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Abstract — Batch experiment studies were carried out on the adsorption of the major tar compound, 2-picoline, derived
from the plant cell cultures of Taxus chinensis, using Sylopute while varying parameters such as initial 2-picoline con-
centration, contact time and adsorption temperature. The experimental data were fitted to the Langmuir, Freundlich, Tem-
kin and Dubinin-Radushkevich isotherm models. Comparison of results revealed that the Langmuir isotherm model could
account for the adsorption isotherm data with the highest accuracy among the four isotherm models considered. From
the analysis of adsorption isotherms, it was found that adsorption capacity decreased with increasing temperature and the
adsorption of 2-picoline onto Sylopute was favorable. The kinetic data were well described by the pseudo-second-order
kinetic model, while intraparticle diffusion and boundary layer diffusion did not play a dominated role in 2-picoline
adsorption according to the intraparticle diffusion model. Thermodynamic parameters revealed the exothermic, irrevers-
ible and non-spontaneous nature of adsorption. The isosteric heat of adsorption decreased as surface loading (q,)

increased, indicating a heterogeneous surface.
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Table 1. Isotherm, kinetic, thermodynamic and other equations used in this study

Model/Equation

Parameter Ref.

Langmuir

r__ 1 1.1

9. qmaxKLCe Dmax
1

1+K,C,

R, =
R;: separation factor

q, (mg/g): equilibrium adsorption capacity

Qe (ME/g): maximum adsorption capacity

K; (L/mg): Langmuir constant

C, (mg/L): equilibrium adsorbate concentration in solution
C, (mg/L): initial adsorbate concentration in solution

[10-13]

Freundlich

log q, = log K5+ (i) log C,

K (mg/g (L/mg)"™): Freundlich constant
n: Heterogeneity factor

(12]

Temkin K+ (L/mg): Temkin adsorption potential
B (J/mol): Temkin constant

q,=BInK,;+BInC,

(13]

qp (mg/g): theoretical maximum capacity

Dubinin-Radushkevich

In g, = In qp-K € €: Polanyi potential

K pp (mol?/J%): Dubinin-Radushkevich constant

1 E (kJ/mol): mean energy of adsorption [12,13]
€=RTIn [1 + C_} R: universal gas constant (8.314 J/mol-K)
¢ T (K): absolute temperature
Pseudo-first-order q, (mg/mL): amount of adsorbate adsorbed at time t [12]
In(q,—q,) = Inq, -kt k, (min™): pseudo-first-order rate constant
Pseudo-second-order
o1 L4 k, (mL/mg-min): pseudo-second-order rate constant [13]
4 kyq . 9.
;ntialf iﬁde diffusion kp (mg/g-min'?): intraparticle diffusion rate constant [12]
/ '4
ArrhemusFeci?.T k,: Arrhenius constant [12]
k,=k,e e E, (kJ/mol): activation energy
Clausius-Clapeyron eq.
d(InC,) _ AHy AH,, (kJ/mol): isosteric heat of adsorption [13]
dT RT?
Eyring eq. k: Boltzmann constant (1.3807x10° J/K)
k, k, AS" AH' hp: E’lanck constant (6.6261x107 J-s)
ln(—) = nh-— + R RT AH" (kJ/mol): activation enthalpy change [13]
. . P . AS" (kJ/mol-K): activation entropy change
AG =AH -TAS AG" (kJ/mol): activation Gibbs free energy change
van’t Hoff eq.
InK, = - AH® AS® K.,: equilibrium constant
RT R AHC (kJ/mol): enthalpy change [13]
Cc,-C, AS° (J/mol-K): entropy change

K. = C AG° (kJ/mol): Gibbs free energy change

e

AG’ = AH°-TAS’
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Fig. 1. Adsorption isotherm for 2-picoline onto Sylopute at different

temperatures.
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Fig. 2. Adsorption isotherms using linear form for 2-picoline onto Sylopute at different temperatures: (A); Langmuir isotherm, (B); Freun-
dlich isotherm, (C); Temkin isotherm, and (D); Dubinin-Radushkevich isotherm.
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Table 2. Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich isotherm constants for the adsorption of 2-picoline onto Sylopute

