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_________________________________________ 
 

1 This chapter is based on the following paper: A theoretical basis for parameter selection and instrument 
design in comprehensive size-exclusion chromatography × liquid chromatography, Bedani, F., Kok, W. Th., 
Janssen, H.-G., J. Chromatogr. A, 2006, 1133, 126-134. 

 

Chapter 3 
 

 

A theoretical basis for parameter selection and 

instrument design in comprehensive size-exclusion 

chromatography × liquid chromatography 

 

 
Abstract 

A novel approach for the selection of the operational parameters (linear velocity, column length) 

for an on-line comprehensive two-dimensional liquid chromatography (2D-LC) system is 

discussed. Starting point for the calculations is a given second-dimension separation and a 

desired peak capacity for the 2D system. Using the theory developed here the optimum settings 

for the first-dimension column can be derived. Theory clearly indicates that the choice of the 

first-dimension conditions is basically limited to just one set of column lengths and linear 

velocities. The new method is tested on an on-line comprehensive 2D-LC system which uses size 

exclusion chromatography (SEC) followed by reversed phase liquid chromatography (RPLC). A 

novel 2D-LC interface, using a six-port valve rather than storage loops, joins the two 

chromatographic dimensions. From a theoretical comparison of continuous low-flow and stop-

flow operation the latter method was found to be an attractive mode of interfacing. The common 

idea that stop-flow operation results in additional band broadening is shown to be incorrect. The 

new interface design operated in the stop-flow mode permits the use of conventional analytical 

diameter HPLC columns, 7.8 mm for SEC and 4.6 mm for RPLC. The reversed phase 

chromatography utilizes a monolithic C18 modified silica column, which produces fast and 

efficient analyses. As test samples complex mixtures of peptides were analyzed.1 
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3.1 Introduction 

   It has long been known that “complex samples require analytical methods of extremely 

high resolving power in order to provide reliable analyses of the sample components” [1]. 

In LC, one well established way to enhance resolving power, is to carry out analyses in 

more than one analytical dimension. Protein hydrolysates are a clear example of complex 

samples. One of the most commonly used techniques for peptide analysis in such samples 

is reversed phase liquid chromatography (RPLC) coupled to mass spectrometry (MS) 

[e.g. 2-4]. While, for such systems, it is easy for the mass spectrometer to identify the 

presence of a few coeluting peaks, data interpretation becomes difficult if a large number 

of peptides coelute. To circumvent this problem, comprehensive two-dimensional liquid 

chromatography (LC × LC, following the notation of Schoenmakers et al. [5]) can be 

utilized [1, 6-9].  
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   Comprehensive 2D-LC techniques differ from ordinary heart-cutting 2D-LC ones [10-

12] in that they subject the entire sample to the separation [13-15]. Both LC × LC and 

heart-cutting 2D-LC can be performed in two different ways [11]: so called “off-line” 

operation requires the eluate from the first-dimension (1D) to be collected as narrow 

fractions and stored. Fractions of interest are subsequently reinjected onto the second 

dimension column. “On-line” operation means that transfer of effluent fractions from the 

first- to the second-dimension is executed automatically within the confinement of the 

2D-LC system. Then, a rapid separation is performed such that the second-dimension 

(2D) column is ready to receive the next fraction and perform a new separation. Because 

of the automated and on-line nature of the system, the operator is much less involved, and 

the chances for sample handling losses during transfer are eliminated. Further, any partial 

separation accomplished during the first-dimension is maintained by not recombining the 

fractions as they are transferred to the second-dimension.  

   LC × LC offers a substantially higher chromatographic resolution than any one-

dimensional (1D) LC technique, because of the unlikelihood of two components having 

the same retention times in both dimensions. As derived by Giddings [16], LC × LC 

resolving power is ideally given by the product of the resolving power of the two 

underlying 1D separations. However, the LC × LC resolving power estimated in this way 

can only be utilized if two conditions are met: the two phase systems (stationary and 

mobile phase combinations) are “fully” orthogonal and the resolving power generated 

independently by the two columns can be maintained [17]. 

