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ABSTRACT 

The literature on chromatographic separations is reviewed, especially, with regard to experimental and analytically predicted 
elution curves in a preparative chromatographic separation technique with moving feed ports, although this technique is not very 
familiar in comparison with the conventional mode. In contrast to the conventional mode, during the feed pulse the feed position 
is moved continuously up into the column at a velocity that lies between the two solute velocities. A solvent is continuously fed 
into the bottom of the column. Typical recent studies on liquid and gas chromatographic separation techniques with the moving 
feed mode for separating binary component systems are discussed and the observed elution curves for these binary systems are 
compared with those predicted by simulated curves. To predict the observed curves, a set of simple differential equations with 
and without taking account of mass transfer resistance are presented according to previous workers and the present authors. As a 
result, the theoretical least chromatographic band spreading was found in the moving feed mode only if mass transfer resistance 
between the mobile and stationary phases does not participate in the adsorption process. Further, good qualitative agreement was 
observed between the predicted and the observed curves, showing that the moving feed mode can improve the peak height and 
the band width of the elution curves compared with the non-moving feed mode (conventional feed mode) with a diluted feed 
solution, and this improvement depends strongly on the magnitude of the adsorption density and the mass transfer 
coefficient. 
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1. HISTORICAL BACKGROUND 

Liquid and gas chromatographic separations 
for the industrial scale have been developed and 
used, but these separations have not become an 
established standard operation for industrial 
separations. The usual form of elution chroma- 
tography is thermodynamically inadequate. As a 
result, Universal Oil Products developed a simu- 
lated counter-current adsorber that is very effi- 
cient, and it has been widely used for separating 
organic components from solutions [1,2]. Al- 
though the simulated counter-current system is 
thermodynamically much more efficient, it is 
limited to binary separations and is much more 
complex than elution chromatography. 

Recently, much attention has been paid to the 
processing of multi-component mixtures with this 
system. Wankat [3] proposed a hybrid system 
that retains the characteristics of both elution 
chromatography and the simulated counter-cur- 
rent system stated above. During the feed pulse, 
the feed position was moved continuously into 
the bottom of the column. Elution with a solvent 
was applied when the feed pulse was over. This 
method reduces irreversible mixing of solutes 
near the feed point. Wankat [4] extended the 
method to two-dimensional separations. The 
proposed method is general and could also be 
applied to gas chromatography. In actual prac- 
tice, a segmented column with feed ports at a 

distance has been used. Wankat and Ortiz [5] 
studied this scheme in gel permetation chroma- 
tography and Ha et al. [6] studied it in gas-liquid 
chromatography. 

2. RECENT EXPERIMENTAL APPARATUS FOR 

PREPARATIVE CHROMATOGRAPHIC SEPARATION 

WITH MOVING FEED PORTS 

Two series of experiments are presented here. 
One was conducted by Wankat and Ortiz [5] for 
the separation of cobalt chloride from Blue 
Dextran 2000 and the other was reported by Ha 
et al. [6] for the separation of the close-boiling 
compounds diethyl ether and dichloromethane. 

Fig. 1 shows a schematic diagram of the 
chromatographic separation apparatus with mov- 
ing feed ports. Distilled water was used as the 
solvent. Experiments were done with total feed 
times of 60 and 90 s at four different velocities of 
the feed port and zero feed port velocity (or- 
dinary elution chromatographic separation). 

Typical experimental conditions are presented 
in Table 1 (only those for a 60-s total feed time). 
Experimental results for a binary component 
system, i.e., Blue Dextran 2000 and cobalt 
chloride, are shown in Fig. 2. Sephadex G-25 
medium-grade gel was used as the solid station- 
ary phase for all the segmented columns shown 
in Fig. 1. 

From Fig. 2, it can be seen that the moving 

Fig. 1. Moving feed point chromatography apparatus. 
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TABLE 1 

EXPERIMENTAL CONDITIONS FOR SEPARATING BLUE DEXTRAN 2000 AND COBALT CHLORIDE USING 
SEPHADEX G-25 AS AN ADSORBENT (FROM REF. 5) 

Solvent (carrier, water) flow-rate 
Feed flow-rate 
Feed concentrations (in distilled water): 

Blue Dextran 2000 
Cobalt chloride 

Total column length, L 
Column section lengths 
Injection time to each port: 

Vfeed: 0.125 cm/s-’ = lrlinjection time 
V .O feed. 

