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135N T 2 vl 123 (high-performance liquid chromatography, HPLC)4] C18(octadecyl silica, ODS) Zr ol 4]
128 oAl YAk (eyclic adenosine monophosphate, cAMP)2] T ZRIE 73S H2 5 BHE 745 8519
o}, YHEESS B9l (general rate model, GR model)= 7]5FS. 2 first absolute moment?} second central momentE A4t
SHoitt. BHlE -4 9] Q3 Al 714 Al EAFEA IS (molecular diffusivity, D,,), $1F-52 A 275 (external mass
transfer coefficient, k), AAPHH-2H17< (intra-particle diffusivity, D)= 22} Wilke-Chang 2}, Wilson-Geankoplis
21& o]-g3}al o]E T (theoretical plate number) 2%} van Deemter 212 H|walo] AiFeISith A3 2k} Al 711 9]
ol 2, 84 %, 5 ol =3It Van Deemter T1HZE 717 RHIE B4A0E gAgH o7 A
Fom, o]k Adeo] (height equivalent to a theoretical plate, HETP, H,,,)°ll H,,, Hs H/F MR &S Lopny]
$13ll van Deemter coefficients W]t HETPO 7 & 3¢S 5 Q91 AR H eI e =2
AL (Hy= 71 9] vk Ag)t.

Abstract — The moment analysis of cyclic adenosine monophosphate (CAMP) was performed using chromatograms
that were obtained with the pulse input method from an octadecyl silica (ODS) high-performance liquid chromatogra-
phy (HPLC) column. The general rate (GR) model was employed to calculate the first absolute moment and the second
central moment. Three important coefficients for moment analysis, which are molecular diffusivity (D,,), external mass
transfer coefficient (k,), and intra-particle diffusivity (D,), were estimated by the Wilke-Chang equation, Wilson-Gean-
koplis equation, and comparing van Deemter equation to theoretical plate number equation, respectively. Experiments
were conducted by various conditions of flow rates, methanol volume ratio of the mobile phase, and solute concentra-
tion. After the moment analysis, results were organized by van Deemter plots. Also van Deemter coefficients were com-
pared each other to effect H,,, H; and H, on height equivalent to a theoretical plate (HETP, H,,,). The value of intra-
particle diffusion (H,) was the primary factor which makes for HETP whereas external mass transfer (Hy) was disre-
gardable factor.
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/3 N AR=eE e 9 (HPLC)= E3E2] -2l o Aol
88 J=|olt}, 53] octadecyl silica(ODS)E S&A| 2 ARS8
IR E TS °"Xﬂﬂi‘3]'5:’—"41-44 ] Al B
F-ETh1]. HPLCE AErFE TS &5 AN Adsk= 4
& 49 8k(phase-equilibrium thermodyna.rnlcs)ﬂ] 7}7“' o ok
V7] W&ol [2] A2rFE ] Ak BelwAUS
o= A} FEATE B8l & O‘E]'
AsHe- 0.4 772 §F Xt FTFE X]”} -414 ] %@
3 (band spreading)?} ] =1.2] th7d/d-& %@75 =)
kinetics)2] 8-S Hh=c} uwlzba] 7 U)o
o] 97 B3 X (peak broadening)oll U X] &= °§ o o} 4= 9)
OB = scale-up A Al AlEH 0S8 F52Q1 gEolrt4].
ZH] Ylo] BHlE #2492 1960t FE] van Deemter 2} ¥} Knox
218 7IHEe & £ E QT Kinetic @45 £&5 < 329 9
]9} #eo] Q)i= first absolute moment$}, 3 7.2] LH] 4l o] B3]
A3 A3 second central moment® L 5= ITH5]. 1970
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ST
general plate 2137 EAAGATE Sl v §E 4] 4
EE YERIE second central moment #ka AXFSFITH6]. 1980
o= 2GS SeE 2k (axial dispersion), 2]F-&2 %
(external mass transfer), ] A2} (intra-particle dlffuswn)
52 4 2 (adsorption/desorption) .= AliE-3}5H3 T ©] Q155
118k o] B¢t 23 d=0] (height equivalent to a theoretical plate,
HETP)E AlXsh= W4 ST B9 (general rate model, GR model)©]
TS K TH7,8]. 1990 At HF-El= 9324 74 (reversed-phase column),
A o3} 7+ (gel filtration column), ©]<2 12} 7% (ion exchange column)
5 Okt 52 27 UollA1 €] GR modelz} EHIE #2470 st o]
£o] = o, o] & thekst AErH el 483511t Tallarek
S[9-13]> 3 (spectroscopic method)=, Miyabe 2} Sajonz 5
[14-16] TRt 22 o 2 A3 o] 22] AR vl 2433l
20003 tHH-E] Miyabe 52 EHE £24-& ol 32 nlE 18y
(liquid chromatography, LC)el4] HPLC7FA] StiA| At B3 11
7J7d (stationary phase)°|H 217F= (ligand)ell tigt & =&0] G304
o7 EAS HSlom ey 247t tigh SEE2 YA g3t
& FAA7I7] k] AR O E AT UTH2,3,17-20]. T
UiF-e] 2243 A7 270l olEg ARsk] lste] iy A
FraberEAS A8 tH17-19]. 1990, tholl A 2000 th7kA = &
¥ (glass column)o | 0] w3 Z+] (ion exchange column)S &
3l we]E= o dAA W TlAzA] HdEe] tfgh A7t FAl
A1TH4,14-16,20].
A= EAFFO] 329.206 g/mol?! 2] F ofd|eAl Q1
AH(cyclic adenosine monophosphate, cAMP)S ¢34} HPLC(RP-HPLC)
2o g A3t cAMPE HlFell E0%)= A kR o]
st A7) Ehdbs] e 31 912, Spoto 5[21] </ HPLCE
0] 83109 cAMP2] kineticol] #3F A5, Zhang 522> HPLCE
o]g-3to] tlF7} 2238kl Y= cAMPE AT AlPEE) Q1o
EASR= otdldAE Ato]E2to A (adenylate cyclase)oll &J3l oFd|
A1 AFel/Hadenosine triphosphoric acid, ATP)l|4] THE] A= cAMP
T AR FAS A A2l Fofsh= 23k 415 AdAtoltt Aufellx
CAMP &> Thilld 7] Zbo)| o] gf] ' =] oF, A7 Bl gt
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Eakiic
&8-S o= 971 Uth cAMPS] BHIE #4158 $l5to]
GR modelS A1-3151

