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LC TROUBLESHOOTING

But Why Doesn’t It Get Better?  
Kinetic Plots for Liquid Chromatography, Part III:  
Pulling It All Together
Choosing a liquid chromatography (LC) column for a particular application can be a surprisingly challenging task. On one hand, 
column manufacturers give us many options to choose from, including particle types, pore sizes, particle sizes, and different 
lengths and diameters. On the other hand, we usually don’t have time to experimentally evaluate many combinations of these 
parameters, and sometimes we end up picking something similar to the columns that are already in the drawer. The “kinetic plot” 
is a powerful graphical tool that can help leverage the best available theory to help us understand how different combinations 
of parameters (that is, particle size and length) will perform in terms of the time needed to get to a particular column efficiency  
(and thus resolution), and therefore make well-informed decisions when choosing columns.

Ken Broeckhoven, Caden Gunnarson, and Dwight R. Stoll

In the last two installments of “LC Trou-
bleshooting,” we reviewed the basic 

idea of a “kinetic plot” (1) and how to 
make the plots from experimental data 
or data from the literature (2). Ultimately, 
this graphical tool can be used to make 
informed decisions when choosing col-
umns and to understand why a column 
might not be delivering expected per-
formance improvements. This month, 
we conclude this series of articles by 
discussing the so-called “Knox-Saleem 
limit” (KSL), application of kinetic plots 
to gradient elution conditions, and the 
impact of extracolumn dispersion on 
kinetic plots. Finally, we introduce a web-
based application that pulls together all 
of the theory discussed in these install-
ments into a convenient and flexible 
web-based calculator that allows you to 
explore the impact of many variables on 
the kinetic plot on your own. 

The Knox-Saleem Limit (KSL)
In last month’s installment, we began 
discussing the effect of particle size 
on kinetic plots by showing the kinetic 
performance limit (KPL) curves for differ-

ent particle sizes (Figure 1a). Interest-
ingly, these curves cross in the kinetic 
plot, which means that at any given 
combination of t0 and N, there is one 
particle size that provides superior 
performance compared to the others.  
In other words, there is no single par-
ticle size that is superior to all others 
over the entire range of analysis times 
of practical interest. Whereas the small-
est particles (1.7 µm) show the best 
kinetic performance at short analysis 
times, the larger particles (5 µm) are 
the better choice to obtain high effi-
ciencies at long analysis times, which is 
a direct result of the improved perfor-
mance at higher flow rates for smaller 
particles (fast analysis). However, the 
small particles also lead to large pres-
sure drops that limit their use to rela-
tively short columns (lower efficiency). 

In Figure 1a, we see that each of 
the KPL curves touches an oblique 
asymptote (dashed lines) below which 
one cannot work regardless of the 
choice of column length, particle size,  
and velocity because the pressure drop 
will exceed the chosen pressure limit. 

This oblique asymptote is the KSL and 
in fact touches the KPLs for different 
particles sizes at their respective opti-
mal mobile phase velocities (that is, 
u0,min) (3). The point where the KPL and 
KSL curves touch represents the optimal 
choice of not only mobile phase velocity 
and column length, but also of the par-
ticle size for each combination of t0 and 
N. For the particle sizes represented in  
Figure 1, we see that the KPL curves come 
very close to the KSL, which indicates that 
at least one of these particles is close to 
optimal for plate numbers in the range of  
10,000 < N < 200,000. When there is 
a gap in the available particles sizes  
(for example, jumping from 1.7 to 3.5 
µm), we see a gap between the points 
at which the two KPL curves cross with 
the KSL. This occurrence indicates a 
gap between the truly optimal per-
formance that is possible for a given 
combination of t0 and N, and what can 
actually be realized with the available 
particle sizes. Fortunately, these differ-
ences are rather small, as has been dis-
cussed in detail by Matula and Carr in 
the literature (4).
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The KSL can be calculated using 
equation 1 if the dynamic viscosity 
of the mobile phase (η), the minimum 
reduced plate height (hmin), and the 
u0-velocity-based flow resistance (Φ0)  

for a certain stationary phase support 
are known using (2,3,5):

t0 =                 N 2
η.Φ0

.hmin

ΔPmax
[1]