5.55 cm3/min 
0.56 cm3/min 

5.677. lo-’ g/cm-’ 
0.1314 g/cmm3 
18.7 cm / 

I, = I, = 1, = 2.5 cm; I, = 3.6 cm; 1, = 3.4 cm; I, = 4.2 cm 
Port 1 Port 2 Port 3 
20s 20s 20s 
60s 

_ o.6q’ 

0 1 2 3 I, 5 6 7 

Elution time (min) 

Fig. 2. Traces for gel chromatographic separation with a 60-s 

total feed time (see Table 1 for details). 

feed system has much sharper bands, less dilu- 
tion of the solutes and better resolution, and 
cobalt chloride can penetrate more strongly than 
Blue Dextran 2000 into the adsorbent. 

Fig. 3 shows a schematic diagram of the 
experimental apparatus for separating binary 
organic components, i.e., diethyl ether (DEE) 
and dichloromethane (DCM), by gas-liquid 
chromatography and Table 2 gives the ex- 
perimental conditions for conventional and mov- 
ing feed operations. 

Fig. 4 shows the experimental results obtained 
with this scheme. Earlier elution is observed for 
DEE than DCM, indicating that DCM is more 
strongly adsorbed than DEE on the adsorbent in 
both operational modes. The moving mode gives 

‘1 ‘2 ‘3 ‘4 ‘5 ‘6 ‘7 “3 ‘9 ‘10 I 

Fig. 3. Schematic diagram of experimental apparatus. 
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TABLE 2 

EXPERIMENTAL CONDITIONS FOR SEPARATING DIETHYL ETHER AND DICHLOROMETHANE USING 
CHROMOSORB A LOADED WITH 20% DINONYL PHTHALATE AS AN ADSORBENT (FROM REF. 12) 

Solvent (carrier, nitrogen) flow-rate 
Feed concentrations (in nitrogen): 

DEE 
DCM 

Total column length, L 
Column section lengths 
Column diameter 
Injection time to each port: 

V : 13 cmlmin = I,linjection feed time 
V .O feed’ 

Vfeed: 13 cm/mm =/,/injection time 

427.35 cm/mine’ 

2.829 * 10e4 mol/l carrier 
1.950. 10m4 mol/l carrier 
260 cm 
1 . ..> 1 ,o =26cm 
lrd mm 
Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 Port 7 
2 min 2 min 2 min 2 min 2 min 2 min 2 min (Fig. 4) 
14 min 

Port 1 Port 2 Port 3 Port 4 Port 5 Port 6 
2 min 2 min 2 min 2 min 2 min 2 min (Fig. 11) 

much sharper bands, less dilution of the solutes 
and better resolution. 

3. PREDICTION OF ELUTION CURVES OF 

CHROMATOGRAPHIC SEPARATIONS WITH 

MOVING FEED PORTS 

3.1. Basic equations used for predicting elution 
curves for the case where there is no mass 
transfer resistance between the mobile (carrier) 
and stationary (aa’sorbent) phases 

When mass transfer resistance between the 
two phases can be ignored, the concentration of 

0 10 20 30 40 50 

Elution time (min) 

Fig. 4. Comparison of elution profiles for conventional 
preparative and moving feed injection systems with a total 
feed time of 14 min (see Table 2 for details). 

an adsorptive component within a column can be 
described by a familiar equation with appropri- 
ate boundary and initial conditions [7]: 

&(aClat) + (1 - &)a(aC*lat) 

+ &(l - CX)(l - &)X(&j/at) + 

- &(E, + D,)(a*claz*) = 0 

&li(maz) 

(1) 

With the assumption of local equilibrium be- 
tween solid and fluid, negligible dispersion ef- 
fects, negligible heat of adsorption and solutes 
independent of each other, eqn. 1 simplifies to 

[& + (1 - &)a](aclat) + &(l - &)(l - &)(&j/i%) 

+ &u(Kldz) = 0 (2) 

Instead of eqn. 2, a more simplified local 
equilibrium model has been proposed by Sher- 
wood et al. [8] and can be written as follows, 
neglecting dispersion effects: 

(K/at) + [p,(l - E)lE](aqlat) + zi(aC/az) = 0 

(3) 

When local equilibrium exists at all points and 
all times between the solid phase and the adja- 
cent fluid, an equilibrium relationship q = f(C) 
can be substituted into eqn. 3 to yield 
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{1+ [&(l - &)f(c)/&]}(aclat) + zi(aC/az) = 0 
(4) 

Eqn. 5 gives the total derivative with respect 
to C, and aCla/t can be derived from eqns. 4 
and 5 and eqn. 6, and a similar equation for 
K/az can also be derived. 

