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INTRODUCTION

Gradient elution in liquid chromatography (LC) is often a disparaged technique be-

cause of its mystery and the problems that are associated with it. Ghost peaks, a rar-

ity in isocratic separations, are common with gradients. Transfer of methods seems 

to be more difficult with gradients. Changes in some conditions, such as flow rate, 

that seem so intuitive in isocratic methods, can have unexpected results.

However, in spite of its negative aspects, gradient elution can work magic with 

many separations. Samples of wide-polarity components can be separated, method 

run times are predictable, run-to-run visual appearances can be more constant than 

with isocratic methods, and the possibility of universal scouting conditions is a reality 

with gradient elution. Gradients can be the best way to start to develop methods, 

even if the goal is an isocratic method.

In this chapters contained in this e-book, I’ve attempted to take the mystery out of 

gradient elution. I strongly believe that if you understand what makes gradient elution 

work, you will be better able to use it successfully, and will be able to avoid possible 

pitfalls. I’ve shown intuitive parallels between isocratic and gradient separations 

wherever possible. Yes, there are a few equations, but they are simple and allow you 

to obtain predictable results when method conditions are changed.

I hope that as a result of reading this e-book, you’ll come to the place where 

gradient elution is your friend. You will find that it is a valuable tool to have in your 

separations toolbox.

The Secrets to Successful 
Gradient Separations

John W. Dolan has been writing “LC Troubleshooting” in 
LCGC for more than 30 years. He is one of the industry’s 
most respected professionals and is currently the vice-
president of LC Resources, in Walnut Creek, California. He 
is also a member of LCGC ’s editorial advisory board. Direct 
correspondence to john.dolan@LCresources.com



the Secrets to Successful Gradient Separations6

CHAPTER ONE

In contrast to isocratic separations, gradient elution sometimes can seem to 
be counterintuitive. Yet with the proper perspective, the things we intuitively 
understand about isocratic methods apply in a similar manner to gradients. 

In many past installments of “LC 
Troubleshooting,” we’ve looked at 
gradient elution liquid chromatog-
raphy (LC) in different contexts. In 
2013 (1), we considered how a gra-
dient scouting run could be used 
to speed up development work. In 
other cases, we’ve looked at specif-
ic problems with gradient methods, 
as well as other aspects of gradi-
ent elution. I make no effort to hide 
the fact that I have a bias toward 
using gradients—they have the po-
tential to be faster, give better de-
tection limits, and have more flexibil-
ity than their isocratic counterparts. 
However, there are many problems 
that can occur with gradients as 
well. Some of these problems are 
inherent to the technique and can 
be avoided or accommodated with 
a little care. Other problems result 
from a poor understanding of gra-
dient elution or sloppy laboratory 
technique. 

The breadth of problem top-
ics makes it impossible to discuss 
them all in detail in a single chap-
ter. This chapter concentrates on 
how we can transfer our intuitive 
understanding of isocratic separa-
tions into a similar understanding of 
gradient elution. If you want more 
detail on this or any other gradient-
related topics, reference 2 contains 
a discussion of gradient elution at 
many different levels of detail.

Isocratic—It’s So Simple
I believe that one of the reasons 
that reversed-phase LC is such a 
popular technique is the intuitive 
nature of isocratic separations. The 
mobile phase usually comprises 
an aqueous and an organic com-
ponent. The aqueous phase typi-
cally is a buffer or water, whereas 

the organic component most com-
monly is acetonitrile or methanol. 
The aqueous phase is the weak sol-
vent, often called the A-solvent, and 
the organic is the strong solvent, or 
B-solvent. Isocratic conditions are 
those that do not change during a 
given run, so the ratio of A to B, or 
%B, is constant. 

It takes very little experience to 
figure out how peaks behave when 
%B is changed. For example, con-
sider the sample shown in Fig-
ure 1. Working from top to bottom, 
each chromatogram is the result 
of a decrease in %B, from 65% to 
50%. As the %B is reduced (or %A 
is increased), four observations 
are common. First, peaks move to 
longer retention times. Second, the 
overall separation tends to improve. 
Third, the peaks become broader, 
and fourth, because the area is 
constant, the peaks become short-
er. This general pattern of change 
occurs when solvent strength is 
changed in any reversed-phase 
separation of any sample and with 
any stationary phase and solvent 
system. And yes, for you purists, 
there are a few exceptions, but this 
is the most common behavior.

