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Separation of Mixed Solutes Using Reciprocating Size Exclusion Chromatography: 
Computer Simulation Based upon Experimental Parameters 
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Abslract-Mixed solutes of different molecular size were separated by reciprocating size exclusion chromatography 
mid tile results were compared with conventional size exclusion chromatography with repeated feeds using computer 
simulation. Operational conditions, such as overlapping between elution curves and diffusivities of solutes, were varied 
in simulation. Simulation showed the separation efiSdency was higher in RSEC than SEC with repeated feeds in the 
region of high diffusivity of either solutes at low degree of overla4)ping. Further study to improve RSEC by employing 
temperature swing is being made. 
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INTRODUCTION 

Ct~omatography has been a leaditg method in biotectmological 
separation, especially in protein separations [Janson, 2001; Hong 
and Row, 2002]. Conventional size exclusion chromatography (SEC) 
is operated in peak mode, by which solutes of different molecular 
size are separated from each other and exit from the column as sep- 
arated peaks. Since conventional size exclusion chromatography 
has several limitations, such as low productivity and batch opera- 
tion, it is mainly applied for analytical use, not much for prelmra - 
live use. For preparative purposes, novel recipmca~g size exclusion 
chromatography (RSEC) was developed [Chang and Koo, 1999]. 
Solute separation in RSEC is achieved by frontal mode operation, 
and solutes of different size prcceed alc~lg tile colarml, fonning fi-onN 
of their own. The fact that the preceding front in a column is pure 
in large molecules, and is i~a - allead of tile following front of small 
molecules triggered the concept of the RSEC to recover large mol- 
ecules from the m ~ e  solution on-line. RSEC was applied to re- 
cover large molecules on-line fl-oln the mixture solution [Kml et 
al., 2000]. And RSEC and SEC with repeated feeds were applied 
to sel:arate mixed solutes of large molecules (Blue Dex~an) and 
small molecules (vitaznin B12) [Kiln et al., 1999]. A comparative 
study of RSEC and SEC with repeated feeds to separate mixed sol- 
utes showed that recovery rate of  large molecules in RSEC was 
higher than that in SEC with repeated feeds. But recovery rate of 
small molecules in SEC with repeated feeds was higher than that 
in RSEC. 

The separation of the RSEC was expected to be enhanced by 
changing the operating conditions, such as dilSasivities of solutes 
and timing schedules. In this study, experimental comparisons be- 
tween RSEC and SEC with repeated feeds were made along with 
file computer shnulation to predict their peffonnances with varying 
operating conditions. Operalional pal-ameters and basic data for sim- 
ulation were obtained from experiments. 
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EXPERIMENT 

1. Materials 
A commercial polyacrylamide gel, Bio-Gel P-10 (Bio-Lad, fi-ac- 

tionation range: 1,500-20,000), was packed in a water-jacketed col- 
umn (Pt~macia SR 10/50). Tile packed gel layer was compressed 
from both sides of the column by using plungers, with the degree 
of compression of 0.82. The final length of the compressed gel was 
24.5 cm. The temperature of the column was kept at 5 ~ using a 
constant-temperature water bath (Cole-Parmer) and a water jacket. 

Elution bebavior in an SEC colunm [1 cm (K))• cm] was 
tested by using Blue Dextran (Pharmacia, MW: 2,000,000) and vi- 
tamin B~2 (BDH Laboratory Supplies, lVIW: 1355.38) as standard 
matelials for large and small molecules, respectively Tile feed con- 
centrations of Blue Dex~an and vitamin B12 were 0.2 and 0.02 g/l, 
respectively. Distilled water was used for the eluent. Tile eluent flow 
rate was 0.42 ml/min in both directions. The reciprocating opera- 
tion was carried out by using a high-pressure pump (Eldex) and a 
multi-way valve (Cole-Parmer) on each side of the gel-packed col- 
~urm, controlled by a multiport programmable timer (ChronTrol). 
2. Operation 

In general, size exclusion chromatography is operated in peak 
mode, where solutes of differeut molecular size in a pulse of feed 
are sepm-ated fi-om each other mid exit fi-oln the column as separate 
peaks. In SEC with repeated feeds (Fig. 1), the feed mixture was 
fed to the column as a pulse, followed by an eluent The isolated 
band of the small molecules (vitamin B12), following the band of 
pure large molecules (Blue Dexlran), was isolated into the small 
solute tank. The durations of the feed pulse and the elution in each 
cycle were scheduled so that the band of pure small molecules was 
touched at the base line by the following band of pure large mol- 
ecules froln tile next cycle at tile exit of the coluuul In SEC with 
repeated feeds, file cycle tilne was defined as file ~ne interval be- 
tween elution curves of neighboring cycles. 