(aClat)dt + (aC/&)dz = dC (5) 

aclat = lode 3 

I 

1+ [&(l - &)f’(C)/&] ii 
I 

(6) 

dt dz 

There are certain characteristic directions in 
the zt plane that make the denominator equal to 
zero, and in this event the numerator must also 
be zero if aclat is to be fmite. Then dC will be 
zero. Hence C is constant along the characteris- 
tics corresponding to 

dzldt = U/(1 + [p,(l - s)f’(C)/s]} (7) 

When equilibrium relationships are restricted 
to a linear type although eqn. 7 can hold for 
general functions of equilibrium relationships, 
this equation can be described by 

dzldt = U{l + [(l - e)m/e]) 

= (ti, + &)/{l+ [(l - &)nt/E]} (8) 

Here a linear-type adsorption isotherm, qp, = 
mC, is assumed, where m is the distribution 
coefficient and the left-hand side represents the 
concentration wave velocity. When there is an 
efficient .mass transfer rate between the two 
phases, fluid marked by a certain composition 
travels through the column without a change in 
wave velocity. 

3.2. Basic equations used for predicting elution 
curves for the case where there is mass transfer 
resistance between both phases 

Incorporating a mass transfer resistance into 
eqn. 3, a simple set of equations (eqns. 9 and 10) 

to be solved simultaneously to predict an elution 
curve for a component of interest can be de- 
rived: 

aclat + (U/E) + (&u,IE)(C - c*) = 0 (9) 

aC*lat = K,,,(c - c*)h(i - E) (10) 

where Kp, is the overall volumetric mass trans- 
fer coefficient. When the mass transfer rate is 
infinite, C* can be regarded as C, eqns. 9 and 10 
lead to eqn. 3 and an elution curve can be 
produced with arbitrarily given numerical values 
for m, E, Kp, and column length L. 

Based on the equations in Sections 3.1 and 
3.2, simulated elution curves can be discussed as 
follows. Here a column of length 0.7 m is 
segmented and arranged as shown in Fig. 5 (case 
1). The feed pulse is subdivided into five equal 
parts and input at z = 0, 0.075, 0.15, 0.225 and 
0.3 m for 210 s each, keeping the carrier and 
feed solution superficial velocities and feed con- 
centration at 0.00024 m/s, 0.00016 m/s and 
0.71428 kmol/m3, respectively. During the 
course of the first injection the fluid rate equals 
the sum of 0.00024 and 0.00016 m/s; however, 
when the injection is switched to the second 
column, only the carrier flow-rate, 0.00024 m/s, 
remains in the first column, and when the in- 
jection is switched to the third column, the 
carrier flow-rate remains in the first and second 
columns while the remainder of all column’s 
flow-rates are the sum of 0.00024 and 0.00016 
m/s. Analogous variations in the liquid flow- 
rates continue until the injection port is switched 
to the segmented final column, from which 
elution will be developed. Three characteristic 
lines according to eqn. 8 are also shown in Fig. 
6, where two ordinary injection modes (non- 
moving mode) and the moving mode are com- 
pared. As for the moving mode, a change in the 
fluid velocities is considered whenever an in- 
jection port is moved as shown in the figure, 
showing that five pairs of characteristic lines are 
almost overlapped and suggesting that elution 
will start at 1900 s and end at 2280 s after the 
beginning of the first injection. Therefore, the 
elution time interval is 380 s as shown (charac- 
teristic 1). Here the value for m is arbitrarily set 
at 0.53. Characteristics 2 and 3 show two differ- 
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case 1 
u,,lt - 0.0006 Js 
- 

I I I I I 

I 0.075 ) .0.075 0.075 0.4 q 

"t - 0.0004 :I. 