As a result of knowledge gained 
from experiments such as those just 
mentioned, a common method de-
velopment strategy is used widely. 
Start at a high percentage of the 
organic component, such as 90% B, 
and make stepwise changes in the 
solvent strength—90%, 80%, 70%, 
and so forth—until the separation 
looks pretty good. Then fine-tune in 
smaller steps. 

This relationship between reten-
tion and %B can be generalized 
with the Rule of 2.5, which states 
that, on the average, the reten-

tion factor, k, will change about 2.5 
times for a 10% change in the B-
solvent. We can see how this works 
by examining the simulated chroma-
tograms of Figure 1, which are for a 
sample of nitroaromatic compounds 
based on data presented in refer-
ence 3. The retention factor is cal-
culated as k = (tR – t0)/t0, where tR 
and t0 are the retention time and the 
column dead time, respectively. The 
column used for Figure 1 is a 100 
mm × 4.6 mm column run at 2 mL/
min, which results in t0 ≈ 0.5 min. 
This is confirmed by the sharp t0 
peak at the beginning of each chro-
matogram at ~0.5 min. With knowl-
edge of t0, we can calculate that the 
last peak in the 65%, 60%, and 50% 
runs have k values of ~4.5, 7, and 
19, respectively. A change from 60% 
to 50% is 10%, so 2.5 × 7 = 17.5 ≈ 
19 observed for 50%. Because the 
relationship between log k and %B 
is linear, a 5% change in %B should 
have about a 1.6-fold change in k. 
Again, this can be confirmed from 
Figure 1 by comparing the 65% run 
(k ≈ 4.5 for the last peak): 4.5 × 1.6 
= 7.2 ≈ 7 for the 60% B run. (Be-
cause this behavior will vary a bit 
depending on the molecular weight 
of the compound, we often see the 
Rule of 2.5 expressed as the Rule of 
Three, which makes for easier men-
tal calculations.)

Although the general observation 
of improving separation for lower 
%B values is true for isocratic sep-
arations, the behavior of specific 
peaks may vary from this generali-
zation. For example, the separation, 
retention, and peak width for peaks 
1–4 in Figure 1 all increase with 
lower values of %B. Note, however, 
the behavior of peaks 5–7. At 65%, 
the peaks are eluted in order and 

Intuition
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are easily distinguished but are not 
fully separated. At 63%, however, 
peaks 6 and 7 have merged, and 
peak 7 moves forward to merge 
with peak 5 at 60%. So, for this ex-
ample, neither the 63% nor the 60% 
run is better than the shorter 65% 
run. By the time we get to the 50% 
run, peak 7 has moved from the lat-
est-eluted to the earliest-eluted po-
sition of this triplet. Such behavior, 
where selectivity, or relative peak 
position, changes with %B changes 
is sufficiently common that fine-tun-
ing %B can be a powerful tool to 
move peaks relative to each other 
in isocratic separations during LC 
method development.  

Consider the influence of some 

other variables on the separation. 
A change in flow rate merely ex-
pands or compresses the chroma-
togram but has little, if any, affect on 
the separation. The pressure also 
goes up or down in proportion to 
the flow-rate change. An increase in 
the column temperature will short-
en the retention time and generate 
narrower peaks, much like the way 
an increase in %B does, but not 
so dramatically. The rule of thumb 
for temperature states that a 1 °C 
change in temperature will change 
retention by approximately 2%. Al-
though often overlooked, a change 
in temperature also may change 
selectivity in isocratic separations. 
An increase in column length will 

increase the pressure and make the 
run longer, but will not change the 
relative peak positions. Similarly, a 
reduction in packing particle size 
will increase the pressure and give 
narrower peaks, but will not change 
the retention times of the peaks.

