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Abstract—The combined continuous and preparative gas-liquid chromatographic system was considered
for separating continuously three close-boiling components, diethylether, dimethoxymethane, and di-
chloromethane. Their concentration profiles were simulated by the methematical model, which assumed
the uniform distribution of stationary liquid phase and the linearity of the equilibrium isothern.

The uperational principles of the system are thal the least-absorbed compunent of the Ihree components
can be vbtained purely before the elution of the most-absorbed components if the mixture is continuously in-
jected into the une of the two sections (partition section) and at lhe same time, in the other section (desorplion
section}, the three cornpunents remained in the column can be separated by the adjusting the experimental
conditions and the column configuration. If the uperalions in the twu sections are simultaneously finished
within a time (switching time), continuous separations of the three components are feasible. The effect of the
various vperating conditions un the resolution is invesligated. From the results of the simulations, the resolu-
tion is greatly affected by the additivnal column length in the desorption section and the switching lime can

be determined by the desorbent velocity.

INTRODUCTION

Gas-liquid chromatography is a separation method
based on differences in the partition coefficients of
substances distributed between a stationary liquid
phase and a mobile phase. Since the introduction
of the chromatography [1], over the past 30 years
much effurts have been made to increase the through-
put capabilities. From the start, it was recognized this
technology could be used for quantitative separation
on an industrial scale [2]. Until now, attempts have
been made to scale up lab-sized chromatography units
to treat more quantity of substances and to make the
system to be continuous operation {3].

Among the some systerns to meet the condilion,
UOP process is widely acknowledged as a useful
system [4]. As an improved preparative chro-
matography, Wankat developed moving feed point
chromatography [5], and this system was used to
separate two close-boiling components in gas-liquid
chromatography [6,7]. Later it was combined with
moving product withdrawal chromatography, moving
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purt chromatography was suggested (8]. He properly
used a local equilibrium mudel to analyze the charac-
teristics of the system. Two mathematical models of
the moving bed adsorber, an intermittent moving bed
and a continuous moving bed type, were presented
by Hashimoto et al. for calculating the concentration
profiles of glucose and fructose [9,10].

Such mixtures as various hydrocarbons, dextran,
and ssaccharoids were separated using series of the
semicontinuous counter-current refiner (SCCR) [11-13]
and a mathematical model based on the theorelical
plate concept was used to simulate the performance of
the unit [14]. Fur the SCCR unit and the UOP process,
Ching and Ruthven have proposed the theorelical
model for simulated counter-current operation as an
equivalent countercurrent cascade of theorelical
equilibrium stage under steady state condition and
obtained the analytical concentration profile [15,16].

For the combined continuous and preparative
chromatographic system, mathematical models were
developed and used to compare the experimental data
with the calculated values in the binary mixture
[17,18]. The purpose of this work is to inverstigate the
feasibility and adaptation of the ternary mixture to this
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Fig. 1. Schematic diagram of the combined continuous and preparative chromatographic beds.

system and the effects of operating conditions on the
resolutions of the components by the prediction of the
concentration profiles.

OPERATIONAL PRINCIPLES OF THE
SYSTEM [17, 18]

When a mixture of diethylether (DEE), dimethouxy-
methane (DMM), and dichlororethane (DCM) is contin-
uously injected into a chromatographic column, DEE
is eluted first by the solubility difference with
stationary liquid phase (SLP) of dinonylphtkalate, and
later DCM followed by DMM comes out from the
column. The feed mixture is continuously injected
until the only least-absorbed component (DEE) comnes
out from the column in partition section, and the un-
separated components in the partition section can be
separated with the adjustments of column length and
desorbent velocity i desorption section. The experi-
mental system was composed of 12 segmented col-
umns and sixty solenoid valves controlled by a pro-
grammable controller (see Figure 1). The partition
section is assumed to consist of 4 columns and the de-
sorption  section of 8 columns. During the firsl
switching time, the feed is continuously injected into
the column 1, and DEE is purely obtained at the out-
let of column 4. Within the second switching time.
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the position of feed injection is moved to the inlet of
column 9. At the same time, the columns 1-8 are the
desorption section, and a mixture of three components
are separated at the outlet of column 8.

Separation of the components is continuously
achieved if the operations in the two sections are
terminated within a switching time, and the feed
mixture is systematically injected into the following
columns with a circular form. In the partition section,
only the least absorbed component is obtained in pure
state, and in the desorption sections with additional
column, the remains of DEE, DMM, and DCM are sep-
arated. Each mathematical model is set up to research
the feasibility of the ternary system and the perfor-
mance of the chromatographic system.