   In LC × LC separations of (bio)polymers several different separation mechanisms can 

be exploited in the first- and second-dimension. These include e.g. RPLC, SEC, ion 

exchange chromatography (IEC) and capillary electrophoresis. In this chapter, an on-line 

LC × LC system where SEC is used as the 1D and RP as the 2D is exploited. The main 

reason for using SEC in the 1D is the fact that refocusing on top of the 2D column in this 

case is rather easy to obtain. In a recent study conducted on different 2D-LC systems, 

Gilar et al. [18] have concluded that SEC and RP provide an excellent orthogonality at a 

reasonable peak capacity.  

   Evidently, when setting up 2D-LC systems, both the choice of the columns for the two 

dimensions as well as of the operational parameters is crucial. This has up to now mainly 
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been performed using trial-and-error strategies, notable exceptions here being works by 

Schoenmakers et al. [19] and Vivó-Truyols et al. [20]. In order to make the optimization 

process less empiric, a novel approach is discussed here. This approach is meant to 

provide chemists entering the area of LC × LC with a strategy resulting in a more 

straightforward way to optimize the relevant parameters of an LC × LC separation. The 

main difference between the work presented in this chapter and the approaches followed 

by Schoenmakers’ and Vivó-Truyols’ comes from a practical perspective: whereas in the 

latter case the complete optimization of the 2D system is described as such without any a 

priori boundary conditions, the starting point in our work is an existing 1D-LC separation 

for which the desire is to improve peak capacity without the need to re-optimize the 

original separation. This can be done by adding another dimension. Therefore, a new 

column - the 1D column in the new LC × LC system - needs to be added and optimized. 

This approach nicely reflects the practical situation in laboratories dealing with complex 

samples: the current separation performance suffices, but if there was a simple way to 

improve it this could be worthwhile pursuing.  

   What will finally be shown is that, once one of the columns has been selected, the 

choice for the other dimension is much more limited than it might be expected at first 

sight, if optimal separation conditions need to be met. Starting point of the method 

derived here is the criterion introduced by Murphy et al. that the optimum number of 

fractions to be transferred from the first- to the second-dimension is in the order of four 

per peak [21]. 

   Instrumentation is set up for the on-line SEC × LC separation of mixtures of small 

peptides. In designing the actual interface care was taken to minimize the risk of 

adsorptive losses of peptides in valves, tubing, loops, etc. In the present chapter, on-line 

LC × LC is investigated by working in the stop-flow mode. When operating in stop-flow 

mode, the 1D pump is switched off for the time of the 2D run and it is switched on again 

when transferring the next fraction. The consequences of stop-flow operation in terms of 

band broadening are studied from a theoretical perspective and system performance in 

stop-flow is compared to operation at a continuous low-flow. 
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3.2 Theory 

3.2.1 Optimum column dimensions and operational settings 

   As emphasized in Section 3.1, one of the most interesting aspects of LC × LC is that, if 

orthogonal separation conditions are used, the peak capacity of LC × LC systems is 

greatly enhanced in respect with 1D-LC ones. Below we will derive equations to describe 

the optimal column dimensions and operating conditions for the first-dimension 

(assuming isocratic operation) starting from a fixed second-dimension separation. 

   For LC × LC systems, the total peak capacity of the two columns, nc,tot, is ideally given 

by Eq. 3.1 [16]: 

 

cctotc nnn 21
,           (3.1) 

 

where 1nc and 2nc represent the peak capacity in the first- and second-dimension, 

respectively. As stated above, starting point of this exercise is a given 1D-LC separation 

and a desire to improve the separation quality by converting this 1D-LC system into an 

LC × LC one. This implies that the separation in the 2D has already been fixed and that 

the total desired peak capacity is set. 

   Starting point for the theory to be derived here is the criterion introduced by Murphy et 

al. [21] that the optimum number of fractions to be transferred from the first- to the 

second-dimension in comprehensive chromatography is in the order of four per peak. 

When this criterion is applied in the strictest sense, the standard deviation of the 

narrowest peak in the first-dimension (1D) expressed in units of time, 1σt, is related to the 

total analysis time in the second-dimension, 2ta, by means of the following relationship: 

 

at t  21            (3.2) 

 

Here, 2ta is the sum of the analysis and the reconditioning time. Eq. 3.2 clearly links the 

operation of the 1D column to the performance of the 2D.  