In frontal mode, solutes of different size in a step feed proceed 
along tile cokann, forming froi~s of their own. In RSEC (Fig. 2), 
tile large molecules (Blue D~xtmzl) were isolated fi-oln file mixture 



664 Y.-M. Kim and Y..-M. Koo 

& 

�9 i , ~  ~: :... . . . . . . . . . . . .}.?. .  } .  :q. . . . . . . . . . . . . . . . . . . . . . . . . . .  ] 

l 

Fig. I. Schematic  drawing  of SEC with repeatea  feeds. 

..... ~ ]  
.... . ..... . ~ :~ ,~ . . .  

....... ~ ~.i#:k**!,,~ 

Fig. 2. Schtmal i c  drawing  of RSEC.  
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by repeating cycles of  feeding mixture solution. The large mole- 
cules were isolated into a large solute tank during the foward flow 
period in fi~ntal mode. The following slow-moving portion of un- 
separated mixture solution, which remained in the column, was re- 
turned to the reservoh" by backwvad flow. During the baclosrad flow 
period, the slow-moving small molecules (vitamin Bi2) 1w, ged be- 
hind the unseparated m i x a ~  solution and were isolated into the 
small solute tank at the left side of the cohnnn in Fig. 2. In RSEC, 
the cycle time was defined as the time inteia-al fi'om the beginning 
of the elutian fivnt of fast-moving large molecules during the for- 
w.a'd flow to the end of the eMian curve of slow-moving small mob 
ecules during the 12ackava'd flow. The solvent eluted before the trend 
of large molecules ~fing the first hulf cyde was gathered in the 
solvent reservoir and reused as eluent for the backward flow dur- 
ing the second half cycle. 

M A T H E M A T I C A L  M O D E L I N G  

Mathematical modeling was required to predict the separation 
behavior of RSEC and SEC x@h repeated feeds For this purpose, 
we used the local equilibrium model to represent the mass balance 
in the cotunm [Jonsson; Pharmacia]. A model equation based upon 
local equilibrium model was used for computer simulation. 

~C +(l-e) bC~ (1-e)(l-7)~N + ~C__.3___ ~C 
~t ~ ?I~--~--+p~ ~ ~ U~z-(ED+D,~,~z2=0 

(1) 

The first term represems accumulation of solute in mobile phase, 
the second term represents accumulation of solute in stationary liq- 
uid phase, and the thh-d term is adsorption related term of solute, 
representing accumulation ofsohte  in sts~ionary phase of geL The 

fourth and fifth teans express convective mass Iransfer and mass 
transfer by axial dispersion and diffusion, respectively. The third 
term can be omitted on the ~smmption that there is no adsorption 
between solute and gel in SEC, that is, solute is separated only by 
pore size of gel and size of  solutes Assaming that the solute can- 
cenWafion in ~tationary liquid phase of gel is same as that in mobile 
phase in the case of rapid equilibrinm, the mass balance equation 
of SEC is simplified as follows [Koo, 1985]. 

( (2) 1+ s ~'KaJ~ U~z z Oz 

1% - % - v ~  % - %  (3) 
V, V~-Vo-V e 

I f B h e  Dextran is large enough to be excluded fi'om gel pore and 
vitamin B12 is small enough to pass the gd pore, I~  value of  Blue 
DexWan md vitanin t~2 becomes 0 and 1, respectively. Therefore 
the mass balance equation of Blue Dexlran and vitamin B12 is ex- 
pressed as the following equations. 

+ OC - (E ,  +D~) =0 (4) Blue Dextran: U~z z 

ac  _ (s .  +D~)~-~ =0 vitamin B u: (1 + ~ ? ) ~ - ~  +u~--~z (S) 

The followings are the initial and bomdary condkiens of the system. 

Initial condition: C,.(z,0) =0 

Boundary condition: C,.(0, t)=C,?, 0<t_<t,.,~. 

~----~Cz~ =0, z =L 

(6) 

(7) 

(8) 
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ED and Des, axial dispersicn and eddy dispersion, respectively, were 
summed into D~,~ assuming rapid equilibrium between stationary 
phase and mobile phase. 

D~./value was evaluated as follows [Row, 1999]�9 

R= 2At ( i f w = w  =w,R=_~)  
Wz + W 2 \  

(9) 

N~ =5.54• (in case of excessive tailing of peak) (11) 

L HL Hu Lu _ L 
H:~(,Do., 2To 2 ~-~,1o u (12) 

C O M P U T E R  S I M U L A T I O N  

Mathematical modeling based upon local equilibrium model was 
applied to size exclusion chi-omatography. Forb-an language, Micro- 
soft Forlran Powerstation 4.0, was used for numerical analysis of 
the chi-omatograptfic system. The Thonms Method was applied to 
obtain the concentration profiles. Cl-atlk &; Nicolson Method was 
used for numerical calculation of elution curves. Product mass was 
obtained by nMtiplying eMion volume and concenb-ation of prod- 
uct by using the Simpson Method [Riggs, 1995]�9 

The diffusivities of Blue Dextmn and vitamin B,a were deter- 
mined fi-om the expelime,~,al elution curve with feed pulse of 1.5 
min. D~,~ values of Blue Dexman and vitamin B,2 were calculated 
Fi-oln equatioils, alKl f_, 7 alKl u values were obtained Fi-oln experi- 
ments, as shown in Table 1. 