This relationship makes clear that the 
kinetic performance can be improved 
by increasing the maximum operat-
ing pressure (ΔPmax; that is, UHPLC vs. 
HPLC), decreasing the mobile phase vis-
cosity (for example, through the use of 
high temperatures in LC, or low viscosity 
eluents in supercritical fluid chromatog-
raphy [SFC]), reducing the flow resis-
tance (for example, by using monolithic 
or chip-based columns), or decreasing 
the minimum reduced plate height 
(for example, with superficially porous 
particles, chip-based, or 3D-printed 
columns) (6). A change in any of these 
parameters will shift the KSL (and also 
the KPL curves) to the right, allowing 
for both faster and more efficient sep-
arations. When all other parameters 
are fixed, doubling ΔPmax results in a 
decrease in t0 by a factor of two. In other 
words, doubling the available pressure 
allows the same efficiency to be real-
ized in half the time, which is illustrated 
in Figure 1b where the effect of the 
operating pressure on the KPL curve for 
the 1.7 µm particles is shown. The curve 
shifts to the bottom right of the kinetic 
plot, showing how even faster analyses 
and higher efficiencies can be obtained 
when operating at this higher maximum 
pressure. In fact, when comparing the 
use of 1.7 µm particles at 1000 bar with 
3.5 and 5 µm particles used at 400 bar, 
the smaller 1.7 µm particles outperform 
the 3.5 µm particles in the part of the 
efficiency analysis time range where the 
latter outperforms the 5 µm particles at 
400 bar. The 1.7 µm particles at 1000 bar 
even outperform the 5 µm particles up 
to approximately N ~100,000. Of course, 
this comparison changes if the 3.5 and 
5 µm particles can also be used at 1000 
bar. Similarly to the KPL curve, the KSL 
also shifts with an increase in maximum 
pressure, as expected from equation 1.

Application of the  
Kinetic Plot Concept to  
Gradient Elution Conditions 
For fundamental comparisons of the 
separation performance of different 
column types, it is most practical to 
use isocratic elution conditions, which is  
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FIGURE 1: (a) Effect of particle size on KPL curves for a maximum pressure (ΔPmax)  
400 bar. (b) Same as (a), but with KPL (1.7 µm) and KSL curves added for a pressure limit 
1000 bar. Curves were constructed from experimentally determined t0 and N data for a 
small molecule at 30 °C (7).

FIGURE 2: Screenshot of system inputs for calculation of column and extra-column 
dispersion, time, and pressure.

FIGURE 3: Screenshot of kinetic parameter inputs for calculation of kinetic curves. Only one 
set of parameters is shown, but up to three sets of parameters can be handled simultaneously.
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why our discussion of kinetic plots 
has so far focused on the kinetic plots 
with t0 and N as the axes. In practice,  
however, most applications use mobile 
phase composition gradients to optimize 
separation time and resolution. Thus, it is  
desirable to apply the kinetic plot con-
cept to the gradient elution condition 
as well, which can be done by replacing 
the plate number with the peak capacity 
(np) as the measure of separation perfor-
mance (5,8). When making experimental 
measurements of retention time and 
peak width under gradient elution con-
ditions for the purpose of making kinetic 
plots from experimental data, several 
details are important to keep in mind. 
These are mentioned briefly here. Read-
ers interested in learning more about 
them are referred to the literature for  
detailed protocols (9).
• Gradient time should be scaled 

inversely proportional to the flow rate 
so that the gradient slope remains 
constant (10,11). 

• If the mobile phase composition is 
held constant at the beginning of the 
separation, or at any other point in 
the elution program, these so-called 
hold times should also be scaled with 
the inverse of the flow rate.

