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LC TROUBLESHOOTING
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But Why Doesn’t It Get Better? Kinetic Plots for 
Liquid Chromatography, Part I: Basic Concepts 
Choosing a liquid chromatography (LC) column for a particular application can be a surprisingly challenging task. On the 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 do not 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 (such as particle size and length) will perform in relation to the time needed to get to a particular column efficiency  
(and thus resolution), and therefore make well-informed decisions when choosing columns. 

Ken Broeckhoven and Dwight R. Stoll

Fifty years into the evolution of modern 
liquid chromatography (LC) we are still 

observing remarkable growth in the com-
mercial offerings of LC columns. Each year, 
we see introductions of columns prepared 
with superficially porous particles (SPPs) 
from more manufacturers, new column for-
mats (such as pillar array columns), more 
particle types suitable for bioanalysis (such 
as wide pore particles), and so on. From 
an analyst’s perspective, these develop-
ments are wonderful because they give us 
more choices, and increasingly they give 
us options that are designed with specific 
applications in mind (such as columns sold 
specifically for the purpose of characteriz-
ing monoclonal antibodies [mAbs]). How-
ever, having all these options to choose 
from can also make purchasing decisions 
complicated. How do we know which col-
umn is the “right” one? Of course, with 
purchase prices in the $500–$1000 range, 
trying a large number of them is simply 
not realistic. In the worst-case scenario, 
making the wrong choice can lead to 
real disappointment and sunk costs. If we 
choose the wrong combination of particle 
size and column length and diameter and 
pore size for a particular application, we 
may find that the performance we observe  

(as measured by analysis time, resolu-
tion, and sensitivity) is not as good as we 
expected, or perhaps even worse than 
what we were already using.

The analysis time–resolution compro-
mise is one of the most studied topics in 
the history of LC research. Although the 
issue may have been considered settled in 
the late 1990s, new developments over the 
last 20 years, including the use of pressures 
greater than 400 bar, particles smaller than 
three micrometers, new stationary phase 
supports, and the surge in interest in the 
analysis of biopharmaceuticals, are keeping 
things interesting (1,2). One very powerful 
framework that is used to understand how 
all these factors influence what columns 
we should use for which applications is the 

“kinetic plot.” For this first installment in a 
multipart series on the construction and use 
of these plots in practice, I’ve asked kinetic 
plot expert Professor Ken Broeckhoven to 
join me in describing what a kinetic plot is 
and how it relates to the practical factors 
we care about most in LC—analysis time 
and resolution. In subsequent installments, 
we will go on to show how these plots can 
be constructed from experimental data of 
your own, or data accessible to you, and 
finally how the resulting plots can be used 

to guide decision making when choosing 
columns, and help troubleshoot situations 
where a particular column does not deliver 
the performance expected based on intu-
ition and community conversations.

Dwight Stoll

Analysis Time and  
Resolution Are Connected
A primary goal of most analytical separations 
is to achieve a certain resolution between 
one or more pairs of compounds in the short-
est possible analysis time. More-efficient col-
umns enable realization of this resolution in 
shorter times. Column efficiency (plate num-
ber, N) as defined in equation 1 makes the 
connection between plate number and peak 
width (w1/2) clear:

N = 5.54(       )tR
w1/2

2

[1]

 If we compare two separations where an 
analyte of interest is eluted at the same reten-
tion time (tR), the separation with the higher 
efficiency will have narrower peaks because 
of the inverse relationship between N and 
w1/2. Because resolution is also inversely 
related to peak width, higher plate numbers 
lead to higher resolution. As soon as we 
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start discussing analysis time, the mobile phase flow rate matters: 
Higher flow rates lead to shorter analysis times, and vice versa. How-
ever, the plate number also depends on the flow rate, so optimizing 
a separation is not as simple as using the highest possible flow rate.  
The conventional framework used to relate the plate height and flow 
rate involves the concept of the plate height (H), or height equivalent 

to a theoretical plate (HETP), which is related to the column length (L) 
and plate number through equation 2:

H = 
L
N                      [2]