Isotherm Parameters Temperature (K)
298 303 308 313 318
Qe (ML) 340.176 338.355 336.181 333.443 331.659
K, x 10° (L/mg) 0.42 0.034 0.29 0.27 0.23
Langmuir R, 0.354~0.898 0.317~0.882 0.300~0.873 0.270~0.855 0.230~0.827
P 0.958 0978 0.969 0.977 0.976
RMSD 0.0184 0.0344 0.0239 0.0115 0.0104
K; (mg/g) (L/mg)"" 0.523 0.411 0.355 0.328 0.255
Freundiich 1/7n 0.709 0.730 0.743 0.747 0.766
IS 0.837 0.877 0.888 0.903 0.918
RMSD 0.005 0.011 0.014 0.009 0.004
B (J/mol) 69.483 68.123 67.022 65.164 61.641
Temkin K, (ijg) 0.0042 0.0037 0.0035 0.0034 0.0032
s 0.928 0.924 0.963 0.977 0.990
RMSD 0.027 0.028 0.024 0.035 0.030
q,, (mg/g) 202.435 186.642 179.085 170.150 155.720
K g % 107 (mol/J)? 0.065 0.063 0.062 0.060 0.059
Dubinin-Radushkevich E (kJ/mol) 2.771 2.816 2.846 2.903 2.893
r 0.978 0.956 0.942 0.928 0.915
RMSD 0.138 0.140 0.126 0.135 0.127
7ol AYTHE, R=19] A 2ol ABH o= dojets, =9 Langmuir 52 52219 49 7} >0.958% M F3,
R >1019 521 A2] 37do] FAgehS ou|ehr{14]. 2 A gelA RMSD7} <0.0344% 7} kel ARFES o] g8k 2.9 FHR9] &
£ RE 2504 0230~0.898 (0<R, <D F2H37do] 23S < Langmuir 5215240 7H8 2 ghehs & 4= A9

& 5= USITE

Freundlich &2H5-&2]o] 483814 log q,8 log C,.& 2= &
215}t Fig. 2(B)ell WeRl o, Alike 9ehv|El:= Table 291
a)sia}. ,3;4_]9__ Z7)ate] e} E2hgek KR 7hasioln), &
A+ \3]74]/‘ 273 50 3w 1744 (surface heterogeneity) 2}
T=lo] glo U% <194 79 A 9l &2 (normal adsorption)S-,
->1,] 7% d2 4 S (cooperative adsorption)= 2Jv|5}H, -2

A7} 0<= <14 ﬁo_?_ Sy o] Aokeks J] ]r‘s]—u}— 10,14]. H 2]
dozy E1 o)1 Lgre 0.700-0.766 (0<i<nez HF2g 4ol
Agehe & 9\131‘:]'

Temkin 25220l 2831 .91 In C .5 2% =7 =2 5}s}
o Fig. 2(C)°ll UrERNLCm, ARkl sFeho]Eli= Table 201 g 28}
Pt FALLETF SRS FAE | U188k A B 7HAst
St FA2E F7tel wet Hud el e ti-gshs HE A
234 KT ko] ZrobA ke 1 F2A| Atol 2] A7) 7} A oF
;Hzlg o) 2= o]o-h;].

Dubinin-Radushkevich & %
o g2 A F Inq, 9 25 2% t.j‘ii .
‘/]'E]"H?i o, Ake J]'E]'U]ET‘ Table 2°1] JF/]%]'C/?\EI'. T2

| =

4
Lm@wwgﬁ%%ﬂﬂqmﬂURPVEE%?LE%7Pﬂﬂﬂ
F20) FHA E el F3E 5 Qe ok YA e

oJustct, S 1 mold H
0.065~0.059 (mol/J)?S. 2 eSS
2.771~2.89 kl/molZ AALE Gt} o]
W Yof] EAISIER AZFEC| o3t 2-
FHAE & 5 AT 16,17].