   The next step in the theory derived here is the calculation of the required plate number 

for the 1D column. From the desired total peak capacity and the known peak capacity for 

the 2D, the peak capacity necessary for the 1D can be determined from Eq. 3.1. Basically 



SEC × RPLC of peptides 

 50

this implies that a certain plate number is needed for the first-dimension. From 1nc (in 

isocratic LC), the required plate number (for adjacent peaks at Rs = 1) for the 1D column, 
1N, can be calculated by [22]: 

 

2
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N c          (3.3) 

 

where 1tmax and 1tmin are the limits to the time range in which peaks can elute. In SEC the 

approximation can be made that tmax/tmin = 2. The column length necessary for getting 1N, 
1L, can be easily calculated from: 

 

)(111 uHN  L           (3.4) 

 

Here 1H(u) represents the plate height of the 1D column used. Evidently 1H(u) is a 

function of u which is defined here as the chromatographic velocity of the peak of 

interest, i.e. the column length divided by the retention time of the analyte. As known, 1N 

can also be expressed by: 

 

21

21
1

t

RtN


           (3.5) 

 

where 1tR is the peak retention time in the 1D. Substitution of Eq. 3.2 into Eq. 3.5 and its 

further substitution into Eq. 3.4 gives: 
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The retention time in the 1D, 1tR, is related to 1u by: 
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Combination of Eq. 3.6 and Eq. 3.7 gives: 
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Eq. 3.8 gives an explicit equation for the column length in the 1D. In order to derive an 

equation for 1u, Eq. 3.4 can be substituted into Eq. 3.8. After rearrangement this gives: 
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The plate height of the 1D column as a function of 1u can be described by the well-known 

van Deemter equation:  
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Substitution of Eq. 3.10 in Eq. 3.9 and rearranging gives: 
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Eq. 3.11 is a second order equation where 1u is the unknown. The meaningful solution for 
1u is given by: 
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Substitution of the 1u value obtained from Eq. 3.12 into Eq. 3.10 yields 1H and then, from 

Eq. 3.8, the required value for 1L can be obtained. 

   The final result of this exercise is surprising. The theory derived here shows that, for 

one given H(u) curve of the 1D column, only one column length can be used at one 

specific velocity. Neither longer nor shorter columns nor columns operated at other 

velocities can simultaneously meet the two requirements specified at the start of the 

theory section of a desired total peak capacity and of four 2D runs over a 1D peak. Only 

one set of conditions can be adopted for the 1D. All other conditions result in non-optimal 

comprehensive separations.  

   A quick look to Eq. 3.11 suggests that there is no physically meaningful solution if 

CNta 12 / . From the practical perspective this means that the C-term of the van 

Deemter curve of the 1D column defines both the lower limit of 2ta (at a given 1N) and the 

upper limit of 1N (at a given 2ta). If lower values of 2ta or higher values of 1N need to be 

obtained, a 1D column with a lower C-term, i.e. a shorter plate time, must be used.  

   At this point it is important to emphasize that the theory derived above was derived for 

SEC × RPLC but is equally valid for other modes of LC × LC. This means that secondary 

interactions that will be difficult to avoid in aqueous-SEC will not change the main 

conclusions drawn here. 

 

3.2.2 Practical consequences 

   Typical values of 2ta and 1N with realistic A, B and C values for the van Deemter curve 

will result in very low 1u values as solutions to Eq. 3.12. Indeed, the first-dimension in 

practical LC × LC separations is normally operated at low velocities. So far, the way to 

realize this in all published systems is by running the 1D column at a low flow rate. There 

are, however, basically two ways to obtain low 1D velocities: run the system at a 
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continuous low-flow or use an intermittent high flow - zero flow operation, i.e. stop-flow. 

In terms of instrument design (see Section 3.4.5), stop-flow operation could be attractive. 

Below, a comparison in terms of band broadening for the two operational modes is 

presented. Velocities and on/off times for the stop-flow approach are selected in a way 

that the average linear velocity is the same as in the continuous low-flow experiment. 

Below the calculation is performed for one interval i.e. one on/off step or one fraction 

transferred to the 2D. A schematic representation of such an “interval” is given in Figure 

3.1. This time period is then repeated n times, where n is the number of fractions 

transferred from the first- to the second-dimension.  