BASIC EQUATIONS

The basic equations for this system are well ref-
erenced in [17-20}. The following Laplace transformed
equation can be used to predict the concentration
profilein the partition section for the injection time of (;,

o=t el - ((E) )

)
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In the desorption section, the components are as-
sumed to be partitioned initially with the inlet concern-
tration of the feed, c,. Under the condition, the sulu-
tion with the additional column length (L") in the
Laplace domain is

where
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The resulting Laplace transformed equations [Egs.
(1) and (6)] should be converted into the real time
domain. For an approximation technique, the equa-
tions are inverted numerically with the curve filting
procedure by Dang and Gibilaro (21]. The kinetic
constant and other parameters used in the simulations
are listed in Table 1 [18). The axial dispersion
coefficient, E, and effective diffusivity, D, were
estimated by analysis of frequency domain. The
molecular diffusivity in an eluant of N, was calculated
from the Chen and Othmer equation and the diffusion
coefficient in SLP, Dy, was calculated from the Wilke-
Chang equation using the molar volume by Tyn and
Calus method for a SLP of dinonylphthalate. The de-
pendence of interparticle mass transfer coefficient, k;,
on superficial velocity of eluant and particle size can
be expressed by the semiempirical correlation [22].
For the intraparticle mass transfer coefficient, kg, tt
correlation formula proposed by Ergun was used with
the assumption that it was not affected by the
superficial velocity of eluant [23].

RESULTS AND DISCUSSION

When a mixture of DEE, DMM, and DCM is con-
tinuously injected, the concentration profiles in a par-
tition section are shown in Figure 2. The curves in the
partition section were calculated by the numerical
inversion of the Laplace transformed equation (17). In
this case, the switching time is determined as 90 sec
just befure the elution of the DMM.

The effects of uperating conditions on the number
of theoretical plates in the partition section are listed in
Table 2. Under the assumption of the large theoretical
number of plates [24], it is calculated by the following,
equation,

N=8r (v/a)?. {13)
As the column temperature was increased, the tolal
elution volume of the carrier gas necessary to exclude
the component from the column was smaller, because
the partition coefficient decreased exponentially with
the temperature. In the partition section the column
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Table 1. Partition coefficients and kinetic constants used in simulation work

1. Effect of mesh size and % liquid loading
Mesh size:
60/80 45/60 20/30
1, (m) 0.0000996 0.000136  0.000314
% liquid loading:
1 60/80 mesh, 45/60 mesh

25 20 15
€, 062 0.66 0.69
2 20/30 mesh

25 20 15
. 0.50 0.54 057
% liquid loading

25 20 15
&(pm) 0.1270 0.0955 0.0650
3. Counstants
A, (m%m3) 1300000.0

€ 0.41
D, (<10 "% m2sec) 1.00 (DEE) 1.19 (DMM) 2.00 (DCM)

2. Effect of columin temperature

DEE
(DEE) Dy K D
temperature
°C 10-10 m2/sec 10-5 m2/sec
25 0.471 184.2 0.88
30 0.561 152.1 0.90
35 0.650 126.3 0.93
40 0.793 105.6 (0.96
45 1.090 88.7 (0.99
(DMM) " ‘ D,
temperature
°C 10-10 m2/sec 10-5 m2/sec
25 0.520 263.4 0.94
30 0.648 2174 0.97
35 0.790 180.5 1.00
40 0.876 150.8 1.03
45 1.115 126.7 1.06
(DCM) D, K Dy

temperature

°C 10-10 m2/sec 10-5 m?/sec
25 0.595 437.1 1.02
30 0.750 359.2 1.05
35 0.901 297.1 1.08
40 1.020 247.2 1.12
45 1.275 206.8 1.15

lemperature have directly affected on the switching
time, that is, higher column temperature resulted in
shorter switching time. The table also shows that the
column efficiency expressed as the number of theoreli-
cal plates was considerably affected by the change in
liquid loading. Elution time of the component was
shorter at lower liquid loading, but more feed mixtures
can not be separated due to the limited quantity of
SLP. However, higher liquid loading increased (he
separation time and especially with high temperature
in the system. This is often detrimental to the capacity
of a column, since relative retention volumes between
two components diminish with higher temperatures.
Therefore, optimum liquid loading might exist in a
practical operation. As a large sample is usually
injected in the scaled-up chromatographic system, a
column packing with high liquid lvadings was general-
ly used. Finer particles size made the slope of the
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leading edge in the concentration profile of the
partition section sharper due to increased column
efficiency. However, in a gas chromatographic col-
umn, larger pressure drop caused by these smaller
particle sizes was not desirable, because the best
column efficiency is obtained at low inlet-to-outlet
ratio of the pressure throughout the column. The
majority of practical gas chromatographic system are
performed generally at the outlet of atmospheric
pressure, so that the inlet pressure is adjusted sume-
what to operate at the optimum flow rate in the chro-
matographic column.