Calculated elution curve in simulation was compased with exper- 

Table 1. Operational parameters for simulation 
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Fig. 3. Experimental and Simulated SEC elution curve with pulse 
input of 1.5 rain. 
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Fig. 4�9 Simulated elution curves of Blue Dexlran and vitamin P~2 
for RSEC. 
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Fig�9 5�9 Simulated elution curves of Blue Bexlran and vitamin P~2 
for SEC with repeated feeds. 

: Blue Dextran, ......: vitamin B~2 

imental one in Fig. 3. The simulated eluticn curves for RSEC and 
SEC with repeated feeds are given in Figs�9 4 and 5, respectively. 
Period of feed pulse for complete separation between Blue Dext- 
ran ail(_l vitamin B12 in SEC with repeated feeds was experimen- 
tally determined to be 10.0 min with the given column of 24.5 cm. 
This duPaticn of the feed pulse in each cycle was detemdned so that 
the peak of pure separated solutes in the ehtion curve were over- 
lapped by 0�9 of initial concenlration of solutes from the base 
line with the peaks fionl next cycle�9 As 0% is unable to be defined, 
0�9 was chosen for complete separation of solutes�9 

R E S U L T S  A N D  D I S C U S S I O N  

The degree of overlap between each peak of two solutes in the 
elution curve was varied by changing the period of feed pulse. The 
degree of overlap and ditS~sivities of solutes have a direct effect on 
selmration lmtlavic~: Experimental comparisons between RSEC and 
SEC with repeated feeds (SEC-RF) were made along with the com- 
puter simulation to predict their performances with varying these 
operating conditions. 

The feed time was varied so that the peak of pure selmmted sol- 
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Fig. 6. Comparisons of simulated separation productivities between 
RSEC and SEC-RF with varying degrees of overlap. 
~ :  RSEC, ~ SEC-RF, : Blue Dex~n, . . . . . .  : ~ S [ 2  

utes in elution curve was overlapped from 0.005 (complete selmm- 
tion) to 4 and 10% of initial concentpation of solutes from the base 
line with tile peaks from tile next cycle. Productivity (g/rain) was 
defined as the mass of separated product dt~lg a cycle per cycle 
time. In this study, productivity of solute selmmtion represents the 
separation efficiency. With increasing degree of overlap, the purity 
and the yield of separated products decrease. The differences in purity 
and yield between RSEC and SEC with repeated feeds were as- 
surned to be negligible with varying degree of overlap. The simu- 
lation results of RSEC and SEC with repeated feeds for productiv- 
ities wittl varying degrees of  overlap are given m Fig. 6. 

Productivities of vitamin B12 were higher in SEC with repeated 
feeds than in RSEC in all degrees of overlap, simulated This trend 
was also tree with Blue Dex~n, except the range near complete 
separation that is 0% degree of overlap. Though the differences in 
produetivity between RSEC and SEC with repeated feeds with Blue 
Dextmn were larger than those with vitamin B,> the ratio of pro- 
ductivities between RSEC and SEC with repeated feeds was simi- 
lar in both Blue Dextran and vitamin B,2. 

In SEC with repeated feeds, the productivity increase is mainly 
clue to tile increase of the period of feed pulse which is allowed by 
increasing the degree of overlap between elution curves of Blue 
Dex~an and vitamin B,2 with the column of given length (Fig. 5). 
The produetivity increase in RSEC is caused by the increase of prod- 
uct recovery time, which is possible with higher degree of overlap. 
The product recovery time in RSEC is the time between the edge 
of pure product and the borderline between the pure product and 
unsepapated zone (Fig. 6). The time location of this tx:rderline moves 
away fiom the edge of pure prcduct as the degree of overlap i n -  

creases. As mentioned earlier, the increase in productivity in both 
systems is accompanied by the decreases in purity and yield of the 
separated product,s. 