These various patterns of change 
form the basis of my “nothing’s 
magic” rule of chromatography. This 
rule says that changes in a chro-
matogram due to changes in some 
variable usually happen in a con-
tinuous fashion. For example, if you 
change from 70% B to 60% B, you 
will notice that the retention increas-
es, so you expect similar retention 
increases when you change from 
60% B to 50% B. Sometimes the 
relationships are logarithmic instead 
of linear, but the general patterns 
apply. And this intuitive quality of 
isocratic separation is one reason 
why reversed-phase isocratic sepa-
rations are so widely used and so 
successful—you don’t have to un-
derstand chromatographic theory to 
get reasonable results. As you gain 
experience, your gut-level instincts 
usually will give you the appropriate 
guidance. 

What About Gradients?
The intuitive nature of isocratic sep-
arations is very attractive, and is 
one reason why many chromatogra-
phers prefer isocratic methods. Gra-
dients, where %B is changed dur-
ing the run, can seem much more 
daunting. However, if the appropri-
ate comparisons are made, many 
of the same intuitive results can be 
obtained from gradients. The key 
here is that the comparisons have 
to be appropriate. For the current 
example of nitroaromatics (3), I’ve 
carefully chosen gradient conditions 
for Figure 2 that correspond closely 
to their isocratic counterparts of Fig-
ure 1. (As a side comment, let me 
state the obvious: Gradient time and 
gradient steepness are just two dif-
ferent ways to describe the same 
separation conditions. For example, 
the runs of Figure 2 are 0–100% B 
in various times. The 5-min gradient 
could also be expressed as 100%/5 
min = 20%/min. I will use the gradi-
ent time in the present discussion.)

Our overall conclusions after ex-
amining the separations of Figure 
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Figure 1: Isocratic separation of a nitroaromatic sample. Column: 100 
mm × 4.6 mm, 5-µm particle C18; flow rate: 2 mL/min; temperature: 
25 °C; A-solvent: water; B-solvent: methanol with %B shown on 
chromatograms. All chromatograms have the same x- and y-axis scaling. 
Simulated chromatograms based on the data of reference 3. Peaks: 1 = 
2,6-dinitrotoluene, 2 = nitrobenzene, 3 = 2-nitrotoluene, 4 = 3-nitrotoluene, 
5 = 2-nitro-1,3-xylene, 6 = 4-nitro-1,3-xylene, 7 = benzene.
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2 are similar to those from Figure 1: 
Longer gradient times increase re-
tention, improve the separation, and 
result in broader, and thus shorter, 
peaks. Notice that the peaks occur 
in the same order in both sets of 
runs. In the 5-min and 65% B runs, 
the peaks are eluted in numeric 
order. In the 8-min and 63% B runs, 
peaks 6 and 7 are merged, whereas 
peaks 5 and 7 are merged in the 
10-min and 60% B chromatograms. 
In the 15-min and 50% B runs, all 
peaks are resolved, with the se-
quence of 7-5-6 for the last three 
peaks. We can see from these ex-
amples that fine-tuning the gradient 
time can be used to move peaks 
relative to each other, just as chang-
ing %B in isocratic separations can. 

The similarity of the separations 
in Figures 1 and 2 show that, with 
proper care, you can get approxi-

mately the same results from gradi-
ent and isocratic separations, im-
plying that the separation mecha-
nisms must be quite similar. In fact, 
separation behavior of gradient and 
isocratic chromatography is unified 
with the “linear solvent-strength the-
ory,” which is the subtitle of refer-
ence 2. One way of thinking about 
this is that gradient and isocratic 
chromatography are the same proc-
ess viewed from different perspec-
tives. Thus, if we change the gradi-
ent time or gradient steepness, we 
will get similar changes as chang-
ing the isocratic %B. Longer or 
less-steep gradients increase run 
time, improve resolution, and result 
in broader, shorter peaks, just like 
a decrease in isocratic %B. This 
allows us to transfer some of our 
intuitive understanding of isocratic 
separations to gradients.