i, (e}
F3ll Akt EAFEH 4 (molecular diffusivity, D,,)© Wilke-
Chang 218 E3ll ALkt 3, EvaliAlA|19(axial dispersion coefficient,
D, )E Tttt AP A4 (intra particle diffusivity, D)™

van Deemter 2]} OI%DJT(theoretlcal plate number, N)E H] 7.3}
A} THlE B Eg) o Sho] kA

Y4 (K)+= first absolute momentE
]_

+ parameters= ©]&-
A ¥}<1 van Deemter coefficientE AlAFslal, 4424 A3E van
Deemter “12]ZE =235} T)

20 E
DHE B B g 2ulg 7y ASS gyd o o|F|E
2t} 8213 H(retention equilibrium)-> first absolute moment (w,),
24 AEEEE-2 second central moment ()l 23l A7 H T},
&2 8734 (adsorption equilibrium constant, K)i= 2 (1)1} 7]
|= 939 AR ZFE AHct.
[ ce(tat .
W= ==l +(1-g) (g, + (1-g,)K}] M
| Cemydt ™
0
A7 Ce(ty= 2 Z70olA AlRbel s 0] Wsks, L 2
Hel olg, uie o e BHEEE, e Y F5ES, g0
2 U 788 gk 35S rjgit.

2 (g S8l BT EKE AT 5 AoH xFS L,
(—t)/(1-g) 0.2 3t =243} F& v, 7] 27]= K=

o)k, o714 = 1 Fke] AEAgo] gl §do] SET]=
A712] hold-up timeS SJu]atn] 4] ()9} o] 2 4= e
to = (Llug) e, +(1-£.)e,} o)
Second central moment:= 2] (3)-(8)= &3l 7 4 Ut}
[ ce@-p)’a
Ho = _9——-;———_-—- = %I-I:(éax+8f+ 6d+6ads) (3)
| Ce(tydt 0
0
80=8:3“’(1_Se){sp+(1_sp)1<} (4)
5, = 0k 5)
uo
R
= (=058 e, (1 K’ ©)
2
= (-2 735) e+ (15K’ ™
2
uae = (1001 -5,)( %) ®

o714 Dy FU AT (axial dispersion coefficient), k= &]
5G9 (external mass transfer coefficient), D€% AR
SIS (intra-particle diffusivity), R i= 37873 12k b4 5ol
&+ second central momentoﬂf\‘l o] 31 7] BT 2 JEFS
e, o] w] SFEAFE 2191 ax, f, d, ads™= ZH7}F 5 W it

o,
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@ Axial dispersion, (2) External mass transfer,
@ Intra-particle diffusion, @Adsorption/desorption.

Fig. 1. Scheme of mass transfer processes in the column.