The concentration profiles of the three components
in a desorption section are shown in Figure 3. The
curves in the desorption section were calculated by the
numerical inversion of the Laplace transformed
equation (29). Effect of desorbent volocity on the total
elution time with the additional column in the de-
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Fig. 2. Theoretical concentration profiles in parti-
tion section.
(L=1.0m, ug=0.15 m/sec, 35°C, 25% liquid load-
ing, 45/60 mesh)

sorption section is shown in Figure 4. The desorbent
velocity needs to be adjusted for the remained com-
punient to be completely eluted from the desorption
section within a switching time to achieve continu-
ous operation. In a certain condition of the partition
section, the switching time can be determined as the
duration from the start-up of injection to just before the
elution of DMM.

The resolution is used to investigate the optimum
operating conditions, and it is defined by

R1.2:2(b2_b|)/(az"a1). 14

With increase in the desorption section of the addi-
tional column length, two resolutions of neighboring
ccmponents were improved gradually (Figure 5). In
analytical chromatography, generally, the shape of a
resolution is sharp, whereas in preparative system, the
top of a peak is flattened caused by larger volume of
feed mixture [25].

Effect of column temperature in the desorplion
section on the resolution is shown in Figure 6. The
components were eluted out faster with higher temper-
ature. In this system, the column temperature was to
be kept uniformly in the two sections. Because the
higher temperature decreases the total elution tine,
the resolution may be worse due to the fast elution of
the two components. For 20% liquid loading, the
optimum column temperature is about 41°C, which
was slightly over the boiling points of the components,
DEE and DCM. The chromatographic separation is re-
portedly operated around the boiling points of the
components to be separated [26].

Increase in the weight percentage of a liquid load-
ing in stationary phase (% liquid loading) improved
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Fig. 3. Theoretical concentration profiles in desorption
section.
(L=1.0m, L'=2.0 m, ug =0.15 m/sec, 35°C, 25%
liquid loading, 45/60 mesh)
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Fig. 4. FEffect of desorbent velocity with additional col-
umn length on total elution time in desorption
section.

(L =1.0m, 35°C, 20% liquid loading, 45/60 mesh)

the resolution (Figure 7), but it also increased the total
elution time. And the smaller particle size improved the
resolution (Figure 8).

Separation of the three components in the desorp-
tion section was decisively affected by increase in the
additional column length more than particle size and
% liquid loading. By adjusting the desorbent velocity,
the remained components in the desorption section
should be separated within a switching time to
perform the operation of the system continuously.
Therefore, too small particle size and too large loading
of SLP should be avoided to meet the condition of the
switching time.

From the experimental results of the binary com-
ponents (DEE and DCM), the efficient separation
method was that the DEE was obtained purely in parti-

Korean J. Ch. E. (Vol. 7, No. 4)
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Table 2. Number of theoretical plates in partition section

K.H. ROW et al.

Ho ) column % tiquid leading  particle size *N
m/sec = 10-2 temperature °C DEE DMM L DCM
2.0 35.0 20.0 45160 859 1103 !' 1580
3.0 35.0 20.0 15/60 334 665 845
4.0 35.0 20.0 45/60 | 316 509 971
5.0 35.0 20.0 45/€0 377 465 540
10.0 35.0 20.0 45760 377 323 341
15.0 35.0 20.0 15/60 124 204 358
20.0 35.0 20.0 15/60 179 72 166
25.0 35.0 20.0 45/60 97 50 84
15.0 25.0 15.0 45/60 183 149 270
15.0 25.0 25.0 45/60 96 131 141
15.0 30.0 15.0 45/60 123 169 238
15.0 30.0 25.0 15760 64 105 173
15.0 35.0 15.0 45/60 109 111 131
15.0 35.0 25.0 45/60 54 112 139
15.0 40.0 15.0 45/60 75 58 183
15.0 40.0 25.0 45/60 55 91 135
15.0 45.0 15.0 45/60 83 109 188
15.0 45.0 25.0 45/60 70 72 115
15.0 25.0 20.0 20/30 19 21 42
15.0 25.0 20.0 45/60 157 173 202
15.0 25.0 20.0 60/80 353 170 291
15.0 30.0 20.0 20130 21 27 42
15.0 30.0 20.0 45/60 88 86 205
15.0 30.0 20.0 60/80 230 145 312
15.0 35.0 20.0 207130 26 25 44
15.0 350 20.0 45/60 143 93 138
15.0 350 20.0 60/80 173 181 305
15.0 40.0 20.0 20/30 18 24 48
15.0 40.0 20.0 45/60 57 102 197
15.0 40.0 20.0 60/80 57 108 195
15.0 45.0 20.0 20/30 9 25 35
15.0 45.0 20.0 45/60 45 77 112
15.0 45.0 20.0 60/80 86 11 185