   In the continuous low-flow mode, if a single interval is considered, the total variance in 

units of length, 2
,iz , is given by: 

 

conticontiz utuHcont  )()(2
,        (3.13) 

  

where H(ucont) is the plate height, ti is the length of the interval and ucont the 

chromatographic velocity of the peak of interest. The plate height, H(ucont), can be 

calculated by means of Eq. 3.10.  
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Figure 3.1: Flow rate, F, for stop-flow and continuous low-flow operation as a function of the 
interval time. 
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   When referring to the stop-flow mode of operation, in order to estimate the total 

variance of the band, 2
,ztot , the rule of additivity of variances can be used. If a single 

interval is considered, its variance, )(2
, sfiz , will be given by: 

 

22
,

2
, )()( offiziz contsf           (3.14) 

 

where 2
off  is the variance during stop-flow (in length units). The contribution to the total 

variance of zero flow operation, 2
off , is given by the Einstein diffusion equation: 

 

offeffoff tD22            (3.15) 

 

where toff is the stop-flow time and Deff the effective diffusion coefficient of the solute in 

the column.  

 

3.3 Experimental section 

   A system for comprehensive SEC × RPLC was constructed in-house. The first-

dimension used a 7.8 × 300 mm TSK-GEL G2500PWXL column (Tosoh Bioscience, 

Stuttgart, Germany) packed with 6 μm particles. The mass range of this column, 

estimated for linear molecules by using polyethylene glycols/oxides (PEG/PEO), is up to 

3,000 Da. The second-dimension consisted of a monolithic C18 modified silica 4.6 mm 

ID × 25 mm long Chromolith Flash column (Merck, Darmstadt, Germany) and a 

monolithic C18 modified silica 4.6 mm ID × 10 mm long Chromolith Flash Guard 

column (Merck).  

   A schematic drawing of the system is shown in Figure 3.2: the SEC column outlet is 

connected to a six port valve (Valco Instruments, Houston, TX, USA). In the transfer 

mode the effluent from the 1D column is directed to the 2D column. The 2D gradient 

pump is now connected to a flow restrictor to keep the pressure constant during the actual 

transfer. In the 2D analysis mode, the 1D pump is connected to a stop-flow valve: before 

the first peak elutes, the stop-flow valve is open, letting the dead volume go to waste. 

When the transfer of the first fraction starts, the stop-flow valve is switched to the stop-
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flow position so that, when switching the 1D pump off, the pressure in the 1D column 

stays constant. At the end of the analysis the stop-flow valve is switched back to the 

initial “waste” position. 

   The mobile phase for the 1D column was water (Elgastat Option2 Water Purifier, Salm 

en Kipp BV, The Netherlands) containing 0.1% trifluoroacetic acid (Sigma-Aldrich 

Chemie, GmbH, Steinheim, Germany), filtered through a type HVLP 0.45 μm membrane 

filter (Millipore, Billerica, MA, USA). The separations in the 1D column were run either 

at 0.37 or at 0.50 mLmin-1. The mobile phase was supplied by a Model 600 pump 

(Waters Associates, Milford, MA, USA) and controller. In the 2D column, a steep 

gradient at 2 mLmin-1 was pumped by a Model LC-10 AD vp pump (Shimadzu) equipped 

with a Model FCV-10 AL vp low-pressure mixing chamber (Shimadzu). Mobile phase A 

was water with 0.1% TFA and B was acetonitrile (Biosolve bv, Valkenswaard, the 

Netherlands) also containing 0.1% TFA, both passed through a type HVLP 0.45 μm 

membrane filter. In a typical 2D run, a slice of 30 s was transferred at a moderate (0.37 or 

0.50 mLmin-1) flow rate from the first- to the second-dimension. At the end of the 30 s, 

the six-port valve was switched and the gradient started. In the next 30 s the initial flow 

rate was increased to 2 mLmin-1 and, after that, the solvent programming started. Flow 

rate programming was applied to avoid pressure shocks during the actual transfer (the 

maximum pressure tolerable by the 1D column is only 4.3 MPa). A typical gradient 

started at 5% B; at 2.50 min B was 40% and, at 3.50 min, 90%. B was then maintained at 

90% up to 5.50 min and, at 6.50 min, was decreased to 5%. At 7.50 min the percentage of 

B was 5% and, at 8.50 min, the flow rate was decreased to the starting value.  

