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| ,r ,.a.r. years, Krne.c prors nave

! become the tool by which different
I liquid chromatography (LC) col-

umns, particles, and particle sizes have

been compared with each other. Also,

questions about performance, column
length, and the merits of very high
pressures have been tackled using the
same tools. However, the discussion of
kinetic plots has been limited to only a
few authors, and even there one can see
a multitude of different versions of the
kinetic plots, together with often very

different interpretations, The under-

standing has remained limited to a few

experts. However, this does not need
to be so. In this month's "LC touble-

shooting," we will develop the principle
ofthese kinetic plots from scratch such
that they become accessible to everyone.
The content of rhis arricle is based upon
a presentation at PittCon 2009 (1).

Varied Applications
The very first example of a kinetic plot
- although not called by this name
- was shown by Giddings in 1965 in

a "comparison of theoretical limit of
separation speed in gas and liquid chro-
matography" (2). A paper in German by
Haldsz and Grirlitz (3), unread by later

investigators, outlined the complete

theory of kinetic plots, without the

use of this expression, which was cre-
ated by Desmet and coworkers around
2005 (4,5). Later, and apparently inde-

pendently, Poppe used kinetic plots to
explore the compromises between speed
and efficiency in LC (6). The credit for
the modern resurrection ofthese "Poppe

plots" probably goes equally to Schoen-
makers for the use of Poppe plots in size
exclusion chromatography (7) and ro
Desmet and coworkers, who published

two important papers (4,5) that laid
the foundation for the modern use of
kinetic plots. Wang expanded the Poppe
plot to gradient conditions (8). Desmet
followed up with many papers using the
kinetic plots for a range of comparisons
between different devices or chromaro-
graphic conditions, from monoliths (9)

to elevated temperarure (l0,ll), ro very
small particles (12-14). His views have
been summarized in reference 15 with
an outlook on the future technology
and designs of column support formats.
A recent publication by Carr elaborated
the math of kinetic plots and related
optimizations (16). In more pracdcally
oriented papers, the conditions required

to reach 100,000 plates (17), the valid-
ity of kinetic plots under ultrahigh-pres-
sure liquid chromatography (UHPLC)

conditions (18), the influence of analyte
properties (19), and the properties of
different packings (20) have been exam-
ined using the kinetic plot tools.

Many chromatographers are nor

very familiar with kinetic plots, so
we decided to present a simple, but
accurate, description of this technique.
'We 

have chosen to minimize the
mathematical complexity; however,
the underlying math can be found in a
sidebar. To describe the technique, we
will start with plots of plate number -A/
versus analysis time, which have been

used frequently to explain column per-
formance (21--24). The limiting form
of these plots is one basic version of a
kinetic plot. We then show how the
basic kinetic plot changes as we change
the particle size. Finally, we will briefly
cover other versions ofthese plots and
explain why and under what circum-
stances they are useful.
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LC TROUBLESHOOTING
Kinetic Plots Made Easy
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Figure 1: Plot of plate number versus analysis t ime
packed with 3.5-pm part icles.

fo r  a  '100-mm- long co lumn

Figure 2: Same as Figure 1, but with various column lengths (mm) as shown. The
k ine t ic  p lo t  i s  the  l im i t ing  l ine  th rough the  pressure- l im i ted  endpo in ts  o f  the
individual columns (courtesy of Waters Corporation).

Figure 3: Kinetic plots of plate number versus analysis t ime for 2.5-, 3.5-, and 5-ym
particles (courtesy of Waters Corporation).
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Figure I is a plot of the plate number
as a function of the analysis time for
a l00-mm-long column packed with
3.5-pm particles. The curve was cal-
culated for a ffxed rerention factor of h
+ I = 10. At shorr analysis times (high

flow rates), the plate number is low and
increases as we reduce the flow rate,
that is, as the analysis time increases. A
maximum plate number is reached as
we further increase the analysis time (by

reduction ofthe flow rate). Then the
column performance declines as we get
into the diffusion-controlled range of
the van Deemter curve for this particle
size at very low flow rates. The curve
stops at the left at the poinr where the
pressure limit of the LC instrument is
reached. 

'We 
have chosen a value of 400

bar (6000 psi), corresponding to the
upper pressure limit of conventional LC
equipment. The point where the limit-
ing pressure is reached is one point of
the kinetic plot curve.

'We 
can generate the same curve for

a range of different column lengths, all
packed with the same particle size. This
is shown in Figure 2. Here, the column
length is varied from 20 to 6000 mm
(6 m). The pressure limit is kept at 400
bar for all column lengths. This means
that we can run the fastest analysis on
the shortest column: with a 20-mm
column, the analysis time is 2.5 s, with
a plate number of 175 plates. The speed
of the analysis changes quickly with
the column length (remember that the
pressure is fixed at 400 bar)The 50-mm
column reaches about 1000 plates in
15 s at 400 bar whereas the 150- and
250-mm-long columns generate 8000
and 19,000 plates, respectively, at the
pressure limit. At the other end of the
graph, approximately 400,000 plates
can be achieved in 1.5 days with a
4500-mmlong column. The upper
limit of the time axis was arbitrarily set
to 10,000 min, or about 7 days.

