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Abstract

A combined continuous and preparative gas-liquid chromatographic system was considered for separating
continuously three close-boiling components, diethyl ether, dimethoxymethane and dichloromethane. Their
concentration profiles were simulated by a mathematical model that assumed the uniform distribution of stationary
liquid phase and linearity of the equilibrium isotherm. The operational principles of the system are that the least
absorbed component of the three components can be obtained purely before the elution of the more absorbed
components if the mixture is continuously injected into one of the two sections (partition section) and at the same
time, in the other section (desorption section), the three components remaining in the column can be separated by
adjusting the experimental conditions and the column configuration. If the operations in the two sections are
simultaneously finished within the switching time, continuous separations of the three components are feasible.
Effects of various operating conditions on the resolution were investigated. The results of the simulations indicated
that the resolution was greatly affected by the additional column length in the desorption section and the switching
time could be determined by the desorbent velocity.

Keywords: Preparative chromatography; Continuous beds; Simulation techniques; Diethyl ether; Dimethoxy-
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1. Introduction With the first introduction of chromatography,
it was recognized this technology could be used
for quantitative separations on an industrial scale

[2]. Many attempts have been made to scale up

One of the advantages of gas chromatographic
separation over simple distillation is that sepa-

ration can be achieved even in cases of small
differences in boiling points [1]. In this work,
three materials with closely similar boiling
points, dichloromethane, diethyl ether and di-
methoxymethane, were studied for their com-
bined continuous and preparative gas—liquid
chromatographic separation by the prediction of
the calculated elution profiles.

laboratory-sized chromatographic units to treat
greater amounts of substances and to make the
system a continuous operation [3,4]. By the early
1960s, continuous countercurrent moving-bed
separators were used to separate binary com-
ponents in laboratory-scale equipment [5,6], and
the characteristics of this system were well docu-
mented in [7]. Later, this system was examined
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further with an ideal mathematical model which
predicted the concentration profile around the
feed point of the unit [§].

The UOP (Universal Oil Products) process is
widely acknowledged as one of the earliest
simulated moving bed (SMB) systems [9]. Two
mathematical models of the moving bed ad-
sorber, an intermittent moving bed and a con-
tinuous moving bed type, were presented by
Hashimoto and co-workers [10,11] for calculating
the concentration profiles of glucose and fruc-
tose. For the semi-continuous counter-current
refiner (SCCR), a mathematical model based on
the theoretical plate concept was used to simu-
late its performance [12]. Ching and Ruthven
[13,14] proposed a theoretical model for simu-
lated counter-current operation as an equivalent
counter-current cascade of theoretical equilib-
rium stage under steady-state conditions and
obtained the analytical concentration profile.
More recently, the design and performance for
the optimum operating conditions of SMB units
have been considered by numerous workers [15-
17].

In a related process, Wankat [18,19] used a
local equilibrium model to analyse the charac-
teristics of a moving feed-point system, while the
plate model was used to predict the concen-
tration profiles for the same system [20].

For a combined continuous and preparative
chromatographic system, mathematical models
have been developed and used to compare the
experimental data with the calculated values in
the binary system of diethyl ether and dichloro-
methane [21,22]. The purpose of this work was to
investigate the usefulness of this system for the
separation of the three close-boiling components
and the effects of operating conditions on the
column efficiency expressed as the number of
theoretical plates in the partition section and the
resolution of the components in the desorption
section by the prediction of concentration pro-
files.