What about the other variables 
we briefly examined for isocratic 
separation: flow rate, temperature, 
column length, and packing par-
ticle size? An increase in column 
temperature in gradient elution also 
will reduce retention (although not 
as dramatically as the 2%/°C for 
isocratic), lower pressure, sharpen 
peaks, and may change selectiv-
ity, just as in isocratic runs. Similarly, 
a reduction in particle size will in-
crease pressure and yield narrower 
peaks without changing retention. 
In contrast to isocratic separations, 
where a change in flow rate or col-
umn length had logical and expect-
ed results, the results with gradi-
ents can be surprising—especially 
if relative peak positions change 
when one or both of these variables 
are changed. Such surprises often 
are responsible for conclusions that 
gradients are not as logical as iso-
cratic separations. We’ll examine 
these, and other, differences in gra-
dient versus isocratic behavior in 
the next few chapters.

The Rule of 2.5 (or Rule of Three, 
if you prefer) for isocratic separa-
tion gave a simple way to anticipate 
the change in retention when %B is 
changed. Retention in gradient elu-
tion isn’t so neatly described. How-
ever, one general observation is that 
as the gradient time is increased, 
the retention relative to the gradient 
time drops. In the 5-min gradient, 
the last peak is eluted at 4.7 min, or 
93% of the way through the gradi-
ent. The retention of the last peak 
drops to 83%, 79%, and 72% as the 
gradient time is increased from 8 to 
10 to 15 min.

Another contrast between gradi-
ent and isocratic separations is re-
lated to peak width. In the isocratic 
separations of Figure 1, it can be 
seen that the peak width depends 
on its retention time not the mobile-
phase composition. Peaks early in 
the chromatogram are narrow, and 
as retention increases, so does 
peak width. For example, peak 5 at 
65% B, peak 4 at 60%, and peak 2 
at 50% all have approximately the 
same retention time and peak width, 
whereas in each chromatogram, 
the later-eluted peaks are broader 
than the first ones. With gradient 
separations, however, all the peaks 
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gradient times shown on chromatograms. Same scaling as Figure 1.
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in a given run are approximately 
the same width, and peak width 
increases with gradient time. So 
all the peaks in the 15-min run are 
broader than those in the 8-min run, 
yet all the peaks in the 15-min run 
are approximately the same width. 
This behavior can be an advantage 
for gradient runs, because narrow 
peaks mean taller peaks and, thus, 
lower detection limits. For example, 
peak 6, which was eluted at ~11 min 
in the 15-min gradient of Figure 2, 
is much taller than its counterpart 
eluted at ~10 min with 50% B in 
Figure 1 (all chromatograms in Fig-
ures 1 and 2 are on the same scale). 
Thus, gradients often are favored for 
the detection of small peaks that are 
strongly retained.

Isocratic or Gradient
At the beginning of this chapter, I 
mentioned my bias toward gradi-
ents, but it is obvious from compar-
ing the 50% B isocratic run in Figure 
1 to the 15-min gradient in Figure 
2, that the isocratic separation wins 

in terms of getting a better separa-
tion in the same run time. We could 
have anticipated this if we had ap-
plied the 25/40% rule explained in a 
previous “LC Troubleshooting” dis-
cussion (1). The peaks of the 15-
min gradient of Figure 2 occupy 
(10.9–8.3 min)/15 min = 26% of the 
run, which is very close to the <25% 
cutoff where isocratic runs are very 
likely to be preferred. So it is not 
surprising that for this sample, iso-
cratic separation is a better choice 
than gradient elution. As the reten-
tion range between the first and 
last peaks increases, gradients are 
favored.

Conclusions
Isocratic LC separations often are 
the method of choice because they 
are so intuitive to develop. We have 
seen, however, that if gradient run 
time or gradient steepness is con-
sidered in the same context as iso-
cratic %B, gradient and isocratic 
separations behave in a very similar 
manner. Longer, shallower gradi-

ents give the same results as reduc-
ing the %B in an isocratic mobile 
phase: longer retention times, gen-
erally better separation, and broad-
er, shorter peaks. Fine-tuning the 
gradient time, just like fine-tuning 
the isocratic %B, can be used to 
make subtle changes in the separa-
tion. In the next chapters, we’ll con-
sider how to further unravel some of 
the mysteries of gradient elution, as 
well as some of the problems that 
can be encountered.