• If columns with the same stationary 
phase chemistry from the same ven-
dor are compared, there is usually little 
to no difference in selectivity and the 
same gradient range (initial and final 
composition) can be used. However, 
when comparing columns from differ-
ent vendors, differences in retention 
may be observed, and it is advisable to 
tune the initial and final composition 
of the gradient in such a way that the 
first and last eluted compounds have 
similar retention factors (9,11).

As previously mentioned, in the case 
of gradient elution, the peak capac-
ity (np) is usually the preferred mea-
sure of separation performance rather 
than the column plate count (N).  
Calculation of the column dead time 

and retention time at the kinetic per-
formance limit (that is, t0,KPL, and tR,KPL) 
is similar in isocratic and gradient elu-
tion, however calculation of the peak 
capacity at the KPL is slightly differ-
ent, as shown in equations 2 and 3 
(9,10,12,13):

λ = 
ΔPmax

ΔPexp
[2]

np,KPL = 1+ λ . (1 – np,exp) [3]

The square root dependence in equa-
tion 3 is the direct result of the square 
root dependence of the peak capac-
ity on the column plate number (10).  
As a result, increasing the column 
length by a factor of four will only 
increase the peak capacity by a fac-
tor of two. Please note that also in this 
case the value for ΔPexp should include 
the extracolumn pressure drop as dis-
cussed in the next section.
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Effects of Extracolumn 
Dispersion on Kinetic Plots
So far in this series, we have not discussed 
the impact of extracolumn dispersion (ECD) 
on kinetic plots, which is mathematically 
convenient. However, peak dispersion out-
side of the column is often too large to 
ignore. We discussed the details associated 
with dispersion in different parts of the LC 
system in a prior multipart series of articles 
in this magazine (14–17) and elsewhere (18), 
and readers interested in these details are 
referred there. Here, we focus on adjust-
ments that must be made to the kinetic plot 
calculations to account for both the disper-
sion that occurs in the LC system outside 
of the column, and the pressure drop that 
occurs in different parts of the system.

Corrections to the kinetic plot calcula-
tions to account for extracolumn effects can 
be made using values for the extracolumn 
dispersion and pressure drop obtained 
from experiments, or some means of esti-
mation. When it comes to experimental 
measurements, the column is replaced 
by a zero dead volume union in order to 
obtain the extracolumn time (tec) and peak 
variance (σt,ec

2 ) at different flow rates. It is 
important to understand that extrapolation 
of the plate number from a FL curve to the 
KPL using λ = ΔPmax

ΔPexp
(as discussed in Part II of 

this series) should only be done using plate 
numbers that have been corrected for ECD. 
Then, after the extrapolation, the extracol-
umn variance is added back to the peak 
variance contributed by the column to give 

an effective plate number (Neff) as shown 
in equation 4. Similarly, the column dead 
time must be corrected to account for 
the time the analyte spends traveling 
from the injector to detector, but outside 
of the column, as shown in equation 5:

Neff =                 
(t0,col+ tec)

2

σt,col+σt,ec
2 2 [4]

t0,eff = t0,col + tec                [5]

In addition to the effect of the LC system on 
dispersion of peaks, some of the available 
operating pressure is also lost because of 
pressure drops along the connecting tubes, 
especially when narrow diameter tubes are 
used. To account for this, the value of ΔPmax 
used in calculating the kinetic curves should 
be reduced by the value of the extra-col-
umn pressure drop (ΔPec) at the correspond-
ing flow rate, as shown in equation 6:

ΔPmax,eff = ΔPmax – ΔPec          [6]

Pulling It All Together—  
A Web-based Application for You 
Although no single mathematical step in 
calculating the kinetic curves is particularly 
difficult, there are many details to keep track 
of, and building a calculator correctly from 
scratch takes some time. Thus, we have 
built a freely available web-based calculator  
(www.multidlc.org/kinetic_plot_tool) that 
incorporates all of the theory discussed in 
this series of articles, including consideration 

of extracolumn effects discussed in the pre-
vious section. Here, we briefly demonstrate 
use of the tool by way of an example that 
shows how it can be used to explore the 
effects of different variables on the curves, 
and perhaps develop hypotheses for trou-
bleshooting situations where column perfor-
mance does not live up to one’s expectations.