2. Operational principles of the system

When a mixture of diethyl ether (DEE),
dimethoxymethane (DMM) and dichloro-

methane (DCM) (all from Kanto Chemical,
Tokyo, Japan) is continuously injected into the
inlet of a chromatographic column, DEE is
eluted first owing to the solubility difference with
the stationary liquid phase (SLP) of dinonyl
phthalate (Tokyo Kasei, Tokyo, Japan), and
subsequently DCM followed by DMM leave
from the column [2122]. The feed mixture is
continuously injected until only the least ab-
sorbed component (DEE) leaves the column in
the partition section, and the unseparated com-
ponents in the partition section can be separated
with adjustments to the column length and desor-
bent velocity in the desorption section. The
experimental system is composed of twelve seg-
mented columns and 60 solenoid valves con-
trolled by a programmable controller (see Fig. 1).
The partition section is assumed to consist of
four columns and the desorption section of eight
columns. During the first switching time, the feed
is continuously injected into column 1, pure DEE
is obtained at the outlet of column 4. Within the
second switching time, the position of feed in-
jection is moved to the inlet of column 9. At the
same time, columns 1-8 constitute the desorp-
tion section, and a mixture of three
components is separated at the outlet of column
8.

Separation of the components is continuously
achieved if the operations in the two sections are
terminated within the switching time, and the
feed mixture is systematically injected into the
following columns with a circular form. In the
partition section, only DEE is obtained in a pure
state, and in the desorption sections with addi-
tional columns, the remaining DEE, DMM and
DCM in the columns. The following mathemati-
cal models were set up and used to predict the
feasibility of this chromatographic system for
ternary components with close boiling points and
the performance of the system.

3. Mathematical models

The basic equations for this system are well
known [21-24]. The assumptions for establishing
the equations governing the processes are a
uniformly distributed SLP on the surface of the
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Fig. 1. Schematic diagram of combined continuous and preparative chromatographic beds.
inert solid particle, a linear partition isotherm, 1
negligible sorption and pressure drop effects and Ay = D (e,s + A k,)
spherical solid particles. The following Laplace ¢
transformed equation can be used to predict the N '
concentration profile of the least absorbed com- Ak, cosh(A;)
onent in the partition section for an injection - s 12
ponent. P ) D.K(-=)"" A + Dk, cosh(,)
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In the desorption section, the components are
(1) assumed to be partitioned initially with the inlet
. concentration of the feed, c¢,. The governin
at the bed exist, Z = L, where ncentration of the feed, ¢,. governng
equations are the same as those in the partition
c 3(1-¢) sinh(A,r,) section. However, some of the initial and bound-
A== s+ ——k|1-—-"L") ary conditions are different from those in the
E r € f r 1 y « . . .
P P partition section. The initial conditions and the
2) boundary conditions in the desorption section
. are changed as follows:
’
A = p ! 5 c=q=c, (fort=0,z>0) (6)
De /\2 COSh(/\zrp) + (kf - rp ) Slnh( Azrp) n= KC() (fO[' t= 0’ 7> 0) (7)
(3) c=0 (fort>0,z=0) (8)
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Under these conditions, the solution in the
Laplace domain with the additional column

length (L') is
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The resulting Laplace transformed equations
(Eqgs. 1 and 9) should be converted into the real
time domain to predict the elution profiles in the
partition section and the desorption section,
respectively. Using an HP Vectra PC (Model
486/66VL), the equations are inverted numeri-
cally with the curve-fitting procedure by Dang

and Gibilaro [25]. The parameters used in the
simulations are listed in Table 1. For each com-
ponent, the axial dispersion coefficient, £, was
estimated from the correlation E =0.707D,, +
roig™" and the effective diffusivity, D, was
obtained by the analysis of frequency domain
[22,23]. The diffusion coefficient in SLP, D, was
calculated from the Wilke—Chang equation using
the molar volume by the Tyn and Calus method
for an SLP of dinonyl phthalate [2223]. The
dependence of interparticle mass transfer coeffi-
cient, k, on the superficial velocity of the eluent
and particle size was expressed by the following
semi-empirical correlation [26]:

D,
k:—(2+145R A0Sty (16)

For the intraparticle mass transfer coefficient, &,.
the following correlation formula proposed by
Ergun [27] was used with the assumption that it
was not affected by the superficial velocity of the

eluent:
D, (1—
M( Ep)] (17)

k,=125 [
i Fo&p

4. Results and discussion

When a mixture of DEE, DMM and DCM is
continuously injected, the concentration profiles
in partition section are as shown in Fig. 2. The
curves in the partition section were calculated by
numerical inversion of the Laplace transformed
Eq. 1. In this case, the switching time is de-
termined as 90 s just before the elution of DMM.