A kinetic plot is simply the line

drawn through the individual column
graphs at the point where each column
reaches the pregsure limit that we have
selected. This corresponds to the heavy
line on the left side ofthe graph. It tells
us what plate number is achievable at a
particular analysis time for the selected
particle size at the preselected pressure.
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Figure 4: Different forms of kinetic plots: (a) plot of column dead t ime versus plate
number for 2.5-ym part icles; (b) Poppe plot: plot of plate t ime versus plate number
tor 2.5- and 3.5-pm part icles; and (c) comparison of 2.5- and 3.5-pm part icles using a
kinetic plot as devised by Desmet. (Courtesy of Waters Corporation.)

In the kinetic plot view of the world,
the column length is freely adjustable.
Thus, it shows directly the compromise

between the analysis time and the plate
number that can be reached with the
given particle size and pressure limit.

This pressure limit is often that of the

LC instrument; in most cases 400 bar,

as selected here.

Comparison of Part icle Sizes

Now that we have seen the origin of
the kinetic plot, let's compare kinetic

plots for different particle sizes. Figure

2 shows,r. ;;:; 

",':': 

::, ;
particles. Figure 3 compares kinetic

plots for 5-,3.5-, and 2.5-pm particles.
'We 

see that for short analysis times,
for example, <30 min, the 2.5-pm par-

ticle columns always outperform the

3.5-pm columns, which in turn give
higher plate numbers than 5-pm col-
umns. However, at analysis times > 5 h
(300 min), the highest performance is

achieved with the largest particle size.
This is due to the fact that rhe diffu-
sion-controlled section of the kinetic

plot is reached at a longer analysis time
than for smaller particles. This corre-

sponds to flow rates smaller than those
at the minimum of the van Deemter

curve for a given particle size. In agree-
ment with the classical findings by
Guiochon (25,26), a larger particle will,
at the given pressure, outperform the
smaller particle at a longer analysis time
than at this point. This is the reason
for the better performance of the larger

particles at long analysis times in Figure

3. Also, the crossover point between
2.5-pm particles and 3.5-pm particles

in Figure 3 is =80 min; at longer analy-
sis times, columns packed with 3.5-pm
particles are preferred, and for faster

analyses, the 2.5-pm particles are the
better choice. For fast analysis, one will
always get an improvement with the
smaller particle size.

Other Forms of Kinetic Plots

The plots of plate number versus analy-
sis time are, in our view, the simplest
way to understand kinetic plots and

the best way to see what kinetic plots

can teach us. However, they are not the
classical kinetic plots as used by Poppe.
The conversion from the plots dis-
cussed earlier to a Poppe plot is shown
in Figure 4. First, we invert the axes,

showing the plate number on the r-axis
and the time on theT-axis (Figure 4a).

\7e also replace the analysis time with
the retention time for an unretained
peak (that is, the column dead-time,

ro). This form of the kinetic plot was

shown in some articles by Desmet, for

example (4). Nexr, we divide the dead
time by the plate number to obtain the
"plate time," as it was called by Poppe
(6) - the amount of time it takes to

generate one theoretical plate. A plot of
plate time versus plate number is shown
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We start with an equation that describes
the plate number N as a function of t ime,
such as the van Deemter equation:

N - L -  L
- r J , ) 2 ,

" A .d- +B .D- 'i 
+c ::L .!

f  m  L  D .  q n l

L is the column length, H the plate
height, D. the dif fusion coeff icient, and
dp the part icle size. In this case, we have
formulated the van Dedmter equation
using the interstitial velocity. with the
time in the interst i t ial  space t,  as the
relevant t ime.

We substi tute the column length with
an expression that relates it to pressure,
such as the Kozeny-Carman equation:

, - t t  t  WL - +  ' d _ , l r

I -€, 'I n lEO t2l
e, is the interstitial fraction, 11 is the vis-
cosity of the mobile phase, and Ap is the
column back pressure. This substi tut ion
results in the fol lowing equation:

v -  I-  
A  B  , C . D

Eli-DEl- \ r31
which is the expression for calculat ing
the relat ionship between the plate num-
ber and the t ime in a kinetic plot.  We
have used the fol lowing abbreviat ions:

D ' 2
D"

- €, fE-
& r  - -  , t +

l -€/  J l l80 4 tal , tst

in Figure 4b for columns packed with
2.5-pm and 3.5-pm particles. 

'We 
see

that a smaller plate time is reached with
the smaller particle size. 