Figures 2 and 3 show screenshots of the 
inputs to the tool. Up to three different con-
ditions can be compared simultaneously. 
Pre-set configurations for zero, low (~1–2 µL2), 
and normal (~10–15 µL2) levels of extracol-
umn dispersion enable quick configuration 
of the extracolumn inputs; however, each of 
the system parameters (that is, injector, tub-
ing, and detector) are fully adjustable as well.

Figure 4 shows screenshots of the kinetic 
plots produced by the tool for two differ-
ent cases (A and B). In both cases the com-
parison is between columns packed with 
fully porous 1.7 µm particles and columns 
packed with superficially porous 2.7 µm par-
ticles. In case A, the tool is configured using 
the pre-set parameters for a low dispersion 
system (~1–2 µL2) for both the FPP and SPP 
columns. Here, we see that the 1.7 µm FPP 
columns outperform the 2.7 µm SPP ones 
at the KPL over the range of 5,000 < N < 
30,000, though the difference is small (t0,FPP =  
0.28 min vs. t0,SPP = 0.31 min for 15,000 
plates). At approximately N = 30,000 plates, 
the curves cross over and the SPP columns 
become superior for higher efficiencies as a 
result of their higher permeability.

However, when the tool is reconfigured 
using the preset parameters for a normal 
dispersion system (~10–15 µL2), we get 
the curves shown in Figure 4b, where 
the SPP columns are superior to the FPP 
ones at the KPL over the entire range 
of efficiencies shown. On one hand, the 
superiority of SPP columns is not surpris-
ing: manufacturers of sub-2-µm columns 
have been working to educate users 
for years about the importance of using 
these columns in low dispersion systems 
to maximize their performance potential.  
On the other hand, this comparison shows 
the utility of the kinetic plot tool both for 
making informed choices about column 
selection, and troubleshooting situations 
where a column in use does not live up to 
user expectations.
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FIGURE 4: Illustration of the kinetic plot tool output that illustrates the significant effect 
of extra-column dispersion on the relative performance of different column technolo-
gies. Reduced van Deemter parameters were 1, 3, and 0.1, and 0.8, 3, and 0.06 for the 
fully porous and superficially porous (SPP) particles, respectively. The flow resistance 
parameter (Φ0) was 800 and 650 for the FPP and SPP columns. All other parameters were 
held constant: Dmol, 5 x 10-10 m2/s; T, 40 °C; Mobile phase, 40:60 for acetonitrile:water.
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Summary
In this installment of “LC Troubleshooting,” we have contin-
ued our discussion of kinetic plots and their utility when select-
ing column technologies and formats, and troubleshooting 
columns that appear to not live up to our expectations. The 
KSL quantifies the best achievable performance (as measured 
by plate number) in a given analysis time when the particle 
size is allowed to vary. Kinetic plots can also be used to com-
pare technologies under gradient elution conditions, and 
when the effects of extracolumn dispersion are accounted for.  
Finally, we have introduced a freely available web-based kinetic 
plot tool that leverages all of the theory discussed in this series 
and enables comparison of up to three different sets of condi-
tions simultaneously. This tool is useful for quickly comparing 
different column technologies and LC system configurations, 
and developing troubleshooting hypotheses when things don’t 
seem to be quite right. It is important to note that all calcula-
tions in this series have been done with diffusion coefficients 
typical of small molecules. When working with large molecules 
their diffusion coefficients will be very different, and thus the 
kinetic plots will be very different as well.
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