HFEAAY, YA, F-2AY] RUEES ov|gith 29
Qtof|A] &40 BAAYG A = vkek gha = =3
WAL, 5 82ke] oA & o] Fo] A= (Fig.
oA & 22| W& 7} uf9- W2 E
FAE), kA 2 Aol A= 2 9 B WS RS A 8]
A 7}A] kineticoll th3lARE 112i8}S T}

FAZTE 17874 A= 540] o] 5 w9 F-EddgA
TR k= ARtskr] 18l AH-E Wilson-Geankoplis 215 4] (9)°1
HeR) ATt

1.09\ 153, 113
Sh= ( . )Sc Re, )
2kR
Sh = KRGy 10)
Dm
- _Mn
Sc= 11
o5 (1
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Re,= _OnLE 12)

4 9l 4 (10)-(12)5 thdstd k= 72 = 3lom pi= 2 W
A A U, ne olEde] AEE orlsitt
ol Ul &4 &AM 4(molecular diffusivity, D,,)<> Wilke-
Chang 2] & A7%e 5= glom 2] (13)3} 2t}
74x10°T, Jo, M,
Dp=———"—w (13)
nsvvb,a
21 (13)] 3R} sv, at= 2H2F gfe} §4L ouldtH23]. Vi
FigollM e B, ai= 3|3 (degree of aggregation), M- -
Algo] Tk,
HETP(H,,,,)<= Ol &% (N) = Al 7H4] 2240239 = &4
P

9} % Gk, o) BEkE BE ARMLE 4] (14), (1591 LERIgITE.

- tR)z
N 16(Wb (14)
L
Hpur = N (135

o183 a2y ofElnAl Ate] FEA AT 725

29 U Al 7 BAADEL ol §3le] HETPE T5H= e
A 16y 2.

W, 2g DL 26/ 26
Htotal = (_— L= 0+ = Hax+H/'+ Hd (16)
Hy Uo 83 80 )

Hym—Hy=H,tH,;=

THAAR AAA = HPLC 23] HFWAI4(D,) &
A&t} olo)gakeddy diffusion) .2 FAE & W Fako 71
H fsto] ARle 5= lvk. o] & S=21skebd A (18)7 2tk

D,=v,D,, +Y2dpu0 (18)

1714 y,3} y,= geometrical coefficient® T IALE A 2+
M ®E 077 0.5% LTH4]

21 (17), (18y& Afate] 2 (198 25 7 dom dnkxo =
2] (19)7} o] 221},

2¢,y,D 26, B
"—'l'l'(')'—'r-n+28e'y2dp+'—2-u0 = u'—0+A+Cu0 (19)

0

H/o/al_ Hf =

2] (19)2 H,pp- Hp 8k F7870] WAIE A 718 A1 A, B, G5
{15ko] YERA van Deemter 2]t}

o213t BrlE w2 o4 HPLC, o] 2w 3t ZwlE 19, 7]
A zZrE v S o] £33 R E B9 thoksiA AREE )
[24-27].
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A3 o)) A3 o] 5242 WiEh2(SAMCHUN, Korea)¥} 32} 55
4= 7+7} 10090, 20/80, 30/702) F-3]H] 2 Egtalo] vh= wEkE- 10,
20, 30% ot} 242kl 2-n)] 1 Lef| potassium phosphate monobasic
(SIGMA, USA) 6.8045 g= 7Ft] 0.05 M| $5-8-E W=7,
hydrogen chloride(SAMCHUN, Korea)E ©]-23}01 pHE 4.75+0.01 &

ot

Al e ol A /\}“‘lﬁi AZ-2 cyclic adenosine monophosphate(SIGMA,
USA) 22 7+7} 329, 13.2, 23.0 ug® 32k 575 10 mlol] 4-3)
A1A 1.0, 4.0, 7.0 mME THE21TE

3-2. HPLC &

o] A3 oA AFg8 HPLC A 2B Fig. 200 7H2k4 o & Vet
Wtk Valve(Beckman, USA)el M= 20 pL= 943 5 110B
solvent delivery module pump(Beckman, USA)E ©]-§-35}0] o]5Ak0]
Ao R 52 Sk 22 184 JAke] A70] 5 umel
Vydac ODS(4.6x250 mm, The Nest Group, USA)E A}4-51%1 0™
783A programmable absorbance detector(Applied Biosystems, USA)E
o]4-5t4] 280 nm2] IgoIA cAMPE AESISITE AEH 1714
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Fig. 2. HPLC system.
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= APy AlZskerict.
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ol tigh =rkE T3S A

4.

