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Abstract— Partition characteristics of three close-boiling components (dichloromethane, diethylether,
and dimethoxymethane) were investigated with dinonylphthalate-coated Chromosorb A and helium as the
carrier. The outlet stream from the chromatographic column was monitored continuously. Partition coeffi-
cients were experimentally determined at various column temperatures for the three components. With the
assumption of uniform film thickness, two parameters were estimated by Fourier analysis of the response
curves. The Peclet number for particle was expressed in terms of the Reynolds number and the Schmidt

number as:
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Intraparticle diffusion coefficient of each component was also determined in the form of the dimensionless

group, P;.

The theoretical response curve in time domain was in good agreement with the observed one. From the
sensitivity analysis, it is concluded that the liquid film resistance was small and the diffusion in the liquid

phase was not a rate-determining step.

INTRODUCTION

Among a variety of procedures for accurate and fast
separation of mixtures, one of the most powerful and
versatile separation processes is chromatography. [1].

In a gasliquid chromatography, components are
separated by different solubilities in the non-volatile li-
quid phase [2]. In spite of a large number of works
related to separation by adsorption characteristics [3, 4],
those by partition are relatively scarce [5]. The main
advantages of this system in comparison to adsorption
are easier desorption of the partitioned products and
wider application [6].

The distribution of the liquid phase on the porous
solid support is not easy to describe, but the concept of
uniform film thickness is reasonably acceptable. Such
model equations are usually based on the assumption of
linear isotherm, and the resulting linear partial differen-
tial equations can be solved in the Laplace domain.

The purpose of this study is to investigate the effect
of the parameters used in the model under the assump-
tion of uniform film thickness by the frequency domain.

*To whom all correspondence should be addressed.

Materials used in the present work were three close-
boiling components which are dichloromethane, diethy-
lether, and dimethoxymethane.

UNIFORM FILM THICKNESS MODEL

Transient material balances for the solute with uni-
form film thickness of the liquid phase were given by
Alkharasani and McCoy [7]. The equations are
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The initial and boundary conditions are:
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The solution of Eq. (1) to Eq. (10) in the Laplace do-
main with the dimensionless groups is

1 1
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at the bed exit, z=L, where
Ay={s+S,(1— A,sinh A,)} Pe (12,

A,=B,/{A;cosh A;—sinh i;+B, sinh A4} (13;

As= P, (s+S.:M)
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The solution in the frequency domain is cbtained by
substituting s=jw in the s-domain, and the amplitude
ratio and the phase of the Fourier transformed equation

can be computed.
The objective function, ¢, is defined as follows:
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From the Parseval theorem, we find that
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Thus parameters can be estimated from the minimiza-
tion of ¢.

MATERIALS AND METHOD

Close-Boiling Components

Dichloromethane (DCM), diethylether (DEE), and
dimethoxymethane (DMM) were used as feed com-
ponents. Their boiling points are 39.8°C, 34.6°C, and
41.5°C, respectively.
Packing Materials

The packing used in this work was Chromosorb A
(Alltech Associates, lllinois, U.S.A), and this was se-
lected because it is used for large-scale chromatographic
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Table 1. Typical properties of Chromosorb A.

20/30mesh|45/60mesh | 60/80mesh
rp (cm) 0.03125 | 0.01360 0. 00996
€5 0. 66 0.78 0.78
€5 0.50 0.62 0. 62
A, (em¥/em?)'® 13, 000
A (g/cm?®) 27,000
true density
(g/em®) 2.3
separation.

The Chromosorb A of three particle sizes (60/80,
45/60, and 20/30 mesh) were used, and the average par-
ticle sizes were determined by screen analysis.

The ratio of the liquid phase to the solid particle was
0.25 by weight for all particle sizes. The interparticle
porosity was assumed to be 0.41 [8], and the intraparti-
cle porosities of 25% -coated porous particle were
measured by a mercury porosimeter at atmospheric
pressure for three particle sizes. Typical properties of
Chromosorb A are given in Table 1.