The effects of the operating conditions on the
number of theoretical plates (V) in the partition
section are given in Table 2. Under the assump-
tion of a large theoretical number of plates [28],
it is calculated by the following equation:

N=27(,,,/w)’ (18)

where v,,, and w are the retention volume
corresponding to half-height and the intercept
under the tangent at the point of inflection in
units of volume, respectively. As the column
temperature was increased, the total elution
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Table 1
Parameters used in simulation work
Particle size 60-80 45-60 20-30
(mesh)
r, (m) 0.0000996 0.000136 0.000314
Liquid
loading (%) 25 20 15 25 20 15 25 20 15
€ 0.62 0.66 0.69 0.62 0.66 0.69 0.50 0.54 0.57
Liquid
loading (%) 25 20 15
S(mx10"" 0.1270 0.0955 0.0650
35°C DEE* DMM"* DCM*
D,, (10" m’/s) 0.93 1.00 1.08
D, (107 m*/s) 1.00 1.19 2.00
D, (107" m’/s) 0.66 0.79 0.90
K 126.3 180.5 297.1
A, (m*/m®) 1 300 000.0
€ 0.41
“35°C

volume of the carrier gas necessary to exclude
the component from the column was smaller,
because the partition coefficient deceased ex-
ponentially with temperature [23]. In the parti-
tion section the column temperature has a direct
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Fig. 2. Theoretical concentration profiles in partition section.
L=10m, u,=0.15 m/s, 35°C, 25% liquid loading, 45-60

mesh.

effect on the switching time, that is, a higher
column temperature resulted in a shorter switch-
ing time. Table 2 also shows that the number of
theoretical plates was considerably affected by
the change in the percentage liquid loading
defined by the percentage ratio of the mass of
SLP to that of uncoated solid packings. The
elution time of a component was shorter at lower
liquid loadings, so more feed mixtures cannot be
separated because of the limited amount of SLP.
However, higher liquid loadings increased the
separation time. In such a case with a high
temperature in the system, it is often detrimental
to the capacity of a column, since the relative
retention volumes between two components di-
minish with increase in temperature. Therefore,
an optimum liquid loading might exist in a
practical operation. As a large amount of feed is
usually injected in a scaled-up chromatographic
system, column packings with high liquid load-
ings were generally used. Fine particles sharp-
ened the leading edge of the concentration
profile in the partition section due to the in-
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Table 2
Number of theoretical plates (N) in partition section

u, Column Liquid Particle N
(m/s) temperature loading size
(°C) (%) (mesh) DEE DMM DCM

0.02 35 20 45-60 859 1103 1580
0.03 35 20 45-60 334 665 845
0.04 35 20 45-60 316 509 971
0.05 35 20 45-60 377 465 540
0.10 35 20 45-60 377 323 34
0.15 35 20 45-60 124 204 358
0.20 35 20 45-6-0 179 72 166
0.25 35 20 45-60 97 50 84
0.15 25 15 45-60 183 149 270
0.15 25 25 45-60 96 131 141
0.15 30 15 45-60 123 169 238
0.15 30 25 45-60 64 105 173
0.15 35 15 45-60 109 111 131
0.15 35 25 45-60 54 112 139
0.15 40 15 45-60 75 58 183
0.15 40 25 45-60 35 91 135
0.15 45 15 45-60 83 109 188
0.15 45 25 45-60 70 72 115
0.15 25 20 20-30 19 21 42
0.15 25 20 45-60 157 173 202
0.15 25 20 60-80 353 170 291
0.15 30 20 20-30 21 27 42
0.15 30 20 45-60 88 86 205
0.15 30 20 60-80 230 145 312
0.15 35 20 20-30 26 25 44
0.15 35 20 45-60 143 93 138
0.15 35 20 60-80 173 181 305
0.15 40 20 20-30 18 24 48
0.15 40 20 45-60 57 102 197
0.15 40 20 60--80 57 108 195
0.15 45 20 20-30 9 25 35
0.15 45 20 45-60 45 77 112
0.15 45 20 60-80 86 111 185