 In rough terms, the plate height is a property of the material 
inside the column, but is also affected by the mobile-phase flow 
rate and the properties of the analyte. Increasing the diameter 
of the particles inside the column generally leads to larger plate 
heights and lower efficiencies, for a given column length. The rela-
tionship between the plate height and the mobile-phase flow rate 
has the characteristic shape shown in Figure 1a, and is most com-
monly referred to as a van Deemter curve (3,4). Although for real 
separations we are mostly interested in the mobile-phase flow rate, 
van Deemter curves are usually plotted with mobile-phase velocity 
on the x-axis because the velocity is independent of the column 
diameter, and thus allows a comparison of the curves constructed 
from data obtained using different columns. The most valuable 
takeaway from the van Deemter curve is the realization that the 
smallest plate heights—and thus highest plate number and reso-
lution—are obtained at intermediate velocities (not too low and 
not too high). However, the mobile-phase flow rate that produces 
the optimal (minimum) plate height—and thus the maximum plate 
number and resolution—is not necessarily the best flow rate in prac-
tice because analysis time is so heavily dependent on the flow rate.
 It is instructive to examine the chromatograms that we would 
observe in experiments conducted with flow rates corresponding to 
three characteristic points on the van Deemter curve: a) the low-flow 
region (referred to as the B-term regime); b) the optimum (where 
H is at its minimum); and c) the high-flow region (referred to as the 
C-term regime). These three points are highlighted with purple geo-
metric shapes in Figure 1a, and the corresponding chromatograms 
are shown in panels (c–e) (full timescale) and (f–h) (zoomed view).  
These chromatograms make clear the practically relevant tradeoffs 
that are encoded in the van Deemter plot, but can be difficult to 
appreciate without a lot of experience working with these plots.  
We call your attention to three main points:
1. Working at flow rates below the optimum flow rate (where H is at 

its minimum) is almost never a good idea. Under these conditions 
the analysis will take longer than necessary—compare panel (c) to 
(d) and (e)—and the resolution will be poorer than what can be 
obtained at the optimum flow rate.

2. The highest resolution is obtained by working at the optimum 
flow rate, which is clear in panels (f–h) where we see that the valley 
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FIGURE 1: Classical perspective on the compromise between resolu-
tion and analysis time, and the pressure requirements associated with 
operating columns under different conditions. (a) van Deemter curves 
for small molecules and three different particle sizes, based on experi-
mental data. (b) Pressures required to operate 100 mm long columns 
at the flow rates needed to produce the data points shown in (a). (c–h) 
Simulated chromatograms for a pair of close-eluting peaks under con-
ditions corresponding to three different points in the curve for 3.5 µm 
particles in (a). (f–h) are the same as (c–e), but with x-axes adjusted to 
focus on the elution window.
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between the peaks is greatest in panel (g). 
The valley between the peaks is greatest 
in panel (g) because the peaks are nar-
rower, which also leads to taller peaks.

3. Much shorter analysis times can be real-
ized by working at flow rates above the 
optimum, so long as some resolution can 
be sacrificed in the interest of a faster anal-
ysis. The resolution in panel (h) is clearly 
not as good as it is in panel (g), but this 
is a small change compared to the 70% 
decrease in analysis time. This tradeoff, 
and the extent to which this game can 
be played with real separations, strongly 
depends on how steep the H vs. u curve is 
in the C-term regime. This slope strongly 
depends on particle size (slope generally 
increases with particle size, see Figure 1a), 
and the properties of the analyte (slope 
generally increases with molecular weight).

 At this point, we encounter a significant 
limitation of the use of van Deemter curves 
alone for optimizing a separation—the plot 
does not explicitly communicate anything 
about the pressures required to realize chro-
matograms like those shown in Figure 1c–h. 
The significance of this limitation is made 
dramatically clear in Figure 1b, which shows 
the pressures required to produce the data 
points plotted in Figure 1a. For example, it is 
true that a 100-mm column packed with 1.7-
µm particles will yield a plate number at the 
optimum flow rate that is roughly three times 
higher (29,400 compared to 10,000) than that 
for a column of the same length packed with 
5-µm particles, and it will do so in one-third 
the time (optimum velocity of 6 mm/s com-
pared to 2 mm/s). However, this improve-
ment in plate number and speed comes 
at the cost of a significantly higher pres-
sure requirement for the smaller particles.  
The pressure at the optimum for the 1.7-µm 
particles is 800 bar, whereas it is only 33 bar 
for the 5-µm particles. We also see here that 
one can also achieve a plate number of about 
29,000 using a 20-cm long column packed 
with 3.5-µm particles at the optimum velocity, 
which would require a longer analysis time 
(roughly four times longer) compared to the 
column with 1.7-µm particles, but only one-
fourth the pressure (200 compared to 800 
bar). The van Deemter plot alone cannot 
help us manage the compromise between 
resolution (plate number), analysis time, and 

pressure requirements. However, the kinetic 
plot can help with this, and this is why it is 
so useful as a conceptual framework for opti-
mizing separations and choosing columns.