References
(1)	 J.W. Dolan, LCGC North Am. 31(1), 30–35 

(2013).
(2)	 L.R. Snyder and J.W. Dolan, High-

Performance Gradient Elution (Wiley, 
Hoboken, New Jersey, 2007).

(3)	 M.A. Quarry, R.L. Grob, L.R. Snyder, J.W. 
Dolan, and M.P. Rigney, J. Chromatogr. 
384, 163–180 (1987).

How to Cite This Article:
J.W. Dolan, LCGC North Am. 
31(3), 204–209 (2013).

www.chromacademy.com

When it all goes wrong...

you can “Ask the Expert”

Can’t �nd the answer to your question?

Premier members can ask our panel of 

experts and get a reply within 24 hours.

To �nd out more about CHROMacademy Premier membership contact:

Glen Murry   +1  732 - 346 - 3056    |    e-mail: gmurry@advanstar.com

To discuss CHROMacademy Group or Corporate memberships contact:

Allen Basis   +1 732 - 346 - 3013    |    e-mail: abasis@advanstar.com

powered by 

Ask the Expert

Members

Only

36615090285_4521900.pgs  08.24.2015  19:03    ADVANSTAR_PDF/X-1a  blackyellowmagentacyan



the Secrets to Successful Gradient Separations10

CHAPTER TWO

Is it possible to get the same separation under isocratic and gradient 
conditions?

In chapter one we saw that liquid 
chromatography (LC) separations 
under isocratic and gradient condi-
tions had some of the same prop-
erties when operating conditions 
are changed. For example, when 
run times are made longer, resolu-
tion tends to improve, peaks broad-
en, and peak height drops. Longer 
run times are obtained in reversed-
phase LC by reducing the concen-
tration of the organic solvent (%B) in 
isocratic separations or increasing 
the gradient time (reducing the gra-
dient steepness) with gradients. In 
this chapter, we’ll see how to com-
pare gradient and isocratic separa-
tions under “equivalent” conditions. 

When isocratic Won’t Work
In Figure 1a, we see a chromato-
gram for the isocratic separation of 
15 compounds at 60% B. Several 
deficiencies are seen. The peaks 
early in the chromatogram are nar-
row and tall, but the first two are 
poorly resolved. At the end of the 
chromatogram, the peaks are well 
separated, but they are broad-
ened excessively. The run takes 
nearly 30 min. If we try to improve 
the separation at the beginning of 
the chromatogram, we would re-
duce the %B in the mobile phase. 
This would increase the retention 
of the early peaks, and in general 
is expected to improve the reso-
lution. However, the peaks at the 
end of the run would broaden more 
and move to even longer retention 
times—neither of which is desir-
able. Alternatively, we could im-
prove the separation at the end of 
the chromatogram by increasing 
the %B, which would reduce the 
retention times, close up some of 
the gaps between the peaks, and 
sharpen the peaks. But the higher 
%B would compress the chroma-

togram at the beginning, making it 
even worse. 

Samples such as in Figure 1a are 
a good example of the general elu-
tion problem. In such cases, it is 
difficult or impossible to get a satis-
factory separation for all the peaks 
under a single isocratic condition. 
We can improve the beginning or 
end of the chromatogram, but not 
both at the same time. The reason 
for this is that the polarity range of 
the sample is too large. Recall that 
under the most desirable condi-
tions, we’d like the retention factor, 
k, to be 2 < k < 10, but if 1 < k < 20 
can be obtained, we often can find 
acceptable separation conditions. 
In the present case, 0.9 < k < 34, 
so the k range (34/0.9 ≈ 38) is ap-
proximately twice the maximum we 
would like (20/1 = 20). When sam-
ples such as this are encountered, 
a gradient is likely to give a better 
separation.