creased column efficiency. However, in a gas
chromatographic column, a larger pressure drop
caused by smaller particle sizes was not desir-
able, because the best column efficiency is ob-
tained at a low inlet-to-outlet ratio of the pres-
sure throughout the column. The majority of
practical gas chromatographic systems are nor-
mally performed with the outlet at atmospheric
pressure, so that the inlet pressure is adjusted to
operate at the optimum flow-rate in the chro-
matographic column.

The concentration profiles of the three com-
ponents in the desorption section are shown in
Fig. 3. The curves in the desorption section were
calculated by numerical inversion of the Laplace
transformed Eq. 9. The effect of the desorbent
velocity on the total elution time with additional
columns in the desorption section is shown in
Fig. 4. The desorbent velocity needs to be ad-
justed for the remaining components to be com-
pletely eluted from the desorption section within
the switching time to achieve continuous opera-
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Fig. 3. Theoretical concentration profiles in desorption sec-
tion. L=10m, L'=2.0 m, 4, =015 m/s, 35°C, 25% liquid
loading, 45-60 mesh.

tion. Under certain conditions in 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 op-
timum operating conditions, and is defined by

R, ,=2(b,—b,)/(a, +a,) (19)

where a, and b, are the peak width of component
i cut by the two tangents in units of volume and
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Fig. 4. Effect of desorbent velocity with additional column
length on total elution time in desorption section, L = 1.0 m,
35°C, 20% liquid loading, 45-60 mesh.

the retention volume of component i from in-
jection to peak maximum, respectively. With
increase in the additional column length in the
desorption section, the two resolutions of neigh-
bouring components were gradually improved
(Fig. 5). In analytical chromatography, the shape
of a peak is sharp, whereas in a preparative
system, the top is flattened, caused by the larger
volume of feed mixture [29].

The effect of column temperature in the de-
sorption section on the resolution is shown in
Fig. 6. The components were eluted faster with
higher temperature. In this system, the column
temperature was to be kept uniform in the two
sections. Because a higher temperature decrcases
the total elution time, the resolution may be
worse owing to the rapid elution of the two
components. For a 20% liquid loading, the op-
timum column temperature is about 41°C, which
was slightly above the boiling points of DEE and
DCM. The chromatographic separation is oper-
ated around the boiling points of the components
to be separated [30].

A high percentage liquid loading increased the
resolution (Fig. 7), but it also increased the total
elution time. A smaller particle size improved
the resolution (Fig. 8).

The separation of the three components in the
desorption section was decisively affected by an
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Fig. 5. Effect of additional column length on resolution in
desorption section. L =10 m. u,=0.15 m/s, 35°C, 20%
liquid loading, 45-60 mesh.
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Fig. 6. Effect of column temperature on resolution in desorp-
tion section. L =10m, L' =2.0 m, u, = 0.15 m/s, 20% liquid
loading, 45-60 mesh.

increase in the additional column length, more so
than by particle size and percentage liquid load-
ing. By adjusting the desorbent velocity, the
remaining components in the desorption section
should be separated within the switching time to
perform the operation of the system continuous-
ly. Therefore, a suitable selection of particle size
and loading of SLP is necessary to meet the
conditions of the switching time.