Table 20l F 23k U] T57F S25-22of tg 29} RMSDe]
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Fig. 3. Pseudo-second-order plot for the adsorption of 2-picoline onto
Sylopute at 2-picoline concentration 6,000 mg/L, Sylopute 4
g/L.
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Table 3. Parameters of pseudo-second-order kinetic model for the adsorption of 2-picoline onto Sylopute at different temperatures

Initial conc.

Pseudo-second-order kinetic model

(mglL) femperature () Qe (M8) Qoo (VD) k, (g/mg min) 2 A %)
298 210.396 220.831 0.207 0.999 4.959
303 199.080 210.152 0.192 0.999 5.562
6,000 308 195.314 196.054 0.162 0.999 0.379
313 190.126 190.918 0.133 0.999 0417
318 179.223 180.107 0.132 0.999 0.493

] §o] 27tskitt. =, ARFE g
2-9]F9 9] FHo] fFAF YAk kg HEAS mEA eSO
9]. A3 HlolElE A} oIk kLol wht /g8t t=
Askete] Fig. 30 WFERASITE 718 7] 9} yHaS Fal dolxl ot
2H|E 52 Table 30 H2J8kSith. S2H2152(298~318 K)7F 5713t
of] e} AT k, (0.207-0.132 g/mgrmin)= AASFATE 14
of thdt rii= & 2504 0,999V 2 =31, ARt F2 q,
A FHF q,,,2 2Ol Aq%)= 0379~5.5620 % w9 Aok
o webA] B FHFAS AL oAk iSO 2 ke S o
T ATt
UREA 0 2 F3F FA oA &< T (rate-limiting step)E Ak
aF7] $18t PR} o} ik mElAlef] o8 g9t 45 =2 sekE Al o
9] ths ARG HoE FiE, el 8, 1@ e e R 4
Aok AR 713E FtS 570 &2 (instantaneous adsorption)
= 9 39 & ZH(external surface adsorption) . & §-2l0] g-oH
lézSH 28] o) AAF R O]ELPb D‘rﬁﬂolﬂ} 14]. o] 2]
A4 (origin) S FI3k= -$ FAS Al o] (boundary layer
contr01)7]- FAlEo] HH o7 R} 2] @ ’&(pore diffusion)°] &
& @AY Yebdth E4 dnbgk RS 304 52 (gradual
adsorption) ©. 2 2-2lo] F2kA| U2 e = Aot AR H3
TS F o] 718 ol mEato] S o] e 842 ol
ol P} of BMt5er} =g A7) Alsks dAlolth20]. A
oJE1E YAt Wl EF el Ao 283k A= Fig. 40 LFERSITH
Fo]7 &2k A 7}(1_30 —Er)oﬂfﬂ «g &3} w31l E] o] “ETr
Eof thgh 2-9]F 2] FFo] vl w2 P dsto] &
A= el E)x] 9k9kti14,21]. Fig. 48] A4 7]&7) 25 E 0401
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£ 520 ulX)= Geko] ulu]EtH22]. Aq(%)E 0.131~0.982% A
wk ARkgke] 2fol7t Ao] ik W GAt KA & mE = A
o 5= Tt 2-9 = (A 93.13 g/mol)S dHE 2 e (A}
2 853.9 g/mol)ell H]F) L A =Fo] A o] 2o, space-filling
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Fig. 4. Intraparticle diffusion plot for adsorption of 2-picoline onto
Sylopute at 2-picoline concentration 6,000 mg/L, Sylopute 4 g/L.

ah AR FE] AIZHPE: 20~30 nm) W& 2-9]Felo] F#3| &
| 78k & = ITH23].

