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A l ~ - - T h e  combined continuous and preparative gas-liquid chromatographic system was considered 
for separating continuously three close-boiling components, diethylether, dimethoxymethane, and di- 
chloromethane. Their concenlralion profiles were simulated by the methematical model, which assumed 
the u[:ifurn~ distributiuu of stationary liquid phase arm the Imearity of the equilibrium isotherm. 

The operational principles of the system are lhal the least-absorbed cump{menI uf the Ihree cun~pu~er~ls 
can be obtained purely before the eluti{.,n of the most-abs,.,rl)ed conlp()nel~ls if the mixture is continuously iu- 
jected i]~tu the one uf the two sections (partition sectiui~)aI!{I al Ihe sanle time, it! the uther secli{,n (desorplion 
section), the three corup{men.ts remained in lhe (t~ltum! ca~ be separated by Ihe adiusling the experimenlal 
cunditi{~ns and the column cunfiguratK, m If the uperaliul!.-, it! the two sectiut!s are simultaneously finished 
within a time (switching time), continuous separations of the three coml:x)nents are feasible. The effect of the 
various operating conditions un the resolution is invesligaled. From the results of Ihe simulations, the resolu- 
tion is greatly affected by the additional column length in Ihe desorptiun section and the switching lime can 
be determined by/he des,;;rbep.I vek,;ity. 

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 introductiun 
of the chromatography [l], over the past 30 years 
much efforts have been made to increase the through- 
put capabilities. From the start, it was recognized lhis 
technology could be used for quantitative separatiur~ 
uP. an industrial scale [2]. Until now, ate:erupts have 
been made to scale up lab-sized chromatography urals 
to treat more quantity of substances and to make the 
system to be continuous operation {3]. 

Among the some systerns to meet the condition, 
UOP process is widely acknowledged as a useful 
syslem [4]. As an improved preparative chru- 
malography, Wankat deveMped moving feed puiP.t 
chromatography [5], and this system was used lu 
separate two close-boiling components in gas-liquid 
chromatography [6,7]. Later it was combined wilh 
moving product withdrawal chromatography, moving 

*To whom all correspondence should be addressed. 

port chron~atography was suggested [8]. He pn~perl~ 
used a local equilibrium mudel to analyze the charac.- 
teristi(s of the system. Two mathen~atical models t,f 
the moving bed adsorber, ap. intermittent moving be{l 
and a continuous moving bed type, were presented 
by Hashimoto et al. for calculating the concentration 
profiles of glucose and fructose [9,101. 

Such mixtures as various hydrocarbons, dextran, 
and ssaccharoids were separated using series uf lhe 
semicontinuous counter-current refiner (SCCR) [ l 1-13] 
and a mathematical model based on the theorelical 
plate concept was used to simulate the perfornlance uf 
the unit [14]. For the SCCR unit and the UOP process, 
Ching ap.d Ruthven have proposed the fl]eorelical 
model for simulated counter-current operation as au 
equivalent counter-current 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 lhe 
feasibility and adaptation of the ternary mixture to this 
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Fig. I. Schematic diagram of the combined continuous and 

systeln and the effects of operating conditions on the 
resolutions of the components by the prediction of tilt' 
concentration profiles. 

OPERATIONAL PRINCIPLES OF THE 
SYSTEM [17, 18] 

When a mixture of diethylether (DEE), dimelhuxy- 
methane (DMM), and dichloromethane (DCM)is contin- 
uously injected into a chromatographic column, DEE 
is eluted first by the solubility difference with 
statioaarLry liquid phase (SLP) of dinonylphtt:alate, al~d 
later DCM followed by DMM comes out frum the 
column. The feed mixture is continuously rejected 
until the op.ly least-absorbed component (DEE) comes 
out from the column in partition section, and the un- 
separated components in the partition sectk)n can be 
separated with the adjustments of column length aud 
desorbent velocity in desorption section. The experF 
mental system was composed of 12 segmented col  
umns and sixty solenoid valves controlled by a pro- 
grammable controller (see Figure 1). The partitir 
sectic~n is assumed to consist of 4 columns and the de- 
sorptlon seclio~ of 8 columns. During the firsl 
switching time, the feed is continuously iniected inlo 
the column l, and DEE is purely obtained at the out- 
let of column 4. Within the second switching time. 

October, 1990 

Switching time Partition sedioI! [)esorptioi! section 

1st 

2nd < 1 - -  .q] 

preparative chromatographic beds. 

the position of feed injection is moved to the il~lel ~1 
colunm 9. At the same time, Ihe culumns 1-8 are the 
desorplion section, and a mixture uf three compu~enls 
are separated at the outlet of column 8. 