:' 0.075 I ; 1 1 

Us/E - 0.0009 4s 

[ 1 I I I 1 

t 0.05 ! lO.05 ! io.05 : 10.05 I 1 0.5 I 

uflc * 0.0001 m/s case 2 

I J. Chromatogr. A 658 (1994) 259-270 

Fig. 5. Column alignments for the simulation of the moving feed mode [case 1, (0.075 m x 4) + 0.4 m; case 2, (0.05 m X 4) + 
0.5 m]. 

ent cases of non-moving feed modes with the 
total injection mass kept at 0.12 kmol/m* of 
column. 

The loading conditions for characteristic 2 are 
as follows: after a pulse of 420 s with a feed 
concentration C, = 0.71428 kmol/m3 and a sup- 
erficial velocity of 0.0004 m/s has been carried 
out, the carrier with a superficial velocity of 
0.00024 m/s is introduced into the first column. 
Elution will start at cu. 1830 s, and the elution 
time interval cut by characteristic lines is 650 s as 
shown. The loading conditions for characteristic 
3 are as follows: after a pulse of 700 s with feed 
concentration C, = 0.71428 kmol/m3 and a sup- 
erficial velocity of 0.00024 m/s has been carried 
out, the carrier with the same velocity is continu- 
ously introduced into the first column. Elution 

0.1 

mz0.53 
0 I I 1 

0 ,000 2m MOO 

t (5) 

Fig. 6. Characteristic lines for m = 0.53. Total injection 
mass = 0.12 kmol/m’ of column; injection time on each 
port = 210 s. 

will start and end at 2100 and 2800 s, respective- 
ly, as shown. It can be seen that the narrowest 
elution time interval is observed in the moving 
feed mode, indicating that a curve with a higher 
peak and a narrower band width is eluted com- 
pared with the other mode. Other characteristic 
lines are shown in Fig. 7 where instead of 0.53 
for m, 0.79 is used to produce the characteristic 
lines with all other numerical values kept the 
same as in Fig. 6. Similar statements made for 
Fig. 6 hold for Fig. 7, showing that a slightly 
broadened band is predicted because the charac- 
teristic lines are not as overlapped as those in 
Fig. 6. On the basis of the local equilibrium 
model, a more detailed discussion on the per- 

0.7 

0.6 

N 

0 1000 2Goo t(s)3m 

Fig. 7. Characteristic lines for m = 0.79. Total injection 
mass= 0.12 kmol/m’ of column; injection time on each 
port = 210 s. 
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formance of the moving feed mode can be 
obtained for Fig. 7 in a previous paper [9]. 

When mass transfer resistance is considered, 
the equations to be solved are eqns. 9 and 10. 
Fig. 8 shows the breakthrough curves produced 
for varying overall capacity mass transfer coeffi- 
cient KF, and distribution coefficient ~tl, with 
the feed concentration, superficial fluid velocity 
and column length kept constant at 0.5 kmol/m3, 
0.0004 m/s and 0.5 m, respectively. 

where C,, and the C, denote the concentrations 
of the liquid entering and leaving the first plate, 
respectively, and in terms of the present notation 
this equation can be rewritten as 

ridtl{[(l - e)LmIeN] + (L/N)} = dC,/(Co - C,) 

(13) 

According to Sherwood et al. [8], the ana- 
lytical breakthrough curves in terms of reduced 
concentration can be represented as 

c/c, = J(czJ3) 

When at the beginning of the adsorption 
process the concentration _on the lst, 2nd, 
3rd, . . . , Nth plates are C1, C,, c3, . . . , c,, the 
above equation can be solved to give C, as 
follows: 

= 1 - exp(-P) 10a exp(-5)&(2V?% d6 

(11) 

C, = C, - (C, - C1) exp(-At) 

where 

(14) 

where (Y = K@,Llu and /I = [Kp,lm(l - &)][I - 
(L/ii)]. The curves produced according to the 
above equation are shown in Fig. 8. The calcula- 
tion curves according to plate theory are as 
follows. As shown by Said [lO,ll], when an 
adsorption column is equivalent to a plate 
column consisting of N theoretical plates and the 
mass of the liquid which has crossed any plate 
any time is dw, then the differential material 
balance around the first plate is 

A = Ul{[(l- ~)Lrn/eN] + (L/N)} 

Continuing up to the Nth plate, we obtained the 
concentration 

C, = C,, - {[(At)‘+‘(Co - c,)I(N - l)!] 

+ [(At)“-*(Co - cz)l(N - 2)!] 