   The UV detector (Waters Associates Model 486) monitored absorbance of the peptide 

bond at 214 nm. 

   The chromatography system was controlled by Empower software from Waters. The 

sampling frequency was set at 10 points per second. 

   Data visualization was performed by Matlab 7.0.1 software, using routines written in-

house. For correct visualization data were aligned. We used a signal that appeared at the 

end of the 2D injection as a reference. The alignment was performed in such a way that 

the corrected retention time of this signal was forced to be constant. 
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Figure 3.2: Schematic representation of the on-line SEC × RPLC system operated in stop-flow 
mode.  
 

 

Figure 3.3: SEC separation of BioZate3. F = 0.5 mLmin-1. Sample concentration: 100 mgmL-1. 
Injection volume: 20 μL. Temperature: 30 °C.  
 
   Various complex peptide samples were studied. Most of the work was done using 

BioZate3, a highly complex whey protein hydrolysate (Davisco Foods, Eden Prairie, MN, 

USA). BioZate3 contains a high percentage (more than 40%) of low molecular weight 

peptides (MW < 2000 Da). Previous unpublished work on BioZate3 by LC-MS has 
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shown that this sample contains thousands of individual peptides. A typical 1D SEC run 

for BioZate3 is shown in Figure 3.3. 

 

3.4 Results and discussion 

3.4.1 Obtaining input properties H/u and Deff 

   The equations derived in earlier sections require accurate H/u curves and diffusion 

coefficients as input parameters. Since such information is hardly available, the required 

data had to be obtained experimentally. An H vs u curve was obtained by running a 

dipeptide (Ala-Val, MW=198 Da) at different linear velocities on the 1D-SEC column. 

The Van Deemter equation was fitted to these experimental data using software written 

in-house. The A-term was found to be 1.5 × 10-5 m and the C-term 8.6 × 10-2 s. The A-

value is close, for a particle size of 6 μm, to the theoretical minimum of 2dp; the C-value 

is reasonable for a low molecular weight analyte. In principle also the B-term can be 

obtained from the experimental H/u curve. A reliable estimate, however, is only possible 

if sufficient data points recorded at very low linear velocities are available. Because this 

is time-consuming, the B-term was calculated from the value of the effective diffusion 

coefficient, Deff. As in Eq. 3.10 the chromatographic velocity is used, B is given by B = 2 

× Deff. The procedure to obtain Deff from stop-flow experiments was described by Knox 

[23]. In short, a band of solute was eluted part way through the chromatographic column. 

The elution was arrested for a constant time, Δtoff,, and next the band was eluted at the 

original flow-rate. 

   Two low-MW peptides, Ala-Val (MW=198 Da) and (Ala)5 (MW=373 Da), were used 

as test compounds. The results are reported in Figure 3.4, where the total variance, 2
t , is 

plotted against Δtoff. 

   The longitudinal variance of the band measured as a length inside the column, 2
z , 

arising from molecular diffusion in axial direction while a band resides in the column, is 

given by Eq. 3.16 [23]: 

 

Reffz tD22           (3.16) 
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where Deff is the effective diffusion coefficient of the solute in the column and tR its 

retention time. σz is related to the standard deviation of the band measured in units of 

time, σt, by the following formula: 

 

utz             (3.17) 

 

where u is the chromatographic velocity of the peak of interest upon elution. In terms of 

variances, then: 

 

222 utz             (3.18) 

 

Figure 3.4: Total variance, 2
t , plotted versus stop-flow time, Δtoff, for Ala-Val (diamonds) and 

(Ala)5 (squares). The chromatographic velocities when the flow was on were 2.0 × 10-4 and 2.9 × 
10-4 ms-1 for Ala-Val and (Ala)5, respectively. Linear fitting equations: y = 151.6x + 272.9, R2 = 
0.9924 (Ala-Val); y = 78.9x + 196.9, R2 = 0.9924 ((Ala)5). 
 

When applying a stop-flow time, Δtoff, the following relationship is obtained: 

 

offchromRR ttt  ,          (3.19) 
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where tR,chrom is the analyte retention time in absence of stop-flow. By combining Eqs. 

