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LC TROUBLESHOOTTING

Capacity Factor, Plate Number,
Extracolumn Effects, and More

JOHN W. DOLAN

The relationships among
capacity factors, plate
numbers, and extra-
column effects often are
confusing to workers in
the liquid chromatog-
raphy (LC) lab. This
month's “Troubleshoot-
ing"™ discussion was prompted by a reader’s
specific problem with a lower-than-expected
column plate number. Also. gradient range
changes that were mentioned in earlier
“Troubleshooting™ columns are further
explained.

LOW PLATE NUMBERS

Q: I recently purchased a polymeric re-
versed-phase semiprep column (30.5 cm X
7mm, 10 um). I checked the new column, us-
ing phenol and benzene as standards, with a
90:10 acetonitrile/water mobile phase at
1.5 mL/min. I found that for phenol the col-
umn plate number, N, was approximately half
that reported by the factory (8540 vs. 18.300)
(retention time. f, = 5.7 min). Benzene. on
the other hand, (1, = 10.4) was close to the

factory value (6170 vs. 7600). The shape of

the phenol peak was symmetrical, and the
loss in N seemed to be caused solely by peak

broadening, but [ would think that if it were a .

result of extracolumn broadening, both peaks
would be equally broadened. A new column
from the supplier gave similar results. Do
you know what is going on?

JWD: At first glance. this looks like a classic
case of extracolumn effects. After examining
it closely, however, I realized that the prob-
lem is with the mobile phase and that you
probably would find similar results with any
LC column, not just a polymer-based one.

When bands carly in the chromatogram are
broadened more than later bands, you should
suspect extracolumn effects. In this case,
however, I think you were right to rule them
out as the problem’s cause — but for the
wrong reasons. The idea that extracolumn ef-
fects cause equal broadening for all bands is a
common misconception. I'd like to discuss
extracolumn effects in detail because many
workers don’t understand the importance of
checking the capacity factor, k', of bands in
the chromatogram.

The total bandwidth of an LC peak can be
expressed as

o) = 0. + 0, (]

where o, is the final (total) bandwidth. which
is made up of the band broadening within the
column (g,) and the extracolumn band broad-
ening (o,,). We know that for isocratic sepa-
rations, the later the bands come out. the
broader they get. In other words, o, is reten-
tion-related. On the other hand, o results
mostly from the plumbing and the detector
cell volume, which are constant for one sys-
tem setup. Consider the two extremes. First.
if a band elutes very early. o, will be small
(narrow bands). and g,,. will be more impor-
tant: o, will be dominated by o,... At the other
extreme, for a sufficiently retained peak. o,
will be large when compared to g,,.. so o, will
more closely reflect o,

At what point is o, important? Generally,
the k' value should be at least 3 and preferably
>5 for measurement of the plate number.
The capacity factor is calculated in the nor-
mal way:

where 1, is the retention time and ¢, 1s the col-
umn dead time.

How do your observations fit into what
we've just discussed? First, we must know
the &' of each band. You've indicated 1, for
your bands but not 1, 1, often is recognized as
the first disturbance in the chromatogram,
and by calculating or estimating 7, you can
verify that. With 4.6-mm i.d. columns it
is easy — the column dead volume, V,, is
~0.1 mL/em. Thus. a 15-cm column will
have about 1.5 mL of dead volume (1, is V,/F,
where F is the flow rate in mL/min). Your
column is 7-mm i.d., so we'll have to calcu-
late a typical r, value from equation 3:

t,= 048 Ld*F 13]

where L is the column length (in em) and . is
the column i.d. (in cm). (Note that this is an
estimate of 1, the equation must be adjusted
for particle pore size to yield a true ¢, value.)
In your case, 1, = (0.48) (30.5 cm) (0.7 cm)*/
(1.5 mL/min) = 4.8 min. Now you can cal-
culate &' for phenol: (5.7 min — 4.8 min)/4.8
min = 0.2; k' for benzene is [.2. Phenol is
practically unretained, so from equation 1,

we expect o, to dominate. This matches your
observations — the measured plate number is
low by a factor of two. As retention in-
creases, 0,,. is less important — that is reflect-
ed in the improved N value for benzene.

So far. everything suggests that extra-
column effects are the cause of your problem.
However. you arc using a semiprep column
(7-mm 1.d.), not an analytical column (typi-
cally 4.6-mm i.d.). The peak volume in-
creases with the square of the column diame-
ter, so we would expect that the peak volumes
for your column should be about 2.3 times
those of an analytical column. These larger
peak volumes should override any extra-
column effects. if the system plumbing is un-
changed. Generally, when semiprep columns
are used. no plumbing changes are made.

We can look further at your data to see how
much of a change in system plumbing is re-
quired to account for your observations.
These calculations can be performed manu-
ally (1.2) or with a personal computer and
commercial software (3). From such calcula-
tions, we find that only a 5-7% loss in plate
number is expected with a “standard™ analyt-
ical LC system (20 uL extracolumn band
broadening). You would have to have about
75 uL (1 o) of extracolumn band broadening
to account for the losses in N that you ob-
served with phenol and benzene. In practical
terms, this 75 uL translates into changing
from an 8-ul detector cell to a 30-uLl cell.
which is not standard practice with semiprep
columns. So. unless you've made a detector-
cell change or are plumbing your system with
large-bore (0.020-in. i.d.) tubing. I think
extracolumn effects are not causing your
problem. (For further discussion of extra-
column effects, see reference 4.)