+ [(At)N-3(C,, - c,)I(N - 3)!] + , . . . , 

+ [(At)N-N(Co - &)I(N - N)!)]} exp(-At) 

(15) 

C, dw - C, dw = (S dq, lN) + (V dC, lN) (12) should be noted that Said [lO,ll] does not 

Fig. 8. Breakthrough curves based on three calculation methods. 
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consider the voidage effect in the derivation of 
eqns. 12-15. The breakthrough curves for sever- 
al assigned values of N were generated by using 
eqn. 15. It can be deduced that the breakthrough 
curves for &zy = 0.01 s-l and 0.1 s-l (column 
length L = 0.5 m and m = 0.79) almost coincide 
with those for N = 20 and 200, respectively, and 
the curve for K@, = 0.01 s-l and m = 0.2 coin- 
cides with that for N = 200. More generally, a 
theoretical plate number N can be determined 
from an elution curve with appropriate values for 
K,av and m by the equation 

&AC, At - K,a,A AL(C, - Cz) At = zieAC, At 

(20) 

C, = [ii&, - Kp, AL( C,, - C;)]IzZ (21) 

A simple cyclic loop is coupled to this method 

N = 16 (t&v)*. (16) 

as had been done in previous work [12,13], 
where t, is the distance from injection to peak 
maximum and w is the length at the baseline cut 
by the two tangents of a peak. 

The breakthrough curves based on the plate 
theory are shown in Fig. 8. Good agreement is 
observed in comparison with other curves ac- 
cording to other methods. The curves produced 
according to iteration method which resembles 
the “stop and go” method employed in previous 
work [14] are also shown in Fig. 8. This method 
is as follows [15]. A column is subdivided into N 
stages, and each stage is AL long. At is the time 
interval required by a fluid element to travel AL. 
The mass entering the first stage during At is 
given by u&AC, At, while the mass that is trans- 
fered to the solid phase during At is given by 
K,a,A AL(C,, - Cz) At. From the material bal- 
ance on the solid phase, eqn. 17 can be derived. 
Substituting the linear relationship qp, = mC into 
this equation gives eqn. 18, and solving for CT, 
gives eqn. 19. 

to enhance the accuracy of the calculation and to 
save computation time. The concentration of the 
liquid entering the first stage, C,, is used as the 
starting value for the C0 in the parentheses in 
eqn. 21, and the concentration of the liquid 
leaving from the stage, C,, is estimated from the 
same equation. The arithmetic mean C0 = (C, + 
Q/2 is calculated, which in turn is substituted 
into C0 in the same equation to obtain C, for the 
second cycle. Five cycles were found to be 
enough to obtain the converged value for C, 
with a permissible error. The converged C,, was 
substituted into C, in eqn. 19 to calculate the 
concentration CT. C, was used as the concen- 
tration of the fluid entering the second stage 
where the same cyclic calculation was carried 
out. The remainder of the stages up to the Nth 
were calculated in the same fashion. The calcu- 
lated curves based on the mass balance method, 
designated the iteration method, are shown in 
Fig. 8, where fair agreement is observed among 
three curves, from which both the iteration and 
plate theory methods can be used to predict 
elution curves. 

Taking the numerical values for Kp, and m 
and column alignment for case 1 in Fig. 5 into 
account, the plate number for each segment can 
be alloted as N1 = 30, N2 = 30, N3 = 30, N4 = 30 
and N5 = 160. 

(I- &)A ALp,(q, - 40) 

= KpvA AL(C, - C;) At 

m(1 - &)A AL(CT - Cz) 

= K,a,A AL(C, - C:) At 

(17) 

(18) 

When the injection port has moved to the 
second port after the first injection, the superli- 
cial velocities for the up- and downstream sides 
at this port become different. The same situation 
arises whenever the injection port is successively 
switched upstream. According to eqn. 15, the 
calculation is straightforward because in this 
instance the variation in the fluid velocity can be 
handled implicitly by this equation, in which the 
theoretical plate number is never affected by the 
fluid velocity. 