Separation of the compvl~enls 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 fol lowing 
columns with a circular form. In the partiliou sectiuu, 
only the least absorbed component is obtained in pure 
state, and in the desorption sections with addiliul~al 
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 [] 7-20]. The fol lowing Laplace transformed 
equation can be used to predict the concentratiu~ 
profile in tile partit ion section for the injection time of I 0 

C(s) 1 - e  ~to ]~/2 

(11 
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at the bed exit, z = L, where 

er,,  

sinh(g. 2ro) }) 

rokj 
(3 :' D~ �84 

D~/,. cosh(.a.2r,,)-: (t%. , . - ~  )sinhl,a.,r,,) 

..a.~= D /e,,s4A,,k~-} 

_ Aok~cosh 2,.a 

D~K Z .a.a + Dek~.coshit, 0) ' /: '  (4) 

, = 6  / ~  . (5) ,~lO, 

In the desorplion section, the components are as- 
sumed tu be partitioned initially with the inlet concen- 
tration of the feed, c 0. Under the condition, the solu- 
tion with the additional co]umn length (L') in the 
Laplace domain is 

C ( s ) = 7  (expL~,~,: ,  L ,E  / 

/L '  }) I6, xexp~ ~ {E-~247  'Ta 

whe'e  

=~( - - ~ ~ K . , - e ~ 1 7 6  3 ( 1 -  e,,) ~ { 7,sinh (r 7 

-L---~--S74 })/71 (7' 

, , ,=(, _ ~_., ~ K . r  { 1 eS 3(1--e ) .  7a sinh (,/7~ r , , ) r , ,  }) 

(8) 

r , =  - r , k , / 7 ,  (D~ {v/~,r,,cosh (v~,r,,) 

- sinh (,/7~r,,)}/r~,-; k.,s nh (V'~,r,,)/r,,) (9) 

--'}% 
7, = - - - -  (10) 757a 

1 
" '  =D-e (e os+A,,k,~) 

S 

(11) 

=D-TK I 

C0 
-~ b~- {12) 

The resulting Laplace transformed equations [Eqs. 
(1) and (6)] should be converted into the real time 
domain. For an approximation technique, the equa- 
tions are inverted numerically with the curve filling 
procedure by Dang and Oibilaro [21]. The kinelic 
constant and olher parameters used in the simulations 
are listed in Table 1 [18]. The axial dispersion 
coefficient, E, and effeclive diffusivily, De, weu.~ 
eslimated [)5' analysis uf frequency domain. The 
molecular diffusivity in an eluant of N 2 was calculated 
from the Chen arid Othmer equation and the diffusion 
coefficient in SLP, Dr, was calculated from the Wilke- 
Chang equation using the molar volume by Tyn and 
Caius method for a SLP of dinonvlphthalate. The de- 
pendence of interparticle mass transfer coefficienl, k/, 
on superficial velocity of eluant and particle size can 
be expressed by the semiempirical correlatiun [22]. 
For the intraparticle mass transfer coefficient, k~, tile 
correlation formula proposed by' Ergun was used with 
the assumption that it was not affected by tile 
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- 
titiop, section are shown in Figure 2. The curves ip. 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 before the elution of the DMM. 

T h e  effects of operating condilions on the number 
of theoretical plales in the partition section are listed h~. 
Table 2. Under the assumption of the large theoretical 
number of plates [24], it is calculated by the following, 
equation, 

N -  8u (v/a) 2. (13) 

As the column temperature was increased, the total 
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  I. Part i t ion coe f f i c i ents  and k inet i c  c o n s t a n t s  used  in s i m u l a t i o n  w o r k  

1. Effect of mesh size and % liquid loading 
Mesh size: 

60180 45/60 
rp (m) 0.0000996 0.000136 

% liquid loading: 
1 60180 mesh, 45/60 mesh 

25 20 15 
,Ep 0.62 0.66 0.69 

2 20/30 mesh 
25 20 15 

~p 0.50 0.54 0.57 

% liquid loading: 
25 20 15 

~'(/~:nl) 0.1270 0.0955 0.0650 

20/30 
0.000314 

3. Constants 
Ap (m2/m 3) 1300000.0 

0.41 
D e ( < 10 9 m2/sec) 1.00 (DEE) 1.19 (DMM) 2.00 (DCM) 

2. Effect of column temperature 

(DEE) 
D: K E,;~ 

temperatu re 

~ 10 -l~ m2/sec l0 5 rll2/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] K D g 
Ienlperalure 