What went wrong? 1 suspect that you made
up the wrong mobile phase. A chromatogram
for the analytical (15 cm x 4.1 mm) version
of your column is shown in Figure 1. Using
equations 2 and 3. we can calculate k" = 2.5
for benzene.

Notice that this is with 60:40 acetonitrile/
water, not 90:10 as you used. As a general
rule of thumb, reversed-phase retention in-
creases by a factor of ~2 for a 10% decrease
in organic in the mobile phase. It is not sur-
prising that your sample compounds elute
much earlier (have lower k' values) than
those of Figure 1. Notice that the k' value, not
the absolute retention time, is the important



factor. This is because &' is independent of the
column volume and flow rate. whereas reten-
tion is not.
One final comment on k' and N: 1 don’t
have much faith in plate numbers that are re-
ported for bands with k" values <I. This is il-
lustrated in the chromatogram of Figure |
and in the Knox plotof Figure 2. It is very dif-
ficult to measure the half-height bandwidth
for a band that elutes with ' < 1 — for exam-
ple. the phenol peak of Figure 1. The result-
| ing measurement errors can have profound

effects on the calculated plate number. Be-
| cause of extracolumn effects, early-cluting

bands should have lower plate numbers than

later bands (equation 2). Whenever you see
| results in which carly bands have signifi-
| cantly higher plate numbers than later bands,
you should suspect measurement errors. That
is the case for the factory measured plate
numbers that you quoted (N = 60,000 for
phenol and 25.000 for benzene) and for the
bands plotted in Figure 2. Please note that this
is not related to a specific column type or
company: it is simply more difficult to mea-
sure the width of narrow bands than wider
ones. I like to play it safe when I make plate
number measurements: [ use bands with &’
values of at least 4, and I turn up the chart
speed on the recorder so that measurement
errors are minimized.

To review: First. extracolumn effects should
be suspected when early bands broaden more
than later ones. Second, extracolumn cffects
are less important with larger columns, as long
as the extracolumn plumbing is not changed.
Third, the &' value is more important than the
retention time for determining whether a band
is sufficiently retained for “good™ chromatog-
raphy (1 < &' < 20). Finally, when plate num-
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FIGURE 1: Separation of a mixture of
aromatic compounds. Column: 15 em x
4.1 mm 5-um polymeric reversed-phase;
mobile phase: 60% acetonitrile—water;
flow rate: 2 mL/min; detection: UV 254
nm. Peaks: A = phenol, B = benzene, C
= toluene, D = cumene. (Courtesy of
Hamilton Co., Reno, Nevada.)
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FIGURE 2: Reduced plate height (h) vs. reduced velocity (v) for test compounds sepa-
rated on columns similar to that of Figure 1. 1: k' = 4.08; 2: k' = 0.64; 3: k' = 1.20;

4: k' = 0.23. (Courtesy of Hamilton Co.)
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FIGURE 3:

Simulated separation of six steroids on a C8 column. (a) Optimized full-

range gradient, 5-100% methanol-water in 53 min; (b) optimized gradient with re-
duced range, 45-64% methanol-water in 11 min.

bers are measured. the mobile phase should be
adjusted so that the bands of interest elute with
k* values of 24 in order to minimize measure-
ment errors.

CHANGING THE GRADIENT RANGE
A reader (5) has pointed out a possible area of
confusion in an earlier " Troubleshooting™
column on gradient elution LC separations
(6). Equation 1 of that article, repeated here
as equation 4, states that the average k" in gra-
dient elution (that is. the &' value when the
sample has traveled halfway through the col-
umn) remains constant as long as the gradient
range (A%B) is constant (all other factors
unchanged):

k' (constant) t, FI(A%B)V,  [4]

Actually, this is not true in all cases. For ex-
ample. suppose your first gradient run uses a
10-50% organic range (A% B = 40). You will
certainly have different average &' values if
you use a 50-90% organic range. even
though A%B stays constant. There are many
cases, however, when you can change the
gradient range without adversely affecting
the separation. That is illustrated in the two
chromatograms of Figure 3. which are com-
puter-simulated gradient elution runs (7). In
Figure 3a, the separation is satisfactory, but
about 25 min of run time is wasted at the be-
ginning of the chromatogram. In Figure 3b,
we reduced the gradient range from 95% to
19%. According to Equation 4, we must re-
duce the gradient time (1) from 53 minto |1
min (I've rounded to integer values). Now we
have a method in which the last band elutes in
about one-third the time it did originally, and

we 've eliminated most of the wasted time car-
ly in the chromatogram — yet the band spac-
ing (and average k') is unchanged. This is
true because in gradient elution, bands un-
dergo no significant migration until the mo-
bile phase reaches a certain strength. There-
fore, if we can climinate the time early in the
gradient when nothing elutes plus the time af-
ter the last band elutes, we can significantly
shorten chromatograms such as the one in
Figure 3a. Backing up 5% inorganic from the
mobile phase in which the first peak clutes
will get rid of the waste at the beginning of the
run. Stopping the gradient as soon as the last
band elutes will eliminate the waste at the end
of the run: that is demonstrated in Figure 3b.

You can see that it is possible to change A% B
without changing the resolution, but it must be
done correctly. (Note: If you are looking at ref-
erence 6 for the first time. please note the cor-
rection printed in reference 8.)
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