'We 
also see

that the highest plate number achiev-
able is limited by the particle size. In
our opinion, this is the ingenuity of the
Poppe plot: one recognizes immediately
the limits of a given particle size both
with respect to the speed that can be
reached at very short analysis time and
the ultimate maximum plate number
achievable at infinitely long analysis
times. However, Figure 3 gives a better
understanding of the true merits of dif-
ferent particle sizes under intermediate

conditions, which are ofrelevance for
the practicing chromatographer.

There is one small but important flaw
in the Poppe plot, and this becomes
critical if one wants to

compare part icles of dif ferenr porosi-
ties. There is no direct link between
the back pressure required for operating
a column and the column dead-time.
The reason for this is that there is

only flow in the interstitial fraction of
a packed bed - that is, between the
particles (reference 22, page l5); for a
comparison of particles with different
porosities one should use the interstitial

velocity, not the linear velocity, as used
by Poppe. Alternatively, one can convert
a Poppe plot into a plot at a fixed ratio
of analysis rime to interstitial time, and
the "plate time" becomes an "analysis

time per plate." This is equivalent to the
idea with which we started: in Figure 2,
we plotted the plate number versus the
analysis time.

The Desmet team expanded and
refined the Poppe plot further, follow-
ing the idea of separation impedance E
first proposed by Knox (28):

F t o A p
L = -  -

N' n tll
At a fixed pressure Ap, and a fixed

mobile phase with the viscosity 1, the
second fraction in equation I is con-
stant, so plots ofrolAP versus rhe plare
number -A/ are equivalent to plotting
the separation impedance as a function
of the achievable plate number. The
Desmet team also inverted the plate
number axis, to make this plot resemble
a van Deemter curve (higher mobile
phase velocities and lower plate counts
to the right). Such a kinetic plot is
shown in Figure 4c for the 2.5-pm and

3.5-pm particles. In this case, curves of
columns of equal overall quality reach
the same lowest point, and this point
is the equivalent ofthe point indicated

by the arrow in Figure 2. It is the point
where the kinetic plot reaches the van
Deemter minimum for the selected
particle size. The value of tol-AP at this
point depends upon the selected pres-
sure and the mobile phase viscosity (see

equation 1). Lower (better) values are
obtained with columns with a higher
permeability or that are packed better.
On the right side of the graph, the high
speed side, one also sees thar the smaller
particles reach lower (better) values. On
the left side ofthe graph, the plots end
at the plare-number limit for the chosen
particle size. This side of the graph also
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Diffusion coeff icient Dm - 1.30E-05
(cm2/s)

Viscosity 5.00E-03 (Poise)
Interstitial fraction ei = 0.40
Pressure 400 (bar)

Van Deemter coefficients:
A  1 . 0
B 3 .0
c  0 . 1 0
Retention factor k + 1 = 10

depends upon the axial diffusion term
in the van Deemter equarion, similar to
the situation in the van Deemter plot
itself. As already pointed our in the
discussion ofFigure 3, the highest plate
numbers are achieved with the larger
particles, albeit at analysis times that are
outside the interest range ofpractical
chromatography. The mosr imporranr
application of the separation impedance
kinetic plot is a comparison of differ-
ent technologies, such as packed beds
versus monoliths versus open-tubular
chromatography, or for the comparison
of micromachined ordered or disordered
pillar arrays (9,15,29).

Other versions of kinetic plots exist,
as well. For example, in a recenr review
paper (4), more sophisticated forms of
kinetic plots were discussed. A detailed
description of such forms is outside our
intention, which was an introduction
into the thought proc€ss behind kinetic
plots.

Conclusions

It should be noted that in all the com-
parisons shown in this discussion, the
retention factor k ofthe analyte was
kept constant. However, all the kinetic
plots are a Function of the retention
factor, primarily due to the fact that
the diffusion term of the van Deem-
ter equation increases with increasing
retention. The consequence ofthis is
the nagging realization that kinetic
plots are not universal, but depend
upon the details of the implementa-

tion. Also, the axes of the kinetic plots
depend upon rhe viscosity of the mobile
phase, and, most of all, they depend
upon the pressure that we allow. Thus,
kinetic plots for very high pressure LC
(> 400 bar) are different from kinetic
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plots for conventional LC (< 400 bar).
And, ofcourse, they also depend upon
the properties ofthe analytes that have
been chosen, especially on rhe analyte
diffusion coefffcient. It is worthwhile to
keep these items in mind when compar-
ing kinetic plots obtained by different
authors.

Sometimes manufacturers' literature
and other sources of column informa-
tion make it difficult ro compare the
performance of different column con-
figurations. Kinetic plots are a useful
tool to compare the performance of
different columns and particle sizes in a

manner that uses a "level playing field."
For example, in several plots shown
here, it is easily seen that 2.5-ym par-
ticles out-perform 3.5-pm pamicles for
fast analyses, but for very long analyses,
larger particles have the advantage. In
other applications, one can determine
the best particle size, flow rate, and
column length to generate a particu-
lar plate number at a chosen pressure.
Kinetic plots are one more tool that
practicing chromatographers can use
to compare separation conditions and
to make the best column choice for an
application.
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