Diffi~ion of each solute molecule will broaden elution peaks, 
and affect the perfomlance of RSEC, as well as SEC-RF. The effect 
of diffusivities of solutes on bottl systems was comlmred wittl vary- 
ing diISasivities in simulatiort In these simulations, the degree of 
overlap between elution curves of Blue Dexb-an and vitalnm Bza 
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Fig. 7. Comparisons ofshnulated separation productivities between 
RSEC and SEC-RF with varying values of diffusivity of 
Blue Dextran. 
@: RSEC, A : SEC-RF, : Blue Dextmn, ...... : vitamin B~ 

was fLxed at 0.005%. 
First. the value of diffusivity of Blue Dex~-an was changed with- 

out changes in other values, including the ditSlsivity of vitamin B ~2 
(Fig. 7). As the diffusivity of Blue Dextl-an increases, the produc- 
tivities of both solutes decrease in both systems. The productivities 
of Blue Dexli-ml in RSEC were higher than in SEC with repeated 
feeds when the value of diffmivity of Blue Dextran was larger than 
the real value, and vice versa. The productivities of vitamin B12 in 
RSEC were less than in SEC with repeated feeds in all 1-anges. The 
fast decrease in productivity of Blue Dextran in SEC with repeated 
feeds with increasing dit51sivity of Blue Dextran is due to the com- 
bined effect of less feed amount per cycle and increased cycle time 
caused by the broadening of elution curves of Blue Dextran and 
vitanlin B12. Howew; the slow decrease m Blue Dexb-an productiv- 
ity in RSEC is due to the fact that the feed amount per cycle does 
not change. In this case, though, the cycle time also increases ac- 
cording to the broadening of pure Blue Dexb-an during the forward 
flow by high diffusivity of Blue Dextpall The comparable decrease 
m vitamin B~2 productivity between RSEC and SEC with repeated 
feeds is ascribed to that the period of product recovery of vitamin 
Bz2 was shortened due to the broadening of unseparated zone dur- 
ing the backward flow. 

The value of diffusivity of vitamin B,2 was also changed while 
that of Blue Dex~-an was fixed at the real value (Fig. 8). The pro- 
ductivities of Blue Dex~-an in RSEC were higher than in SEC with 
repeated feeds when the diffusivity of vitamin B~2 was larger than 
the real value, and vice versa. The productivity of vitamin B~2 in 
RSEC was lower than in SEC with repeated feeds in most ranges. 
The trend of decrease in productivities with increasing ditSasivity 
of vitamin B,2 was the same as that of Blue Dexb-ail, except fflat 
the decreasing rate of Blue Dexlmn plv~]uelivity in RSEC was higher. 
This is because the period of product recovely of Blue Dextpml was 
shortened clue to the broadening of tmsepm-ated zone cMmg the for- 
ward flow. 

The concmb-aEon of product with original diNzsivities of bottl 
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Fig. 8. Comparisons of simulated separation productivities be- 
tween RSEC and SEC-RF with varying values of diffus~v- 
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Fig. 9. Comparisons of simulated product concentration between 
RSEC and SEC-RF.  
O: RSEC, at : SEC-RF, : Blue Dextmn, ...... : vitamin B12 

ing temperature synct~-onously with flow reversal. The perfomlance 
of RSEC is believed to get better in the sense of productivity along 
with ptnity and yield by employing t t~ temperature swing, whid~ 
is being further studied. 

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

C : solute concentration in the mobile phase 
C, : concentration of solute i 
C, : solute concentration in the stationary phase 
D~,~ : apparent dispersion coefficient of i 
DM : molecular dispersion 
E~ : eddy dispersion 
H :HETP 
Kid : distribution coefficient 
L : column length 
N : solute concentration in the solid phase 
Nz : the number of theoretical plates 
R : peak resolution 
% : retention time of solute 
AT : the difference of  retention time of  two solutes 
t : time 
t~,j : feed injection time 
u : velocity of  inobile phase 
v : interstitial velocity of  fluid 
V~ : elution time 
V~ : voidvolume 
V~ : volume of total column 
V, : volume of stationary phase 
Va : volume of gel inatrix 
w : peak width 
w~/2 : width at '/2 height of  peak 
z : axial distance 

G r e e k  Let ters  

�9 interstitial void fraction 

�9 standard deviation (=~w) O 
1 

y �9 intrastitial void fraction 
P, �9 density of the solid phase 

R E F E R E N C E S  

solutes at complete sepm-afion was colnl~-ed m Fig. 9. The concen- 
tt-ation of separated Blue Dexb-ml as a product in RSEC was higher 
than in SEC with repeated feeds, with fast decrease as cycle repeats. 
The concem-ation of separated vitamin B~2 was higher in SEC with 
repeated feeds during whole cycles. The fast decrease of product 
conce,lb-alic~l of Blue Dextt-an in RSEC is caused by the fact that 
Blue Dextt-ml concentration in the feed talk decreases as cycle re- 
peats. 

As a conclusion, RSEC shows adv~mge over SEC with repeated 
feeds in the recovery of large molecules, such as Blue Dexlran, when 
diffusivity of large molecules is relatively high and the degree of 
overlap between each elution curve of Blue Dextl-an and vitamin 
B12 is low. The period of product recovery can be increased by chang- 
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