3.16, 3.18 and 3.19: 

 

2
2
,

2 2
u

t
D off

effchromtt


          (3.20) 

 

where 2
chromt ,  is the total variance due to “normal” chromatographic effects and 

2/2 utD offeff   is the contribution to the total variance due to stop-flow. 

   In Fig. 3.4, the plot of 2
t  vs offt is shown. From this figure it can be seen that a linear 

relationship is found to fit data quite well for both peptides and that the contribution to 

band broadening due to longitudinal diffusion increases more rapidly for Ala-Val, the 

lower MW peptide, than for (Ala)5. Deff can then be easily calculated from the slope of 

the curve in Fig. 3.4. For Ala-Val a Deff of 3.0 × 10-10 m2s-1 was obtained. The B-value 

hence is 6.0 × 10-10 m2s-1. 

 

3.4.2 Deriving typical values of 1u, 1L and 1H 

   A typical 2D chromatogram from our system is shown in Figure 3.5. The analysis time 

for each sample in the 2D was approximately 600 s. The peaks were approximately 10 s 

wide (see Fig. 3.5). Subtracting the column dead and equilibration time, the usable 

elution time window in each RPLC chromatogram was approximately 300 s. By dividing 

this by the average peak width, a 2nc of 30 is obtained. If a nc,tot of 300 is needed, 1nc must 

then be 10. The required plate count in the 1D for that peak capacity, 1N, will be 2700. 

The required chromatographic velocity for the 1D then can be obtained from Eq. 3.12. 

The resulting value is 7.7 × 10-6 ms-1. This corresponds to a flow rate of approximately 

0.01 mLmin-1. 1H and 1L now can be calculated from Eq. 3.10 and Eq. 3.4. They were 

found to be 9.4 × 10-5 m and 280 mm, respectively. Once more, every other 1D column 

length and linear velocity results in non-optimal operating conditions where the two 

requirements of a given desired total peak capacity and the requirement of four 2D runs 

over a 1D peak cannot be met simultaneously. 
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Figure 3.5: Single RPLC chromatogram (Fraction 27, extracted between 295.42 and 305.87 min). 
 

 
 
Figure 3.6: Theoretical curves showing the chromatographic velocity in the 1D column, 1u, and 
the column length in the 1D column, 1L, as a function of the total desired peak capacity, nc,tot. 
 
   Using the theory derived here and using the input parameters determined 

experimentally, also other scenarios can be calculated. Figure 3.6 shows the required 

column length and linear velocity as a function of the desired total peak capacity (2nc is 

30). Fig. 3.6 clearly shows that both 1L and 1u increase with the total peak capacity, nc,tot, 
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and, therefore, with 1nc. The conclusion that a longer column is needed to obtain a higher 

peak capacity might be not surprising, but the required length increase is more than linear 

because also a higher velocity is needed. While 1L increases parabolically with nc,tot, the 

relationship between 1u and nc,tot can be obtained by substituting Eq. 3.3 in Eq. 3.12. In 

the limiting case of the 1D SEC column run at a very low linear velocity, however, the B-  

term dominates and, therefore, the A- and C-terms in Eq. 3.12 can be neglected. It can 

then be shown that 1L is proportional to 2/3
,totcn and 1u to 2/1

,totcn .  

 

3.4.3 Establishing limiting conditions 

   As already noted, Eq. 3.11 does not have a physically meaningful solution if 

CNt 1
a

2 / . For the aqueous-SEC column used here, the C-value amounts to 8.6 × 10-2 

s. For a typical 1D plate number of 10,000, this means that, if the analysis time in the 

second-dimension gets below 9 s, there is no solution for Eq. 3.11. If, for the same 

column and the same C, 2ta equals 60 s, 1N must be higher than 4.9 × 105
 in order for Eq. 

3.11 not to have solution. Clearly, and unfortunately we would say, under practical 

conditions one is hardly expected to encounter problems from this perspective. 