Method

The columns were glass tubes tapered at the bottom
sides whose inner diameters were fixed at 1.0 ¢cm with
lengths of 25, 50, and 75cm. The packed bed in the col-
umn was supported by a thin pad of fine glass wool,
and the columns were packed by using a vibrator. The
column was covered with ceramics to keep the temper-
ature constant.

A sample of 5ul volume was injected to the bottom
of the column by a syringe. The feed was vaporized into
a stream of helium before entering into the column. The
outlet stream from the chromatographic column was
monitored continuously.

Each curve from the chromatographic column was
divided, and coordinates of those were read by an HP
9845 digitizer.

RESULTS AND DISCUSSION

Measurement of Partition Coefficient

The partition coefficient is usually defined by the
ratio of the retention volume in the mobile phase to the
quantity of the liquid phase [10]. Figure 1 indicates that
retention volumes were independent of the concentra-
tion in the injected pulse. The retention volumes were
experimentally obtained from a conventional gas chro-
matograph, and the partition coefficients could be ob-
tained by measuring the quantity of the liquid phase
{11}

The effect of the column temperature on the partition
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Fig. 1. Effect of sample volume on retention

volume at 40T,
(uo=23.71cm/sec, 45/60mesh, L.=50cm),

coefficient was correlated as [12].

K=K, exp(— AH/RT) (17)
where - AH, (cal/gmol) = heat of solution

R (cal/gmol °K) = gas constant
Figure 2 shows the effect of the column temperature

on the partition coefficient. From the slope of each
straight line in the figure, the heat of solution could be
obtained. K, and - AH; of each component are listed in
Table 2.

Partition coefficient (In K)
[N
T

2.5 ! ! ! L
23 25 27 29 31 33

Temperature ( 10(.)190)

Fig. 2. Effect of column temperature on partition
coefficient.

Table 2. K, and — AH; used in Eq.(17).

K, — AH; (cal/gmol )
DCM 0. 00298 7043.9
DEE 0. 00167 6875. 0
DMM 0. 00231 6894. 9

Determination of Parameters used in the Model

The film thickness, &, was obtained as 0.127 um
under the assumption of uniform distribution of the li-
quid phase on the porous solid support at 25% liquid
loading [13]. Fixed parameters used in the uniform film
thickness model are listed in Table 3.

Two adjustable parameters, 7., and P; were esti-
mated by using Fourier analysis. Due to the nonlinearity
of the expression, the parameters were determined by
an optimization technique suggested by Marquart [18].
The axial dispersion coefficient in a packed column is
expressed as a sum of the molecular diffusion and the
eddy diffusion [19].

Do:ﬂ ext Dytrpu, (18)

Edwards [20] showed that molecular diffusion
becomes important at Reynolds number smaller than
3% 10-* for liquids and 1.8 for gases. The effect of the
superficial velocity of carrier may be significant because
of its higher flow rate. It is possible to estimate the exter-
nal tortuosity from the impulse injection test at different
superficial velocities of carrier and particie sizes. After
the axial dispersion coeffiecient was estimated, the

Peclet number for particle (Pe, p= 2111; Ty

) was expressed

o

in terms of the Reynolds number (Fig. 5) as follows:
i 0.87

= +0.5, 19
Pe,p Re-Sc 19)
:zl‘Puop . Mc
where Re 4. and Sc 2Dy

Table 3. Fixed parameters used in this work.

(13 _ WL
d (cm) d y/ LASWS
k, (cm/sec) k,:?—"(1+0. 725RYIS 1Y)
P
kg (cm/sec) k,=D*" (12,5375
rp €s
DCM DEE DMM

D, (cm?/sec)'™| 0.488 0. 410 0. 441
D, (cm¥/sec)"*?|1.28X107* |1.01X10* |1 12x10~¢

K 247.2 105.6 150. 8
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Table 4. Result from frequency domain analy-

sis for DCM. (Adjustable parameters:

Texts Pz)
L (cm) article size . \
{(cm) p(”-c(?m) u, {cm/sec) | Mex: P,
7.73 1.2610.0114
45 / 60 mesh
75 4,08 0.70(0.0115
(0.0136)
2.43 0.45]0.0115
6. 28 1.05]0.0114
20 / 30 mesh
50 ) : 4,54 1.04{0.0114
(0. 03125)
2.65 0.8510.0115
6. 40 1.08(0.0115
_ 45 / 60 mesh
50 ) 4.11 0. 8810.0116
(0.0136)
2.13 0.45(0.0114
) 507 0.85(0.0115
60 / 80 mesh
50 ) ) 4.99 0.82(0.0115
(0. 00996)
2,82 0.3210.0114
3.71 0.68/0,0116
45 / 60 mesh
25 2.58 0.40}0.0114
(0. 0136)
1.51 0.23/0.0115

The dimensionless group, P;. was determined to give

0.0115 for DCM, 0.0230 for DEE, and 0.0193 for DMM,
whereas the corresponding intraparticle diffusion coeffi-
cients were 0.002 cm¥sec, 0.001 cm¥sec, and 0.0012
cm’/sec, respectively. Results of the parameter estima-
tion are summarized in Table 4.
Comparison of Theoretical Response to
Observed Response in Time Domain

The Parameters discussed up to now can be used to
predict the theoretical response curve in the time do-

Lo
0.5 >«
Pe, ; /
- O : DCM
. A DEE
0.2F T : DMM
O.l 1 A 1 1
0. 02 0.05 0.1 0.3 0.50.7

Re
Fig.3. Effect of Reynolds number on Peclet

number for particle.
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Fig. 4. Comparison of theoretical and observed
response curves in time domain; DCM,
(up,=4. 1lcm/sec, 45/60 mesh, L="50cm).

main. For approximation, the Laplace transformed
equation was inverted numerically following the curve
fitting procedure suggested by Dang and Gibilaro [21].

The infinite upper integration limit, @ ., was taken
as the smaller value inwhich the amplitude ratio was
10-2. Figures 4 and 5 show the theoretical response
curves together with the experimental data for DCM and
DMM. The agreement between the two is fairly good,
but Jonger columns with higher flow rates often produc-
ed skewed elution curves accompanied by long tails
[22].

In a chromatographic column, the mean residence
time of carrier gas decreased with the increase in the flow
rate. In such case, the maximum freguency was also in-
creased because of the large amplitude ratio (Fig. 6).

The effect of Pe on the shape of the response curve
was examined by comparing the experimental and
theoretical responses as shown in Fig. 7. External tor-
tuosities from I to IV were 0.1, 0.45, 0.87, and 5.0,
respectively. Dotted line represents the experimental

0.03
e+ . experimental
—  theoretical
0.02F
n
0.01F
A
2 4

Fig.5. Comparison of theoretical and observed
response curves in time domain; DMM,

other parameters as in Fig. 4.
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Fig. 6. Amplitude ratio for DCM,
(45/60 mesh, L.=50cm).

response curve and the corresponding tortuosity was
0.45. It is evident that, as Pe decreased, the curves
becarne increasingly skewed. Figure 8 showsthe effect of
P on the curves, and the intraparticle diffusion coeffi-
cients were 0.05, 0.001, and 0.0002 cm2/sec from the top
down, while the value equivalent to the experimental
curve was 0.002cm?/sec.

Sensitivity analyses of the response curves with re-
spect to 5,(k/} and S,M(k,) gave useful indications of how
these parameters influenced the shape of the curves.
The effect of the interparticle film resistance on the

0.015] 1
Pe
0.012¢ I : 1500
I : 428
0.009+ ' . ;250
7 ® e e : experimental N :50
0.006t+
0.003F
0 2 4 6 8 10 11

Fig.7. Comparison of experimental and theoreti-
cal response curves showing the effect of
Pe; DCM,
(uo=2. 13 cm/sec, 45/60 mesh, L=50 cm).

0.02f
0.015}

7 0.01f

0.005¢

0

Fig. 8. Comparison of experimental and theoreti-
cal response curves showing the effect of

P,; DCM, other parameters as in Fig. 3.

response curve is illustrated in Fig. 9, from which it
is found that the effect was not greatly influenced when
the dimensionless group, S, was greater than about
1500. Curve Il was obtained by using the interparticle
mass transfer coefficient calculated from the equation
given in Table 3.