~ 10 10 m2/sec 10 5 m2/sec 

25 0.520 263.4 094 

30 0.648 217.4 0.97 

35 0.790 180.5 1.0t) 

40 0.876 150.8 1.03 

45 1.115 126.7 1.06 

(DCM) 
D 1 K D M temperature 

o C 10-10 m2/sec 10-5 m2/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 

temperature have directly affected on the switcbing 
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 i~ 
liquid loading. Elution time of the component was 
shorter at lower liquid loading, but more feed mixtures 
can nut be separated due to the limited quantity of 
SLP. However, higher liquid loading increased the 
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 loadings was general- 
ly used. Finer particles size made the slope of the 

leading edge in the concentration profile of the 
partition section sharper due tu 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 colunm. The 
majority of practical gas chromatographic system are 
performed generally at the outlet of atmospheric 
pressure, so that the inlet pressure is adjusted some- 
what to operate at the optimum flow rate in the chro- 
matographic column. 

The concentration profiles of the three componenls  
in a desorption section are shown in Figure 3. The 
curves in the desorption section were calculated by Ihe 
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=I .0  m, u 0=0.15 mlsec, 35~ 25% liquid load- 
ing, 45/60 mesh) 
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Fig. 3. Theoretical concentration profiles in desorption 

section. 
(L-1.0 m, L' ~2.0 m. u0-0.15 m/sec, 35~ 25% 
liquid loading, 45/60 mesh) 

sorption section is shown in Figure 4. The desorbent 
velocity needs to be adjusted for the remained com- 
ponent to be completely eluted from the desurt)l u~ 
section within a switching time to achieve eontinu- 
OL~S operation. In a certain condition of the partition 
section, the switching time can he determined as file 
dt.ration from the start-up of injeclion to just before tile 
elution of DMM. 

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

R,,, 2 ( b , - b , ) / ( a , - a , ) .  (14) 

With increase in the desorption section of the addi- 
tional column length, two resolutions of neighboring 
components were improved gradually (Figure 5). In 
analytical chromatograph1,,, 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 desorpliun 
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 
he kept uniformly in the two sections. Because the 
higher temperature decreases the total elution time, 
the resolution may be worse due to the fast elution uf 
the two components. For 20% liquid loading, the 
optimum column temperature is aboul 41~ which 
>,as 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 Mad- 
ing in stationary phase (% liquid loading} improved 

1500 
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Fig. 4. Effect of desorbent velocity with additional col- 
umn length on total elution time in desorption 

section. 
(L = 1.0m, 35~ 20% liquid loading, 45160 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 colunm 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 b ina~ con[- 
ponents (DEE and DCM), the efficient separation 
method was that the DEE was obtained purely in parti- 
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Table  2. Number  of theoret ica l  p lates  in parti t ion sec t ion  

u o column 
% liquid loadi[~g particle size 

m/sec ~ lO 2 temperature ~ 

2.t) 35.0 20.0 45/60 

3.0 35./) 20.0 45/60 

4.0 35.0 20.0 45/60 

5.0 35.0 20.0 ,15/~0 

10.0 35.0 20.0 45 / 60 

15.0 35.0 20.0 15 / 60 

20.0 35.0 20.0 .15/6[) 

25.0 35.0 20.0 ,t5/60 

15.0 25.0 15.0 45/60 

15.0 25.1) 25.0 45/60 

15.0 303) 15.0 ,15 / 60 

15.0 30.0 25.0 15 / 60 

15.0 35.0 l 5.0 45 / 60 

15.0 35.0 25.0 45 / 60 

15.0 40.0 15.0 ,t5/60 

15.0 40.0 25.0 45/60 

15.0 45.0 15.0 45 / 60 

15.1) 45.0 25.0 45/60 

15.0 25.0 20.0 20/30 

15.0 25.0 20.0 45/60 

15.0 25.0 20.0 60/80 

15.0 30.0 20.0 20/30 

15.0 30.0 20.0 45/60 

15.0 30.0 20~0 60/80 

15.0 35.0 20.0 20/30 

15.0 35.0 20.0 45/60 

15.0 35.0 20.0 60/80 

15.0 40.0 20.0 20t 30 

15.0 40.0 20.0 45/60 

15.0 40.0 20.0 60 / 80 

15.0 45.0 20.0 20/30 

15.0 45.0 20.0 45/60 

15.0 45.0 20.0 60/80 

DEE 

859 

334 

316 

377 

377 

124 

179 

97 

183 

96 

123 

64 

109 

54 

75 

55 

83 

70 

19 

157 

353 

21 

88 

230 

26 

143 

173 

18 

57 

57 

9 

45 

86 

DMM 

1 103 

665 

509 

465 

323 

204 

72 

50 

149 

131 

169 

105 

111 

112 

58 

91 

109 

72 

21 

173 

170 

27 

86 

145 

25 

93 

18l 

24 

102 

108 

25 

77 

111 

DCM 

1580 

845 

971 

540 

341 

358 

166 

84 

270 

141 

238 

173 

131 

139 

183 

135 

188 

115 

42 

202 

291 

42 

205 

312 

44 

138 

305 

48 

197 

195 

35 

112 

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 sys tem was 

that several co lumns  were added in series in the 
desorpt ion section to separate the non-eluted com- 