 

3.4.4 Stop-flow vs Continuous Low-Flow 

   The calculations in Section 3.4.2 clearly show that the 1D column has to be operated at 

low to very low linear velocities. As previously discussed there are two ways to achieve 

this: continuous low-flow operation and stop-flow operation. Below, a comparison of 

these two modes in terms of band broadening will be presented. The values of the total 

variance for the two cases of continuous low-flow and stop-flow will be derived for Ala-

Val, for a single interval of 10 minutes consisting of 9.50 minutes stop-flow and 0.50 

minutes on-flow (see Fig. 3.1). Ala-Val was selected because this analyte presents a 

worst case scenario. It is small and hence has the highest axial dispersion coefficient. 

   Continuous low-flow. In Section 3.4.2 the optimum linear velocity for the 1D column at 

a required total peak capacity of 300 is calculated to be 7.9 × 10-6 ms-1. The plate height 
1H then is 9.2 × 10-5 m. From these values, )(, contiz  can be estimated, by means of Eq. 

3.13, as 7.0 × 10-4 m. 
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   Stop-flow. In order to obtain the same average velocity in a stop-flow experiment where 

the flow is on only for 5% of the time, a twenty times higher linear velocity must be used 

during the “on-flow period”. Substituting this velocity into Eq. 3.10 gives the plate height 
1H in the on-flow period. By using the previously determined Deff value, )(, sfiz was 

calculated to be 7.2 × 10-4 m. 

   As the above exercise shows, the calculated band width for the two cases of continuous 

low-flow and stop-flow is basically identical. At first sight the above result might seem 

strange as it is commonly known that stop-flow periods in LC result in band-broadening 

due to longitudinal diffusion. To allow a fair comparison, however, stop-flow operation 

should be compared with continuous low-flow operation with an identical total retention 

time. If the elution time in intermittent high/low flow operation is identical to that in 

continuous low-flow operation, the total time for longitudinal diffusion is constant and 

hence the total effect is identical. In considering stop-flow operation in on-line LC × LC 

it is a common misconception to identify the stop-flow period as an additional source of 

band broadening, at least if the 1D is operated at below optimum velocities, which will 

generally be the case in on-line LC × LC. 

   In order to see whether the repeated on/off switching could cause additional band 

broadening, a further experiment was performed. In short: (a) the sample is eluted for a 

certain time; (b) at t = tstop the pump is stopped; (c) after a time Δtoff  the pump is turned 

on again; (d) after a time Δton (where Δton is the time length in which the pump is turned 

on) the pump is switched off again; (e) steps (c) to (d) are repeated n times; (f) the solute 

is finally eluted (with the flow-rate equal to that at the beginning). In order to minimize 

the contribution of longitudinal diffusion to the band width during the stop-flow period, 

Δtoff was kept short (30 s). The results of this experiment are shown in Figure 3.7. From 

Fig. 3.7, it can be seen that the total variance in units of time, 2
t , increases slightly when 

the number of stop-flows is increased. Still, as this effect is quite small, it seems more 

logical to relate it to the longitudinal diffusion of the analyte inside the column during the 

stop-flow intervals rather than to the effect of switching the pump on and off. This is 

indeed confirmed by the experimental data: switching the pump off 20 times results in a 

peak width at half height, w1/2, of 39.2 s, comparable with the value of 39.1 s obtained 
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when switching the pump off only once but then for 10 minutes. In conclusion, Eq. 3.20 

was confirmed to properly describe band spreading when stop-flow is used. 

 

Figure 3.7: Effect of number of stop-flows on band broadening. Ratio between total variance, 2
t , 

and total variance in absence of stop-flow, 2
chromt , , plotted versus number of stop-flows for Ala-

Val. Clearly, for Δtoff = 0, 2
chromt

2
t ,  . 

 

3.4.5 Instrument design criteria 

   In addition to operational parameters such as column length and flow rate, also 

practical issues such as the method of interfacing will affect the final result in a 2D 

separation of peptides. Two factors complicate the development of systems for on-line 

SEC × LC of peptides. Firstly, peptides are very prone to give significant retention time 

shifts depending on column quality and exact gradient composition. Secondly, especially 

the non-polar small peptides present in food protein hydrolysates are very susceptible to 

adsorption in all types of interfaces, storage loops, tubing etc. Knowing these problems 

we designed a comprehensive 2D-LC system around one 2D column and a minimum of 

interfaces between the two columns (see Fig. 3.2). A clear advantage of stop-flow 

operation in this respect is that no storage loops are needed. A simple valve suffices to 

transfer fractions from the first- to the second-dimension. 

