 kJ/mol (40 °C), —4904.67 kJ/mol (45 °C):= &5
ol vk ®3 ollgy] W3 AH: +15.15519 kl/mol)$} 5 AER
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Nomenclature
Symbols
a : dimensionless constant
C, :content of pentane of paclitaxel at any time [ug/g]
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C,, : content of residual pentane to equilibrium in paclitaxel [ug/g]
E, :activation energy (kJ/mol)
AG" : activation Gibbs free energy chage [kJ/mol]
AG" : standard Gibbs free energy chage [kJ/mol]
AH" : activation enthalpy change [kJ/mol]
AH® : standard enthalpy change [kJ/mol]
h : Planck constant [6.626x1074 J-s]
K, :equilibrium constant
k : drying rate constant (h™")
k, : the drying rate constant predicted by the appropriate model
k, : the pre-exponential constant [s']
k; : Boltzmann constant [J-K™']
PR : pentane ratio
M,  :the equilibrium pentane
M; : the initial pentane
M, : the pentane content at time
n : dimensionless constant
R : gas constant [8.314 J/mol-K]
r? : coefficient of determination
AS"  : activation entropy change [J/mol-K]
AS? : standard entropy change [J/mol-K]
t : drying time [hr]
T : absolute temperature [K]
Subscripts
RMSD  : root mean squared deviation
P AI.

2 e PO S FeRt ek F e Ivel A8 st

o] el =g 4 BT A} =L}
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