[

3-3. @A oA
A3} oHA(EYE AAtsl7] $138Fd Arrhenius equation®l] th
2t In k& /TE £218819 Fig. 50l YTt 718718 &3
Ea‘—f -30.137 kl/mold-& & 4= 13T} E 7} 40 ki/mol ©]35}21 7
E4 Fa5, 40~800 kI/mol] 78-F- 38t Faks 77t e}
% [24], AZFEC] et 29 FA 9] S22 &84 F3US
& = USIT
= gy W3HAH), R AEZT]
U] M3HAG)E Fall 2789 &4
@FF3tE. van’t Hoff equation®ll &3] In K, Wl /TE =4 8}staL
(Fig. 6), 71719} A o 2 FE] AeH7] dhaju|El] AH 9} AS°
& ekl o] =HE AGE AAFSISITE AlMEEL K, E,, AHC, AS°
1l AG® 7+ Table 591 ]35Itk AHO= 2-9] 7H(-6.635 kl/mol)
< YERo] #A1k-g-(exothermic reaction) . & &2t A] AUA] &

1 3H(AS°), E Gibbs
A, 7FeIA) 2paAS sk

Table 4. Parameters of intraparticle diffusion model for the adsorption of 2-picoline Sylopute at different temperatures

Initial conc. Temperature Intraparticle diftusion model
(mg/L) (K) Gecal (M) kp (mg/grmin'”) Aq (%)
298 220.831 0.051 0.131
303 210.152 0.342 0.982
6,000 308 196.054 0.287 0.833
313 190.918 0.199 0.693
318 180.107 0.231 0.873
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Fig. 7. Eyring equation plot of In (k,/T) versus 1/T at different tem-
peratures.

Table 6. Activation parameters for the adsorption of 2-picoline onto
Sylopute at different temperatures

Temperature (K) AH (kJ/mol)  AS" (kJ/mol'K)  AG" (klJ/mol)
298 73.284
303 74.520
308 -32.307 -0.364 75.756
313 76.991
318 78.227

F-E] AG™E AAEsle] Table 60 A 2lskitt. 43} dghy] W3}
(AH"Y= 2-9] 35(-32.307 ki/mo) .2 Fguk-$-918 ok 5= 9lit}.
293} A=z ) WMSHAS = 5 3t 5 gkl whet iz viAUS

(dissociative mechanism)¥} Z %+ #7115 (associative mechanism)

o THE 4 9l HEQE26], # AWM 8] 7h-0364
ki/mol) Ueh A Wiz uGS 3t 349s & = 33l

HEe-Eo] BT

th15]. 443} Gibbs Aol U] H3HAG )= HH-3

Agkd o oA & Q= oh= tiEe] a3yl &9 aks
7FAok =), AGE BE £15(298~318 K)ollA] k2 4k(73.284-
78.227 kl/mol) Ko 2 1-3138kS sllITH15].

TF FHYAH)S TR0 F2Ael 4% FHEAE W

\ =

AR goleh. 34 A5 93] wolsiol sk 712 54

% sholth & 37 Aol mi$- S8st YRS AlFsty] witel
F&dE et A2 g F23HH27]. Clasius-Clapeyron
equation®]] 2J3ll In C, 9} UTE =4 3}3}0] AHZ A4Sl o™

(Fig. 8), ©1= &2 q, (40~180 mg/g)ell thall =2)3ke1o] Fig. 901 1}
ERASITE 2 FA A= q, 7 SRS AH g A Aehs A3

B3], Sl Xaig o) et F2Ae] el 7 Bt skl
EA4 0 2w P G AL} 2718 o] E2A-S 2

Table 5. Thermodynamic parameters for the adsorption of 2-picoline onto Sylopute at different temperatures

Temperature (K) K, E, (kJ/mol) AH? (kJ/mol) AS° (kJ/mol) AG® (kJ/mol)
298 0.394 4.492
303 0.363 4.651
308 0.347 -30.137 -6.635 -0.037 4.705
313 0.339 4.782
318 0.315 4.949

Korean Chem. Eng. Res., Vol. 57, No. 2, April, 2019



AmFed] e 2929 §3 54 97} 217

95
® 180mg/g
O 160mg/g
9.0 4
v 140mg/g
A 120 mgl/g
H 100 mg/g
[ ]
85 4 O 80mg/lg
& 60mgly
& 40mglg
8.0 4
)
(&)
£
75 4
7.0 4
6.5
6.0 T T T T T
0.00310 0.00315 0.00320 0.00325 0.00330 0.00335 0.00340

1T (1/K)
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