tion section, a mixture of DEE and DCM was separated
in desorption section by increase in column length,
and the whole process should be finished within a
designated time [17]. Uniqueness of the system was
that several columns were added in series in the
desorption section to separate the non-eluted com-
ponents effectively, compared to other continuous
chromatographic systems. The theoretical concentra-
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tion profiles assumed by uniform film thickness and
linear partition equilibrium were in good agreements
with the experimental data of the binary components
for this chromatographic system.

In the model equations, the assumption were that
the equilibrium isotherm was linear and no interaction
between the two components existed. When the feed
concentration is increased, the phenomena in the
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column become more complex, and the information
about the nonlinear isotherm is needed for better pre-
diction. Mureover, the assumption that the velocity of
carrier gas and desorbent remained constant through-
out a column is not thought to be reasonable, because
higher pressure drop by a smaller particle size and a
longer column length caused the variation of the gas
velocity, and the sulute concentration changes along
the length of the column by absorption is necessarily
by change in the velocity. Although it was assumed in
Eq (18) that the components were partitioned in the
desorption section with the feed concentration, ¢, the
more-absorbed components were not exactly for the
case, because during the previous switching time, the
component was not withdrawn from -he partition
section. However, the simple model of the uniform
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Fig. 7. Effect of % liquid loading on resolution in de-
sorption section.
(L=1.0m, L =2.0m, uy-=0.15m/sec, 35°C, 45/60
mesh)
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Fig. 8. Effect of particle size on resolution in desorp-
tion section.
(L=10m, L'=2.0 m, ug=0.15 m/sec, 35°C, 20%
liquid loading)

film thickness concept might be used as a suitable
estimation of optimum operating conditions for the
combined continuous and preparative chromatogra-
phic system.

CONCLUSIONS

Mathematical models have been adopted to sim-
ulate the performance of the combined continuous
and preparative chromatographic system. The muodel
equations were the transient material balances with
the assumption of uniform film thickness of SLP in
porous solid support and linearity of the equilibrium
isotherm, and these could be successfully used to in-
vestigate the resolution of the three components, DEE,
DMM and DCM with operating conditions.

Korean J. Ch. E. (Vol. 7, No. 4)
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Among the various conditiuns, the additional
column length in the desurption section had greatly
inf.uenced to the resolution. Continuous operations
can be achieved if feed materials are separated with
the longer additional column length and higher
desorbent velocity in the desorption section within a
switching time.

NOMENCLATURE

a : peak width cut by the two tangents in unit of
volumn {m?]

A, : surface area of porous particle per unit volume
im*/m?

b retention volume from injection to peak max-
imum [m?

¢ concentration of solute in the mobile phase
(mol/m’] '

¢y o inletconcentration of solute [mol/m“‘]

C(s} : Laplace transform of ¢(t)

D, : diffusion coefficient in the pore spacing [m?/

sec]
D, : diffusion coefficient in the SLP [m‘)/sec]
D,, : molecular diffusion coefficient [m?*/sec]
E . axial dispersion coefficient [mz/sec]
k, : interparticle mass transfer coefficient (m/sec,
k intraparticle mass transfer coefficient with re-
spect to SLP-film [m/sec]

K @ partition coefficient

L : column length in the partition section or the
desorption section [m]

L : additional column length in the desorption sec-
tion {m|

N number of theoretical plates

r, : radius of porous particle [m]

le : resolution between components, i and |

s variable of Laplace transform

t @ time [sec)

ty : time of feed-injection [sec]

T : column temperature (K]

u : interstitial velocity of carrier gas or desorber:t
[m/sec]

u, - superficial velocity of carrier gas or desorbent
'm/sec]

v retention volume corresponding to point of in-
fluction [m?)

z : axial distance [m]

Greek Letters
v, Vs v vy v v values defined by Eq. (7) to Eq. (12)

§ : film thickness of SLP [um)]
e : void fraction of chromatographic column

October, 1990

€,  burosity with the presence of SLP
A Al A2 Azvalues defined by Eq. (2) to Eq. (5)
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