Figure 10 shows the effect of the intraparticle film
resistance on the response curve. As in Fig. 9,-a de-
crease in the dimensionless group, S,M, gave rise to a
progressively broader peak. The theoretical response
curve | was obtained by using the intraparticle mass
transfer coefficient given in Table 3. The shape of the
theoretical curve was not changed even though the
dimensionless group. SM, approached to infinite. It was
shown by moments analysis that the interparticle and
intraparticle film resistances to the second moment of
the frequency response was linearly additive [7]. So it
could be concluded that the liquid film resistance was

0.03
S,
0.0251 71 : 1,500,000
I 66,976 (used
0.02 in this work)
1 I : 1,500
0.015 N :150
¥
0.01
0.005 |-
0 L L . X
1 2 3 4 5 6
]
Fig. 9. Dependence of the response curve upon

the interparticle mass transfer coefficient,

k,; DMM, other parameters as in Fig. 3.
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Fig. 10. Dependence of the response curve upon
the intraparticle mass transfer coeffi-
cient, ko3 DEE, other parameters as in
Fig. 7.

small and the diffusion in the liquid phase was not a
rate- determining step.

CONCLUSIONS

With the assumption of uniform film thickness, the
equations of transient material balances for the solutes
were used to estimate the two parameters, 7., and P, by
the Fourier analysis, and the following results were ob-
tained.

1. Partition coefficients for the three components {di-
chloromethane, diethylether, and dimethoxymeth-
ane) with dinonylphthalate-coated Chromosorb A
and helium as the carrier were measured from con-
ventional gas chromatograph. The theoretical re-
sponse curves were in good agreement with the
observed responses.

2. The ettect of the Peclet number for particle, Pe,p,
could be expressed as:

1 _ 0. %7 s

Re-Sc

3. The dimensionless groups, P, containing the in-
traparticle diffusion coefficient were 0.0115 for
DCM, 0.0230 for DEE, and 0.0193 for DMM.

4. Sensitivity analyses with respect to the interparticle
and intraparticle mass transfer coefficients were
performed, and the result showed that the liquid
film resistance was small and the diffusion in the li-
quid phase was not a rate-determining step.

NOMENCLATURE
Ap - surface area pf porous particle per unit vol-
ume, cmé/cm®
A, . surface area of porous particle per unit mass,
cm’lg
C . concentration of solute in the mobile phase,
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gmol/cm?

C : concentration of solute in the intraparticle
phase, gmol/cm?

Co - inlet concentration of solute, gmol/cm?®

C, : concentration of solute in the liquid phase,
gmol/cm?®

C(s) : Laplace transform of C(t)

D, . intraparticle diffusion coefficient, cm?/sec

D, . liquid-phase diffusion coefficient, cm?/sec

Dy : molecular diffusivity, cm?/sec

D, . axial dispersion coefficient, cm?/sec

f.(5),f() : observed value and predicted value, respec-
tively

F {0, F£t): Fourier transformed transfer function

-AH, : heat of solution, cal/gmol

. interparticle mass transfer coefficient, cm/sec

. intraparticle mass transfer coefficient, cm/sec

: partition coefficient

: constant used in Eq. (17)

. column length, cm

. radial distance, cm

. radius of solid support, cm

: gas constant (1. 987 cal/gmol °K)

. variable of Laplace transform

: column temperature, °K

. interstitial velocity of carrier, cm/sec

: superficial velocity of carrier, cm/sec

: weight of liquid phase, g

. weight of solid support, g

. distance perpendicular to surface of solid sup-
port, cm

z : axial distance. cm

x -

~ - RR RN

E o - s

EEQ

»

Greek Letters

& . film thickness of liquid phase, cm

e : interparticle porosity

€5 . intraparticle porosity with the presence of li-
quid phase

€ © intraparticle porosity with the uncoated solid
support

7 ext . external tortuosity

A1, Aq Ay - values defined in Eq. (12) to Eq. (14)

Iy . viscosity of carrier, glcm. sec

0 . density of carrier, g/em?

oL : density of liquid phase, g/cm®

¢ : objective function defined in Eq. (15)

w, wmax : frequency and maxium frequency, respec-
tively
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