Introduction to the  
Kinetic Plot Concept
Although many variants of the kinetic plot 
have been introduced and discussed over the 
years, a kinetic plot, in principle, is any method 
of presenting data that relates plate number 
to analysis time (5,6). This type of represen-
tation is not new and dates back to some 

of the early publications of Giddings (7,8).  
Figure 2 shows the relationship between a van 
Deemter curve and a kinetic plot. To go from 
the van Deemter curve in panel (a) to the first 
type of kinetic plot in panel (b), the y-axis is 
transformed from H to N using equation 2. 
The x-axis is transformed from mobile phase 
velocity (u0) to column dead time (t0) using 
equation 3:

t0 = 
L
u0

[3]

 The kinetic plot in panel B makes the impli-
cations of the relationship between H and u0 

for analysis time clear. Moving to the right on 
the plot—which corresponds to the B-term 
regime discussed above—leads to longer 
analysis times and poor efficiencies, which 
is not good. On the other hand, moving to 
the left of the maximum in the curve leads to 
much shorter analysis times, albeit at a slight 
cost of reduced plate number. The kinetic plot 
in Figure 2c is a simple transformation of the 
plot in panel B. The axes are reversed, and 
each axis is presented on a logarithmic scale, 
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which helps visualize the relationship between 
t0 and N over a time range that spans from a 
few seconds to tens of minutes.

Adding the Dimension of 
Pressure to the Kinetic Plot
The kinetic plot in Figure 2c is sometimes 
referred to as a “fixed length kinetic plot.” 
Although it does make explicit the connec-
tion between analysis time and plate number, 
it does not make clear how the pressure limi-

tations of a particular LC system (or column 
type) influence column selection. The fixed 
length plot can be extended as shown in 
Figure 3 by adding multiple curves, each rep-
resenting a different column length. On each 
curve, moving from the top of the plot toward 
the bottom corresponds to an increase in flow 
rate until the maximum pressure of the system 
is reached, where the curve terminates in “X,” 
and intersects the gray line. This gray line rep-
resents the “kinetic performance limit,” which 

defines the maximum achievable plate num-
ber for a given analysis time, or the shortest 
time needed to obtain a given plate number, 
depending on your perspective. Such families 
of curves can yield very instructive insights 
related to column selection. Consider the 
vertical dashed black line that intersects the 
curves for the 10-, 15-, and 25-cm columns. 
This view makes it immediately clear that there 
are multiple ways to obtain a plate number of 
10,000 using columns of different lengths, but 
all packed with 3.5-µm particles. The most 
time-inefficient way is to use a 25-cm column 
and operate it at low flow rate. In this exam-
ple, the column dead time would be approxi-
mately 15 min (intersection of the dashed 
vertical line and the green curve), which is in 
spite of the fact that we generally think of long 
columns as being more efficient. Although it is 
true that longer columns have the potential to 
produce larger plate numbers, this potential 
can only be realized when the column is oper-
ated the “right” way. The next best option out 
of those shown here is to use the 15-cm col-
umn, which would produce 10,000 plates with 
a dead time of about 4 min. By far, the best 
way is to use the 10-cm column, operated at a 
velocity above the optimum, where the dead 
time would be about 10 s, a 90-fold improve-
ment over the use of the 25-cm column at a 
low flow rate. Another way to look at this is to 
fix the analysis time at 0.9 min (horizontal black 
dashed line). Using a 10-cm column, this cor-
responds to operation in the B-term regime 
and only a little more than 10,000 plates are 
obtained (Note that by operating the same 
column length in the C-term, the same effi-
ciency is reached in only 10 s, as shown for the 
vertical line). Operating a 15 cm column at the 
optimum velocity, a much higher efficiency 
of 21,600 plates is obtained, clearly making 
it a better choice. However, when operating 
a 25-cm long column slightly above its opti-
mum flow rate, even 33,000 plates can be 
obtained in 0.9 min.

Summary
This installment of “LC Troubleshooting” is 
the first in a multipart series aimed at provid-
ing a framework for troubleshooting separa-
tions that don’t perform as expected based on 
perceptions about the influence of variables 
including column length, particle size, and 
flow rate on column efficiency and resolution.  

• DEVLOSIL

• Continued on Page 19
Develosil.com | +1 (858) 800-2433  

10060 Carroll Canyon Rd, Ste 100 San Diego CA 92131 USA 
15 Hinode-cho, Seto, Aichi 489-0004 Japan

Monoclonal antibody analysis with a 
1000Å pore size provides more resolution

Download Application at develosil.us/flexfire/#apps

HPLC & UHPLC Columns 

FlexFire mAb-RP series

FlexFire mAb-RP, 
C4 2.6 µm 
1000Å

Brand A, 300Å C4 2.6 µm

NIST mAb

3.00 4.00 5.00 6.00
min

7.00 8.00 9.00

http://www.develosil.us/flexfire/#apps


WWW.CHROMATOGRAPHYONLINE.COM JANUARY 2022  LCGC NORTH AMERICA  VOLUME 40 NUMBER 1  19

(14) E. Ninga, Y. Sapozhnikova, S.J. Lehotay, 
A.R. Lightfield, and S.H. Monteiro, J. 
Agric. Food Chem. 69, 1169–1174 (2021).