M

_TI_I. ol _Tl_é-

E’_‘%ﬂE 25 9311 GR modelS AFE-813IT}. First moment=
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YA ES 71171 HETP 448 A3t A=A AR D, =
2] (13)e] YERA Wilke-Chang 2, & &-7-A1A (D))= 2] (18)E
ol sk 9= H DA (k)= Wilson-Geankoplis 2]

Fall Anraick 4 (16)ell Yebd H,,, o4 H, 2 HE w0l Hd
s T 5, A (DS B8 AEF-ERHIS(D,)E Akttt

Fig. 3 HIghe 20%2] o]F7dollA Al 714 v &4 el of
St first momentfhS HOIET}. (w—to)/(1-,)Z Liu,oll el A&
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Fig. 3. First moment plot of cAMP at various concentration (Meth-
anol/Water=20/80 vol.%).
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Fig. 4. Plots of the first moment at various mobile phases with a sol-
ute concentration, 1.0 mM.

74 ol-g7dellA shte] &4 el thet first moment9} F-% A
ol9] FAIE Fig. 40l LRI, Kak2 o]5/dell whet w2 10,
20, 30%°14 217} 4.05, 0.91, 0.300]c}. 22 ZollA] -2 Fu)
go] S71skel wel B Gt Zeblar, webA §5 Al
gt o) WiehEe] Fuli-go| Tl whet o5/t 543
= (polarity)7} 480 24 /435 w=(polar) cAMPS} o] 5747
Aghelo] 4skar, 5448 wWXA] k= (non-polar) 1179/43} ©]
d7re] FAEo] ksl Atid o cAMP-11/d 0] FAE S
FaA71m 177 F R Al A EE Bl ® siAle
o} webA first momente &-389) =9k HGlo] o] 5] 24l
P o FF B ol e Mg Fuligol 7hashd
first moment”} 57 }33AT}

Second moment= A 7FA] AEGAGE o] g3alo] A48 4= Qo).

Alrbet FAEAAIF(D,,), FH A (D,)E Table 1] WHE}
U3t D,,8l 7k 8.666x10* cm?/soll 4] 9.895%10™ em?/s & ©]5

2go] ek Fulit-go] 10%elA 30%z Sl el S71skith
D2 2] (18)°l14 & = S15%0] D, o] 7ol whet AA| 1L, b=
gulElBAelth. 2 (5)olld & ¢ =0l D, F7Fell Wt axial
dispersion moment (5,,)2] #to] AXItE. 5,2 w4k Z7]—— 71 1)jollA]
kel g SIS ulate o= §F 939 S o HA v
t}. o] 9} 72 72 o] ATH5,280l = & 5= AUSIT.

i

1o

o offt

Table 1. Molecular diffusivity calculated by the Wilke-Chang equation
at each mobile phase, axial dispersion coefficients according
to the mobile phase and flow rate, and external mass transfer
coefficients obtained by the Wilson-Geankoplis equation

Superficial velocity Vol.% of methanol

[em/s] 10 20 30
D,, x 10*[cm?/s] - 8.666 9.270 9.895
0.050 6.191 6.615 7.052
D, x 10*[cm?/s] 0.100 6.317 6.740 7.177
0.150 6.442 6.865 7.302
0.050 4.808 4.821 4819
ke 107 [ems] 0.100 3029 3.037  3.036
0.150 2311 2318 2317
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7} & Table 201 F2|SIS I o= BIE FE[23]2 B3l T8t
ATt 2 (6)°NA %ol k,#ke] FH4x= external moment 8,2] k&
771 o] STtk o5 e 2AgWEE SEl g g
O|EA} T S} 7hadt A7 g
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moment ()%= 2] (14)-(16y& &3l 72 5= ST} Table 301 &-4<]

B, R, Ol B TS Fulao] mhE QA

(D)4 7= Felatsitt. D9 7k o] 57de] mghE Fu)iE&of
7Vl whet, §4 0] 2ot SUFEel wet hAashe AES B
ol whd Gekulo] =zl A S wolx| okahrh o] L]

Hehs -8 849 F57F F7ksd 1Ak Al (pore) §F

o gA o LFHET} Fhaste] SAHEET) FAaes] W
BRIk, wheba] wjgh&o] Ha]id-go] AXAY §42] st 57
314 intra-particle diffusion moment (5,)] #k 7H431AT

Fig. 5 4.0 mM/] cAMPE- A 714 T} o]§Ake] B Z
A Agsto] DL H,pprHEY vl BAIE =43kt Zloltt, vyt oF
0.02 cm/sR.th 3}8 HR)ol|x= F4o] A2l Mol o] 54e] 5

%

L‘I

1= 8

Table 2. Values of molecular weight, degree of aggregation, and viscosity
at each mobile phase