What about a Gradient?
When the sample of Figure 1a is run 
under gradient conditions, we get 
the separation of Figure 1b. We can 
quickly see that the separation is 
improved. The resolution between 
peaks is increased at the beginning 
of the run and the excess time be-
tween peaks at the end of the run 
in Figure 1a is reduced. Thus, the 
peaks are spread out more even-
ly across the chromatogram. Also, 
note that the peak widths through-
out the run are approximately the 
same. Narrower peaks at the end 
of the run translate into taller peaks, 
so detection is improved in this part 
of the chromatogram. Finally, for 
the present sample, the run time 
is reduced by a factor of four. All 
these improvements make the gra-
dient a better choice for this sample. 
(Gradients, however, are not always 

better, as we saw in chapter one  
where an isocratic separation was a 
better choice.)

Comparing isocratic 
and Gradient Separation
Next, let’s look at isocratic and gra-
dient separation under so-called 
equivalent conditions. By this we 
mean mobile-phase conditions 
under which the retention and peak 
properties are roughly the same with 
both isocratic and gradient runs.

It should be obvious that if we 
consider only a single peak, we 
should be able to find isocratic and 
gradient conditions that will give ap-
proximately the same retention time 
and peak width. To illustrate this, 
I’ve broken the 15-component sam-
ple into five subsamples in Figure 
1c. In each case, I’ve adjusted the 
isocratic %B so that k ≈ 3 is ob-
tained for the peaks. For example, 
at 49% B in Figure 1c, peak 1 has a 
retention time, tR, of 2.9 min and for 
peak 2, tR = 3.2 min. Under these 
conditions, the column dead time, 
t0, is 0.75 min. We can calculate 
the k value for each peak from k = 
(tR – t0)/t0. So k1 = (2.9 – 0.75)/0.75 
= 2.87 and k2 = 3.26. The average k 
value at 49% B is 3.07 ≈ 3. In a simi-
lar manner, we find that 61% B gives 
k ≈ 3 for peaks 3–7, 72% for peaks 
8–9, 80% for peaks 10–12, and 88% 
for peaks 13–15. In each case, the 
retention times of the peaks in each 
group are approximately the same, 
so the peak widths are approxi-
mately the same, as we’d expect 
under isocratic conditions. 

Next, compare the isocratic 
peaks in Figure 1c with the appro-
priate section of the gradient in Fig-
ure 1b. Notice that in both separa-
tion modes all the peaks are ap-
proximately the same width. Also, 
the peak spacing between adjacent 

Equivalent Separations
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Equivalent Separations

peak pairs is nearly the same in 
both cases. You can mentally con-
nect the isocratic chromatograms of 
Figure 1c and get a separation that 
is very close to that of Figure 1b.

Because we see the same peak 
behavior in Figures 1b and 1c, we 
say that these are equivalent condi-
tions. The only catch is that we have 
to have several different isocratic 
conditions to match a single gradi-
ent. But this gives us another way 
to visualize what is happening dur-
ing a gradient. If we could program 
the LC system to run a series of iso-
cratic steps that would maintain the 
separations of Figure 1c, we would 
start at 49% B until peak 2 was elut-
ed, then step to 61% until peak 7 
comes out, and so forth. Of course 
steps like this won’t give us exactly 
the same separation, because the 

peaks of each segment are influ-
enced by the conditions of the prior 
segment, but it serves as a useful 
mental model. After all, a gradient 
can be thought of as a series of 
isocratic steps where the step size 
is infinitely small. Under such condi-
tions we get the results of Figure 1b.

With the isocratic separations of 
Figure 1c, all the peaks traveled 
through the column with k ≈ 3. The 
retention factor, k, is a useful tool 
for developing isocratic separations 
and describing isocratic retention. 
When equivalent gradient condi-
tions are used, Figures 1b and 1c 
suggest that the peak characteris-
tics are approximately the same, so 
the retention factors also should be 
similar. To avoid confusion between 
isocratic and gradient retention fac-
tors, the gradient retention factor is 

abbreviated as k*, which can be 
thought of as the average k value 
throughout the separation.