 



SEC × RPLC of peptides 

 64

 

3.4.6 Applications 

   The theory approach derived in Section 3.2 was exploited to obtain the 1D parameters 

to be used in the on-line SEC × LC analysis. The result of an on-line SEC × LC 

experiment performed at the calculated optimum settings and delivering a total peak 

capacity of 300 is shown in Fig. 3.8. Fig. 3.8 clearly shows that adding a second column - 

the 1D column in the newly built on-line SEC × LC system – results in a resolving power 

comparable with that of the most successful one-dimensional separation systems 

published in the literature [24, 25]. The two requirements of a desired total peak capacity 

of 300 and of four 2D runs over a 1D peak, however, result in an unpractical analysis 

time. The total analysis time exceeds 500 minutes. This is the price to pay for the higher 

resolving power. Shorter analysis times are only possible if the analysis time of the 2D 

can be reduced or if a lower total peak capacity is accepted. Operating the 1D column at 

another flow rate is not an option to reduce the analysis time. Under such conditions the 

two requirements for truly comprehensive operation will not be met simultaneously.  

   A second experiment was performed by running the system in such a way that the 

number of 2D runs over each 1D peak was decreased from four to three. In order to do 

that, the 1D column flow rate was increased to 0.50 mLmin-1 while keeping the actual 

transfer time constant at 30 s. Because of the increased transferred volume, the total 

number of fractions transferred from the first- to the second-dimension was decreased. 

Therefore, under these conditions, the total analysis time could be reduced to 

approximately 400 min. The 3D plot for this separation is shown in Figure 3.9.  

   The effect of sampling each peak from the 1D just three times is presented in Figure 

3.10 in which a detail from Fig. 3.8 and Fig. 3.9 is compared. From Fig. 3.10 it is evident 

that the resolving power at this lower sampling frequency is sensitively decreased. Once 

more, it is important to emphasize that the choice of the sampling frequency of first-

dimension peaks plays a very important role in the optimization of LC × LC separations. 

Neglecting this aspect can lead to dramatic decreases in overall resolving power. This 

aspect is discussed in more detail in Chapter 2. 
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Figure 3.8: SEC × LC contour plot of BioZate3 at the optimal 1D conditions. F = 0.37 mLmin-1, 
operated in stop-flow mode (flow on for 0.5 min followed by flow off for 9.5 min). For other 
settings see Experimental Section. 
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Figure 3.9: SEC × LC contour plot of BioZate3 at non-optimal 1D conditions. F = 0.50 mLmin-1, 
operated in stop-flow mode (flow on for 0.5 min followed by flow off for 9.5 min). For other 
settings see Experimental Section. 
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   An advantage in transferring larger volumes from the first- to the second-dimension 

column is that the dilution factor will be decreased, resulting in a more intense signal. 

Refocusing of the larger band on the 2D column was not an issue. The peptides are 

strongly retained at the initial gradient settings. 

   When running the 1D column, some undesired adsorption phenomena could not be 

avoided and, therefore, not all peaks eluted in the size exclusion mode (for a typical SEC  

run, see Fig. 3.3). In order not to make the total analysis time even longer these peaks 

were not sampled. The addition of an organic modifier did not really prevent adsorption.  
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Figure 3.10: Detail of Fig. 3.8 (left) and Fig. 3.9 (right) showing the influence of operating at 
non-optimum conditions. 
 

3.5 Conclusions 

   In this chapter, a method for the selection of the operational parameters for the 1D of 

on-line LC × LC systems was derived. It was shown that, in order to simultaneously meet 

the two requirements of a certain desired total peak capacity and of four 2D runs over a 
1D peak, only one set of conditions (column length, linear velocity) can be adopted for 

the 1D. 

   A system for on-line SEC × LC was designed and constructed. The derived theory was 

used for finding the optimal 1D conditions, for a situation where the 2D separation was 

already fixed. The on-line SEC × LC system, differently from what appeared in literature 
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so far, was run in stop-flow mode. In contrast to the common conception, stop-flow 

operation does not result in additional band broadening. Stop-flow interfacing is 

attractive as it greatly facilitates instrument design. The resulting system was applied to 

the analysis of complex mixtures of peptides derived from whey proteins. 
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