CT = [K&C,, - Cfj) ALlm(1 - E)U] + Cz (19) 

On the other hand, eqn. 20 can be derived 
from the material balance on the liquid phase Curve 1 in Fig. 9 shows the elution curve for 
around the first stage, and solving the equation which the characteristic lines are shown as curves 
for C, gives eqn. 21. 1, 2 in Fig. 7, and curve 2 shows the elution 
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Fig. 9. Elution curves. Curve 1: moving feed mode (N, = 30, 
Nz = 30, N3 = 30, N, = 30, N5 = 160). Curve 2: moving feed 
mode (Nr = 60, N2 = 60, NS = 60, Nd = 60, N5 = 320). Curves 
3 and 4: non-moving feed mode. 

curve when plate number for each segment is 
doubled, resulting in only a very slight improve- 
ment in peak height. Curves 3 and 4 show the 
result for the non-moving feed modes for which 
the characteristic lines are also shown in Fig. 7. 
From curves l-4 in Fig. 9, one can suggest that 
the performance of the moving feed mode can 
approach that of the non-moving feed mode, but 
the former cannot overcome the latter as long. as 
only a slight effect of the mass transfer resistance 
in terms of Kp, participates in the adsorption 
process. This conclusion supports the predictions 
reported by Geldart et al. [9]. 

Fig. 10 shows the effect of the value of m on 
the elution curve. Here the superficial velocities 
of the carrier and the feed solution with a 
concentration of 5.0 kmol/m3 are selected as 
0.00036 and 0.00004 m/s. The alignment of the 
five columns consisting of four short columns of 
0.05 m and one long column of 0.5 m (case 2 in 
Fig. 5) was considered for simulation. Each 
injection pulse interval is kept at 87.5 s (injection 
time = 437.5. s, total injection mass = 0.0875 
kmol/m* of column). Curves 1 and 2 show the 
results for the non-moving feed mode where, 
after a total injection time of 437.5 s with a 
superficial velocity of 0.0004 m/s (concentration 
of feed solution kept at 0.5 kmol/m3) has 
elapsed, the carrier with the same velocity stated 
above is continuously fed into the first column. 
The elution curve with the larger m shows 

loo0 i5.w 7.ca 254lo 

t (S) 

Fig. 10. Effect of mass transfer capacity coefficient Kp, and 
slope of linear adsorption isotherm m on elution curve (case 
2 in Fig. 5, injection time on each port -87.5 s, total 
injection time = 437.5 s, total injection mass = 0.0875 kmoll 
m2 of column). 

greater spreading, which does not contradict the 
ordinary concepts of liquid chromatography. 
Curves 3 and 4 are the results based on the 
moving feed mode, which show significant im- 
provements in peak height and band width 
compared with curve 1. The two curves obtained 
by the two different methods seem almost to 
coincide, indicating that the calculation methods 
presented here would be reliable for predicting 
chromatographic elution curves. Curves 5 and 6 
show the results of the moving feed mode for 
m = 0.79 and Kp, = 0.01 s-‘. When curves 5 and 
6 are compared with curve 2, in contrast to the 
former case (curves 1, 3 and 4), no remarkable 
improvements in peak height and band width are 
observed, but a shifting of the elution time 
interval is noticed. 

3.3. Comparison of the experimental elution 
curves with the analytical elution curves 

From Table 1, it can be seen that a fraction of 
the superficial velocity of the feed solution, 
containing the two components, to that of the 
carrier equals 0.1, which agrees with the loading 
conditions for Fig. 10 although the segmented 
column arrangement in Fig. 1 (Table 1) does not 
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match that used for the simulation in Fig. 10. 
The experimental curves for cobalt chloride 
resemble curves 5, 6 and 2 in Fig. 10, whereas 
the experimental curves for Blue Dextran 2000 
resemble curves 3, 4 and 1 in Fig. 10, indicating 
that cobalt chloride would be more strongly 
adsorbed on the adsorbent than Blue Dextran 
2000; in other words, cobalt chloride would show 
a larger m than Blue Dextran 2000 on this 
adsorbent. Unfortunately, in the original paper 
containing Table 1 [5] the authors do not discuss 
their results in terms of m and Kp,, hence a 
quantitative comparison between the simulation 
and experimental curves is not feasible. From 
Table 2, it can be also seen that the ratio of the 
superficial velocity of the feed solution to that of 
the carrier equals 0.09, which again almost 
agrees with the loading conditions for Fig. 10, 
although the segmented column arrangement 
used in Fig. 2 (Table 2) does not match that in 
Fig. 10. Qualitatively, the peak height and the 
band width in the conventional mode can be 
significantly improved by the moving mode, and 
it can be experimentally observed for both com- 
ponents, DEE and DCM. The curves for DEE 
and DCM resemble curves 3, 4 and 1, simulated 
in Fig. 10. 