Band Migration  
in Gradient Elution
Another way to think about how gra-
dient elution works is shown in Fig-
ure 2. In Figure 2b, we see a chro-
matogram overlaid with the gradi-
ent program (dashed line). For dis-
cussion purposes, let’s assume that 
the gradient is a linear gradient of 
5–100% B over 20 min. In Figure 
2a, the left-hand y-axis tracks the 
band migration as it moves through 
the column (in the direction of the 
arrow on the axis); the band posi-
tion is shown by the solid curved 
lines. The isocratic k value at any in-
stant during the run is plotted on the 
right-hand y-axis; the instantane-
ous k value is shown as the curved 
dashed lines. 

We’ll consider two bands, 1 and 
2, as they travel through the col-
umn. Under the initial conditions 
(5% B), peak 1 is very strongly re-
tained, so it appears to sit at the 
head of the column (migration posi-
tion of 0), and the isocratic k value 
is very high (dashed line off-scale). 
As the gradient progresses, strong-
er solvent runs through the column, 
and eventually the solvent is strong 
enough to move the band off the 
head of the column, and it begins to 
migrate through the column. Mean-
while, the k value drops (downward 
arrow on the right-hand y-axis). With 
each increase of %B, the solvent 
is stronger, which means that the 
band travels faster, accelerating 
through the column. Meanwhile, the 
stronger solvent results in a smaller 
instantaneous isocratic k value, so 
k continues to drop. This accelera-
tion of the sample band and drop 
in k continue until the band reaches 
the end of the column (migration 
= 1.0), and a peak appears in the 
chromatogram.

In a similar manner, band 2 
moves through the column. But be-
cause 2 is less polar than 1, it stays 
at the head of the column longer 
before a strong enough solvent ar-
rives to begin carrying it through 
the column. However, its migration 
pattern through the column (the cur-
vature of the migration plot) is very 

Figure 1: Simulated chromatograms for the separation of a 15-component 
sample on a 150 mm × 4.6 mm column operated at 2 mL/min: (a) isocratic 
separation at 60% B, (b) gradient separation of 50–100% in 5 min, and (c) 
isocratic separation of subsets of 15-component sample such that k ≈ 3 for 
each group. Peak identity and %B are noted on chromatograms.
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similar to band 1, but offset to high-
er %B values. The value of k2 also 
drops during the run in the same 
manner as k1.

If we ignore the time the sample 
bands sit on the head of the column 
doing nothing, and only consider 
the time that they actually migrate 
through the column, you can see 
that this migration time is about the 
same for both bands. In isocratic 
separation, two bands that take the 
same amount of time to go through 
the column will have the same re-
tention times, and thus the same 
peak widths. This is another way of 
understanding why all peaks in a 
gradient run are approximately the 
same width—they take the same 
amount of time to migrate through 
the column.

The gradient k value, k*, can be 
thought of as the equivalent of the 
isocratic k value when a band has 
migrated halfway through the col-
umn. For band 1, the band reaches 
the midpoint of the column (x1 = 
0.5, black dot in Figure 2a) at 5 

min. Tracing this k value to the right 
shows that kiso = 3 for peak 1; thus 
k* = 3. Similarly, band 2 reaches 
the midpoint of the column at ~15 
min, which also corresponds to kiso 
= 3 = k*. Both bands reach the mid-
point of the column with the same 
k value, so k* is the same for both 
peaks. And as we noted above, if 
the effective migration time of each 
peak is about the same, we would 
expect the same isocratic k, so it 
isn’t surprising that k* is approxi-
mately the same for all peaks in a 
gradient run.

Figure 2 also helps us under-
stand one oversimplified description 
of gradient elution. This states that 
sample compounds sit at the top 
of the column until a strong enough 
solvent comes along to wash them 
off, then they travel quickly through 
the column. This is a bit simpli-
fied, and doesn’t give the column 
much credit for the separation, but 
it gives us a basic understanding of 
how bands behave under gradient 
conditions.