(15) N. Michlig, S.J. Lehotay, A.R. Lightfield, 
H. Beldoménico, and M.R. Repetti, J. 
Chromatogr. A 1645, 462097 (2021).

(16) S.H. Monteiro, S.J. Lehotay, Y. Sapozh-
nikova, E. Ninga, G.C.R. Moura Andrade, 
and A.R. Lightfield, Food Addit. Con-
tam. A (in press).

(17) M. Bruce and D.E. Raynie, LCGC N. Am. 
35, 792–800 (2017).

(18) S.J. Lehotay and J.M. Cook, J. Agric. 
Food Chem. 63, 4395–4404 (2015).

(19) M. Roussev, S.J. Lehotay, and J. Pol-
laehne, J. Agric. Food Chem. 67, 9203–
9209.

(20) S.J. Lehotay, L. Han, and Y. Sapozh-
nikova, Anal. Bioanal. Chem. 410, 5465–
5479 (2018).

(21) S.J. Lehotay, A.R. Lightfield, L. Geis-
Asteggiante, M.J. Schneider, T. Dutko, 
C. Ng, L. Bluhm, and K. Mastovska, Drug 
Test. Anal. 4(Suppl. 1), 75–90 (2012).

(22) USDA Food Safety and Inspection Ser-
vice, Chemistry Laboratory Guidebook 
CLG-MRM1-3 (www.fsis.usda.gov/news-
events/publications/chemistry-labora-
tory-guidebook), accessed Dec 2021.

(23) S.J. Lehotay and A.R. Lightfield, Anal. 
Bioanal. Chem. 413, 3223–3241 (2021).

(24) V. Joshi and W.K. Way, Am. Pharm. Rev. 
23, 82–83 (2020).

(25) B.D. Morris and R.B. Schriner, J. Agric. 
Food Chem. 63, 5107–5119 (2015).

(26) S.J. Lehotay, L. Han, and Y. Sapozh-
nikova, Chromatographia 79, 1113–1130 
(2016).

(27) E. Hakme and M.E. Poulsen, J. Chro-
matogr. A 1652, 462384 (2021).

(28) T. Anumol, S.J. Lehotay, J. Stevens, and 
J. Zweigenbaum, Anal. Bioanal. Chem. 
409, 2639–2653 (2017).

(29) H.-L. Jiang, N. Li, L. Cui, X. Wang, and 
R.-S. Zhao, Trends Anal. Chem. 120, 
115632 (2019).

(30) S.J. Lehotay, J. de Zeeuw, Y. Sapozh-
nikova, N. Michlig, J. Rousova Hepner, 
and J.D. Konschnik, LCGC N. Am. 38, 
457–466 (2020). 

(31) R. Rodríguez-Ramos, S.J. Lehotay, N. 
Michlig, B. Socas-Rodríguez, M.Á. 
Rodríguez-Delgado, J. Chromatogr. A 
1632, 461596 (2020).

(32) S.J. Lehotay, LCGC North Am. 35, 391–
402 (2017).

(33) S.J. Lehotay, Anal. Bioanal. Chem. 
(in press) (doi: 10.1007/s00216-021-
03380-x)

Ken Broeckhoven received 
his PhD in 2010 from the Vrije 
Universiteit Brussel (VUB), in 
Brussels, Belgium. Following 
post-doctoral research at VUB 

and work as a visiting researcher in the sep-
aration processes laboratory at ETH Zurich, 
in Switzerland, he became a research pro-
fessor at VUB in 2012. He was subsequently 
promoted to Assistant Professor and then 
to his current position as an Associate  
Professor in 2017. 

ABOUT THE CO-AUTHOR

The van Deemter curve—in spite of its fre-
quent use for relating plate height and 
mobile phase velocity—does not explicitly 
indicate the tradeoff between analysis time 
and plate number (and thus resolution).  
The kinetic plot is a graphical tool that does 
make this relationship clear, and can also 
incorporate practical limits on the use of 
certain columns based in the pressure limita-
tions of a LC system. In subsequent install-
ments in this series, we will explain how you 
can create your own kinetic plots using your 
data, or data from the literature, and then 
use these plots to guide decision making 
when choosing columns, and troubleshoot 
situations where the performance of a col-
umn in use does not seem to be as high 
as expected. Readers interested in a more 
comprehensive discussion of kinetic plots 
and related optimization tools are referred 
to several recent papers in this area (9–12).
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