ponen ts  effectively, compared  to other  cont inuous 
chromatographic  systems. The theoretical concentra-  

tion profiles assumed by uniform film thickness and 

linear partition equil ibrium were  in good agreemenls  
with the exper imental  data of the binary componen t s  

for this chromatographic  system. 
In the model equations,  the assumption were that 

the equil ibrium isotherm was linear and no interaction 

be tween  the two componen t s  existed. When  the feed 

concentrat ion is increased, the p h e n o m e n a  in the 
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Fig. 7. Effect of % liquid loading on resolut ion in de- 
sorpt ion sect ion.  
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mesh) 
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Effect of column temperature on resolut ion in 
desorpt ion  sect ion.  
(L 1.0m, L ' - 2 . 0  m, u 0 0.15 mlse<, 20% liquid 

l~ading, 45/60 mesh) 
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Fig. K Effect of particle s ize  on resolution in desorp- 
tion section.  
(L= I .0  m, L '=2.0 m, Uo~0.15 mtsec, 35oc, 20% 
liquid loading) 

col~Jmn become more complex, and the informatiop. 
about the nonlinear isotherm is needed for better pre- 
dic:ion. Moreover, 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 solute 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, c 0, the 
more-absorbed components were not exactly for the 
case, because during the previous switching time, the 
componen t  was not w i t hd rawn  f rom :he partiti,~n 

section. However ,  the s imple  model  of  the un i fo rm 

film thickness concept might be used as a statable 
estimation of optinlum operating conditions fur the 
combined continuous and preparative chromatogra- 
phic system. 

C O N C L U S I O N S  

Mathematical models have been adopted to sim- 
ulate the performance of the combined continuous 
and preparative chromatographic system. Tile model 
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. 
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Among the various conditions, the additional 
column length in the desorption section had grea!ly 
infuenced to the resolution. Continuous operatiur~s 
car; be achieved if feed materials are separated wilh 
the lop, ger additional column length and higlier 
desorbent velocity in tbe desorption section wilhip, a 
switchiH.g lime. 

N O M E N C L A T U R E  

A l) 

b 

C0 

C(s; 
D e , 

D I 

DM 
E 
kt 
k~ 

N " 

r p - 

R~ s 
S 

t " 

t 0 
T " 
U 

U 0  - 

V " 

Z " 

peak ,,vidtll cut bv the two tanger~ts in unit uf 
vulunm {m ~] 
surface area of porous particle per unit wflume 
[nl~/m :~] 
relep.tion volunle from injection t~) peak ntax- 
inmm [m 3] 
,.'r of solute in the mobile phase 
Lntol I Ill 3] 
inlet concentration r solute [niol l ln 3] 
Laplace Pansform of c(t) 
diffusion coefficient in the pore spacing [m2/ 
sec] 
diffusion coefficient in the SLP [m"tsec] 
molecular diffusion coefficient [m2/sec] 
axial dispersion coefficient [m2/sec] 
interparticle mass transfer coefficient [m/secl 
intraparticle mass transfer coefficient with re- 
spect to SLP-film [m/sec] 
partitiol~ coefficient 
column length in the partition se,-tion or the 
desorption section [m} 
additior~al cohmn length in the des{,rption sec- 
iiol~ [mj 
p.umber of theoretical plates 
radius of porous particle [m} 
resolution between components, land j 
variable of Laplace transform 
time [sec] 
time of feed-injection [sec] 
column temperature IK] 
interstitial velocity of carrier gas or desorbe~t 
{m/see] 
superficial velocity of carrier gas or desorberH 
{mlsec} 
retention volume corresponding to point of in- 
fluction [m a] 
axial distance [m] 

G r e e k  L e t t e r s  

v, v I, v.2, u3, v4, vs: values defined by Eq. (7)to Eq. (12) 
8 " film thickness of SLP I,uml 

- void fraction of chromatographic column 

ep �9 porosity with the presence of SLP 
it, )`> ),2, Xs :values defined by Eq. (2) to Eq. (5) 
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