Vol.% of methanol

10 20 30
M,, [g/mol] 19.442 20.824 22226
o, 25593 25111 24546

n,, [g/mol-s] 0.009385 0.008998 0.008610
0, My, My, 0.4670 0.4705 0.4697

Table 3. The intra-particle diffusivity according to flow rate, mobile
phase, and solute concentration

solute  superficial velocity ~ Vol.% of methanol

concentration [cm/s] 10 20 30
0.050 5793 1172 4.155
1.0 mM 0.100 5037  13.00 4.093
0.150 4408 1236  4.035
0.050 27.01 8422 3252
D,x10°
[cinz/s] 4.0 mM 0.100 3199 1041  3.460
0.150 28.58 9.495  3.801
0.050 19.86 7579  2.929
7.0 mM 0.100 2524 8137 2928
0.150 21.58 7357 2.629

0.5 4
04 - -
//
//
-
—_ //
E 03 e
> -
T -
N %
3 -
IS 0.2 4 //
019 ¥
Rhvni —— Methanol 10 %
e Methanol 20 %
———Methanol 30 %
0.0 T T T
0.00 0.05 0.10 0.15 0.20

u, (cmis)

Fig. 5. Correlation between HETP and the flow rate upon chang-
ing the methanol ratio of the mobile phase.

Table 4. Van Deemter coefficient upon changing the composition of the
mobile phase at one solute concentration, 4.0 mM

vol.% of methanol

10 20 30

A 0.000348 0.000348 0.000348

B 0.000844 0.000903 0.000964

C 0.852 1.698 2.098

1.0 4

cAMP 1 mM

.......... CAMP 4 mM
——— cAMP 7 mM

0.8 4

0.6 4

Hiyoyoy - Hy (0m)

0.00 0.05 0.10 0.15 0.20
U, (cm/s)

Fig. 6. Correlation between HETP and the flow rate upon changing
the solute concentration on mobile phase composition (Methanol/
Water = 20/80 vol.%).

Eo] Zpolell &gt 5t Apo]7h vEhA] Skt "}X]‘?_ o]
°F 0.02 cm/sE.UF 7#] 123 0) WIAlS A vhs AR 71871
o] zpo] 7} vl o] 7] &7 o8t w2 Bl vl Rt A
(19)% &3l 7A4Fet van Deemter coefficient A, B, C= Table 41 7
2313t A, B, Caks vl et A= HETPE] kel 71 A 714
k= Ak AT B kol gict

Fig. 6 MEHe FI5& 20%2] o547 A 714 of& 849
F5of B HETP IrAlo]ar o] oA AlALe van Deemter
coefficient A, B, C+= Table 5°1| 2]3}3i T}, Table 3014 & <= SJ
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Table 5. Van Deemter coefficient upon changing the cAMP concentration
at one mobile phase (Methanol/Water=20/80 vol.%)

Concentration of cAMP
1.0 mM 4.0 mM 7.0 mM
A 0.000348 0.000348 0.000348
B 0.000903 0.000903 0.000903
C 0.938 1.698 2.462

0.30

0.25

0.20

3
=~ 0.15 A
g
I
0.10
0.05
0.00
0.00 0.05 0.10 0.15 020
U, (cmi's)
Fig. 7. Contribution of each mass component to the H,,,,, with a sol-

ute concentration, 4.0 mM(Methanol/Water = 20/80 vol.%).
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@4 (7% 53 §240) 355k HETPRolN F2.8t 494%
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olg7del sr=astel g D, Wt v 217) ] Fig, am
Fig. 58] 2/41¢] sAx}7} ©] AT}, van Deemter coefficient A2] 4t
Table 4, 5014 22 k& 712 30 Q)T Table 5914 = Bk 94 5t
R Table 401415 ©)FAke] W g )il whe} Fhstod
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Nomenclatures
Ce(t) : Concentration profiles of the sample at the exit of the column
u, : Superficial velocity
L : Column length
K : Adsorption equilibrium constant
D; : Axial dispersion coefficient
R,  :Radius of particle
k,  : External mass transfer coefficient

: Inter-particle diffusivity

d, :Particle diameter

: molecular diffusivity

: Sherwood number

Sc  : Schmidt number

: Reynolds number of a particle
T : Absolute temperature

M : Molecular weight

V,  : Molar volume at the normal boiling point
tr : Retention time

w, : Peak width

N : Plate number of the column

€ : Void fraction of a column
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11.

12.

13.

14.
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: Porosity

: First absolute moment
: Second central moment
: Geometrical coefficient
: Viscosity

: Degree of aggregation
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