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Introduction
Size exclusion chromatography separates solutes of different size, based upon the size exclusion effect of porous gels packed in a column. SEC has been employed commercially for purification of plasma proteins and as one step in purification of many other proteins, and analytically for protein separation and for analyzing polymer molecular weight distributions. Elutions in SEC are carried out mostly in peak mode, where solutes of different molecular size in a pulse of feed are separated from each other and exit from the column as separate peaks. The peak mode elution is a common practice in analytical chromatography. Operating methods are discussed in a various articles and books [1]. 

A modified operation of size exclusion chromatography, RSEC, was developed to recover large molecules on-line from the mixture solution [2]. On-line recovery of large molecules from the mixture is an unusual trial, comparing to the routine practice of filtration where small molecules are isolated from the mixture. RSEC is operated semi-continuously, based upon the elution in frontal mode, where solutes of different size in a step feed proceed along the column, forming fronts of their own. The frontal mode operation is considered to give higher separation capacity than the peak mode in the preparative chromatography.  In this study, the separation performances in RSEC were compared with those in SEC with recycle in which the isolated small solute from the pulse input of mixture solution was recycled to the feed mixture
Materials and Methods

A commercial polyacrylamide gel, Bio-Gel P-10 (Bio-Lad, fractionation range: 1,500-20,000), was packed in a water-jacketed column (Pharmacia SR 10/50). The packed gel layer 
was compressed from both sides of the column using plungers, with the degree of compression of 0.82 [3]. The final length of the compressed gel was 24.5 cm. The temperature of the column was kept at 25 (C using a constant-temperature water bath (Cole-Parmer) and a water jacket.  Elution behavior in a SEC column (1 cm (ID) x 24.5 cm), was tested using Blue Dextran (Pharmacia, MW: 2,000,000) and vitamin B12 (BDH Laboratory Supplies, MW: 1355.38) as standard materials for large and small molecules, respectively. The feed concentrations of Blue Dextran and vitamin B12 were 0.2 g/l and 0.02 g/l, respectively.  The initial volumes of the feed reservoir were 40 ml and 30 ml in RSEC and SEC with recycle, respectively.  The eluent flow rate was 0.42 ml/min in both directions. The reciprocating operation was carried out using a high-pressure pump (Eldex) and a multi- way valve (Cole-Parmer) on each side of the gel-packed column, controlled by a multiport programmable timer (ChronTrol). Concentrations of the two solutes were calculated using the binomial equations from the optical absorbances (Spectronic) at 615 nm and 361 nm. These are the wavelengths of the maximum absorption of the two solutes.
In RSEC (Fig. 1, (A)), the large molecules (dextran polymers) were isolated from the mixture by repeating cycles of feeding mixture solution. The large molecules were isolated into large solute tank during the forward flow period in frontal mode and the following slow-moving portion of unseparated mixture solution was returned to the reservoir by backward flow. The solvent eluted before the large molecules during the first half cycle was gathered in solvent reservoir, and reused as eluent for the backward flow during the second half cycle. 

In SEC with recycle (Fig. 2, (B)), 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, was recycled to the feed reservoir. The durations of the feed pulse and the eluent 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 molecules from the next cycle at the exit of the column.
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Figure 1. Schematic drawings of modified SEC.

Results and Discussion

In frontal mode operation of RSEC, solutes of different size in a step feed proceed along the column, forming fronts of their own (Fig. 2). From this elution curves, the retention volumes of Blue Dextran and vitamin B12 at 25(C were calculated to be 6.9 ml and 17.6 ml, respectively. Initially, the packed column was filled with pure solvent, and the reservoir contained 40 ml of the feed mixture solution. In the first half cycle of pumping solution from the reservoir to the column (forward flow), Blue Dextran was recovered as a second fraction of 7.4 ml between 12.5 min and 30 min, following the first fraction of pure solvent of 5.3ml (Fig. 2). One reciprocating cycle was completed by pumping 13.6 ml of pure solvent back to the reservoir during the second half cycle of 42.4 min (backward flow). The concentration changes of solutes in the reservoir and the recovery tank were shown in Fig. 3. The concentrations of Blue Dextran and vitamin B12 in the figure were presented as percent compared with the initial concentrations. With the repeating cycles, the amount of Blue Dextran in the reservoir decreased, while the amount of vitamin B12 remained constant, as no significant amount of vitamin B12 was found in the recovery tank. This relatively small loss of vitamin B12 was also confirmed by calculation from the vitamin B12 concentration in the reservoir and the volume of the reservoir. Note that the volume of the backward flow to the reservoir in the second half cycle was more than that of the forward flow in the first half cycle by 1 ml per cycle, resulting in the dilution of solutes in the reservoir. This difference in volumes protected the recovered solution from being contaminated by the vitamin B12 which diffused from the moving front of the mixture in the column. A recovery rate of 64 % was observed with Blue Dextran after the 5th cycle. The amount of the recovered solute can be calculated based upon a simple mass balance in the system.

In SEC with recycle, a pulse feed of the mixture solution was fed to the same column as in RSEC, followed by eluent to push the feed solution. The durations of the feed and the eluent pumping were 12 min and 40.5 min, respectively, to have the trains of alternating pure  bands of large and small solute exit the column.
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	Figure 2. Elution curves of Blue Dextran and vitamin B12 for RSEC.
	
	Figure 3. Separation performances in RSEC.


A train of separated bands of pure Blue Dextran and vitamin B12 was shown in Fig. 4. Only the band of Blue Dextran was recovered in the tank, while the following band of vitamin B12 for 30 min was recycled to the feed reservoir. The concentration changes of the solutes in the feed reservoir and the recovery tank in SEC with recycle were shown in Fig. 5. The concentration of Blue Dextran in the feed reservoir decreased faster than that of vitamin B12 with repeating cycles. The concentration of vitamin B12 in the reservoir decreased as cycles repeated, because the solution volume in the reservoir increased by 7.56 ml per cycle. The amount of vitamin B12 in the reservoir was considered to be constant as a negligible amount of vitamin B12  was observed in the recovered solution. The recovery rate of Blue Dextran was calculated from the Blue Dextran concentration in the reservoir to be 51 % after five cycles.

    The recovery rate in RSEC was higher that that in SEC with recycle by 13 %. The main part of this difference is considered to be caused by the thermodynamic inefficiency in SEC with recycle, in the sense that the purified vitamin B12 was recycled and remixed with the feed solution in the reservoir. The operating conditions, mainly the timing schedules, were confirmed to be near to the optimal values, by repeating elution experiments in a way of trial and error. During the cyclic operations, the mass balance in the system, including the reservoir, gel column, and recovered solutions, was met within the error range of 5%. At the present time, mathematical simulations, based upon the local equilibrium model, are being carried out to compare the productivities of various operation types of SEC, such as RSEC, SEC with recycle, and SEC with column switching, by the current authors.
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	Figure 4. Elution curves of Blue Dextran and vitamin B12 for SEC with recycle.
	
	Figure 5. Separation performances in SEC with recycle.
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