Fig. 11 shows a comparison between the 
observed and simulated curves of the moving 
mode [6]. The loading conditions are also given 
in Table 2. The calculation method is the plate 
theory method, where number of plates required 
for predicting the elution curve is determined 

4.0 
I movinp pat I I 

.? 0 ew. 
;i 
I I 

! : 
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0 10 20 30 40 
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Fig. 11. Comparison of experimental and calculated elution 
profiles for moving injection system [see Table 2 (bottom) for 
details]. 

with eqn. 16. In spite of some deviations be- 
tween the simulated and observed profiles, the 
theoretical results are in relatively good agree- 
ment with the data. However, in the original 
report [6], it was not clearly stated how the 
authors mathematically handled a change in the 
superficial velocities for the up- and downstream 
sides at an injection port. 

4. CONCLUSIONS 

It can be concluded from Figs. 1,2 and 10 that 
the moving feed mode can significantly improve 
the elution curve compared with the convention- 
al feed mode; however, this statement holds for 
a feed solution diluted with carrier, as can be 
seen in tables 1 and 2. When the chromato- 
graphic performance of the moving feed mode is 
compared with that of the conventional mode, 
with the total injection loading mass kept con- 
stant, the former would be superior to the latter 
only if the mass transfer resistance does not 
participate in the adsorption process as simulated 
and predicted in Figs. 6 and 8. However, the 
performance of the moving feed mode cannot 
exceed that of the non-moving feed mode as long 
as the resistance participates in the adsorption 
process, as simulated in Fig. 9, which is sup- 
ported by ref. 9. 

The distribution coefficient m is the ratio of 
the mass of a component within unit volume of 
an adsorbent to the mass within unit volume of a 
fluid phase. If a chromatographic separation 
system in which the numerical values of m and 
Kflv are much larger than those handled in the 
present simulation is available, the narrowest 
band width of the moving feed mode, predicted 
in Figs. 6 and 7, could be experimentally sup- 
ported and verified, as the overloading that 
would occur when the five sets of characteristic 
lines are confined into the narrowest band width 
may be avoidable. 

5. SYMBOLS 

A 

a, 

cross-sectional area of empty 
column (m”) 
area for mass transfer per unit 
empty column volume (m2/m3) 
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C 

Cf 

co 
Cl 

C* 

C -* 

ED 
EM 

f(C) = f(m) 
f’(C) = f’(wJ 

= d(wsVdC 
4% 

I 

m = qp,lC 
N 

W-N, 

4 

concentration of liquid (kmol/ 

m”) 
concentration of feed solution 
(kmol/m3) 
concentration of liquid entering 
1st stage (kmol/m3) 
concentration of liquid leaving 
1st stage or 1st plate (kmol/m3) 
concentration of liquid at liq- 
uid-solid interface in equilib- 
rium with solid phase (kmol/ 

m’) 
concentration of liquid at liq- 
uid-solid interface in equilib- 
rium with initial solid-phase 
concentration (kmol/m3) 
concentration of liquid at liq- 
uid-solid interface in equilib- 
rium with solid-phase concen- 
tration at completion of adsorp- 

tion on 1st stage (kmol/m3) 
concentration of liquid 
(=concentration of liquid at 
liquid-solid interface in equilib- 
rium with solid-phase concen- 
tration) at the beginning of ad- 
sorption on lst, 2nd, 
3rd, . . . , Nth plates (kmol/m3) 
concentration of liquid at liq- 
uid-solid interface in equilib- 
rium with solid-phase concen- 
tration (=@J (kmol/m3) 
eddy diffusivity (m*/s) 
mass molecular diffusivity (m*/ 

s) 
general isotherm function 
1st derivative of general iso- 
therm function 

overall capacity mass transfer 
coefficient (l/s) 
individual segmented column 
length (m) 
slope of linear isotherm 
stage or plate number 
plate number required for seg- 
mented columns l-5 
adsorption density (kmol / kg 
wet adsorbent) 

40 

41 

t 
4x 

u 

u f 

us 

l.i=U/& 

lif = Uf/E 

li, = Us/E 

V 
V 
W 

2 

ff 

ff 

P 

AL 
At 
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