The uniqueness of this system was that several
columns were added in series in the desorption
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Fig. 7. Effect of percentage liquid loading on resolution in
desorption section. L =10 m, L'=20 m, u,=0.15 m/s,
35°C, 45-60 mesh.
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Fig. 8. Effect of particle size on resolution in desorption

section. L=1.0 m, L'=20 m, «,=0.15 m/s, 35°C, 20%
liquid loading.

section to separate the non-cluted components
effectively, compared with other continuous
chromatographic systems. In the binary system of
DEE and DCM, the theoretical concentration
profiles calculated by the same mathematical
models were in relatively good agreement with
the experimental data [21,22]. In the model
equations, the assumptions were that the equilib-
rium isotherm was linear and no interaction
between the components existed. When the feed
concentration is increased, the phenomena in the
column become more complex, and the infor-
mation about the non-linear isotherm is needed
for a better prediction. Moreover, the assump-
tion that the velocity of carrier gas or desorbent
remained constant throughout a column is
thought not to be reasonable, because a higher
pressure drop caused by a smaller particle size
and a longer column length led to variations in
the gas velocity, and the changes in solute con-
centration along the length of a column by
absorption is necessarily accompanied by a
change in the velocity. Although it was assumed
in Eq. 6 that the components were uniformly
partitioned in the desorption section with the
feed concentration c,, for the more absorbed
components this was not exactly so, because
during the previous switching time, the com-
ponent was not withdrawn from the partition
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section. However, the mathematical model of the
uniform film thickness concept might be used for
a simple estimation of the optimum operating
conditions for a combined continuous and pre-
parative chromatographic system.

5. Conclusions

Mathematical models have been adopted to
simulate the performance of a combined continu-
ous and preparative chromatographic system.
The model equations were the transient material
balances with the assumption of a uniform film
thickness of SLP on a porous solid support and
linearity of the equilibrium isotherm, and these
were used to investigate the number of theoret-
ical plates and the resolution of the DEE, DMM
and DCM with various operating conditions.

Among the various conditions, an additional
column length in the desorption section greatly
influenced the resolution of the components.
Continuous operation could be achieved if the
feed materials of ternary mixture were separated
by adjusting the additional column length and
the desorbent velocity in the desorption section
within the switching time.

Symbols

a; peak width of component i cut by the
two tangents in unit volume, m’

A, surface area of porous particle per unit
volume, m*/m”’

b, retention volume of component i from
injection to peak maximum, m’

c concentration of solute in the mobile

phase, mol/m’
Co inlet concentration of solute, mol/m’
C(s) Laplace transform of c(¢)

D, effective diffusion coefficient, m*/s
D, diffusion coefficient in SLP, m*/s
D molecular diffusion coefficient, m°/s

M

DEE diethyl ether
DMM dimethoxymethane
dichloromethane

E axial dispersion coefficient, m’/s

k, interparticle mass transfer coefficient,
m/s

k, intraparticle mass transfer coefficient
with respect to SLP film, m/s

K partition coefficient

L column length in the partition section
and desorption section, m

L' additional column length in the desorp-
tion section, m

N number of theoretical plates calculated
by Eq. 18

ro radius of spherical porous particle, m

R resolution defined by Eq. 19

Re particle Reynolds number

s variable of Laplace transform with re-
spect to time

Sc Schmidt number

SLP stationary liquid phase

t time, s

ty time of feed injection, s

u interstitial velocity of carrier gas or
desorbent, m/s

U, superficial velocity of carrier gas or
desorbent, m/s

Uyss retention volume corresponding to half-
height, m’

w intercept under the tangent at the point
of inflection in units of volume, m’

z axial distance, m

Greek letters

Y, ¥,—¥ values defined by Egs. 10-15

6 film thickness of stationary liquid
phase, m

€ interparticle void fraction of chromato-
graphic column

€ intraparticle void fraction in presence
of SLP

A, A,—A; values defined by Egs. 2-5
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