Summary
Let’s review what we’ve covered 
here. We saw that if the range of 
isocratic k values is too large, a 
single isocratic separation will 
be very difficult without sacrific-
ing peak height and run time. In 
such cases, where the ratio of k 
values for the first and last peaks 
exceeds ~20, a gradient usually 
will give better results. Figure 1c 
was used to demonstrate that if 
the number of peaks in a sample 
is limited, we usually can get ideal 
isocratic chromatography (2 < k < 
10) by choosing the right %B. And 
by breaking up a complex sample 
into small sections, we can obtain 
similar k values for all peaks in 
the sample, albeit under different 
conditions.

When the series of isocratic sepa-
rations with k ≈ 3 for all peaks (Fig-
ure 1c) was compared with the gra-
dient separation of the same sam-
ple (Figure 1b), the results were 
surprisingly similar. Further dividing 
the chromatogram into an infinite 
number of isocratic steps is equiva-
lent to running a linear gradient, in 
this case obtaining k* ≈ 3 for all 
peaks.

Figure 2 helped to illustrate that 
k * is equivalent to the isocratic 
k value at the point a band has 
moved halfway through the col-
umn. It also showed that all peaks 
tend to migrate through the col-
umn in a very similar manner, with 
the primary difference being how 
long they sit at the head of the 
column before significant band mi-
gration occurs. 

Although not discussed here, Fig-
ure 2 also can be used to deter-
mine the influence on retention of 
changing the initial or final %B in 
a gradient, as well as the gradient 
steepness (or gradient time) and the 
shape of the gradient.
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CHAPTER THREE

Sometimes when changes are made to gradient conditions, the result isn’t 
what was expected.

Hopefully, if we can gain a better 
understanding about how gradi-
ents work, we’ll be able to bet-
ter address gradient liquid chro-
matography (LC) problems when 
they occur, or better yet, avoid 
them in the first place. In the first 
chapter, we looked at how intui-
tive reversed-phase isocratic sep-
arations are, and learned some 
ways to transfer this intuit ion 
about the separation to gradient 
conditions. In the second chapter, 
we were introduced to the con-
cept of the gradient retention fac-
tor, k*, and saw how it was anal-
ogous to the isocratic retention 
factor, k. With sufficient care, we 
were able to transfer our knowl-
edge of isocratic behavior to gra-
dient conditions. In this chapter, 
we’ll continue the discussion, but 
we’ll focus on some of the sur-
prises that can occur when the 
same changes are made to iso-
cratic and gradient methods. We’ll 
be looking at what are sometimes 
referred to as the column con-
ditions— that is, changes in col-
umn size, packing particle size, 
and flow rate. And to remind you, 
there is much more detail on this 
and other related gradient topics 
in reference 1.

Changes in 
isocratic Conditions
Let’s follow our pattern of look-
ing at an isocratic example first 
because, usually, the chromato-
gram changes in a predictable 
manner when we make a change 
in the column conditions. Figure 
1 contains five simulated chro-
matograms that il lustrate what 
happens when we make spe-
cific changes. In Figure 1a, the 
inset shows the reference con-
ditions that are used. In all the 

chromatograms, the first small 
peak is the disturbance at the 
column dead time, t0; the remain-
ing eight peaks are eluted in the 
same order. I marked some of 
the peaks to make it easier to 
follow the discussion. In each 
of the other chromatograms, the 
inset shows one or more varia-
bles in bold type that have been 
changed relative to the reference 
case. For example, in Figure 1b, 
the flow rate has been changed 
from 2 mL/min in the reference 
case to 1 mL/min. Let’s next look 
at each of the changes illustrated 
in Figure 1.

A reduction in the flow rate is 
expected to double the retention 
time, and this is seen in Figure 
1b; the column back pressure 
also should drop by a factor of 
two (not shown). There is a minor 
improvement in the resolution 
of peaks 2 and 3, as seen by a 
slightly deeper valley between the 
peaks. This is because the col-
umn plate number, N, increases 
slightly at lower flow rates, but 
this is rarely of much advantage 
with modern 3- and 5-µm par-
ticle columns when used with 
real samples. A change in col-
umn length from 100 mm to 150 
mm in Figure 1c also has the ex-
pected result. When all other fac-
tors are held constant, we expect 
the retention time and the pres-
sure to change by the ratio of the 
length change, or 150/100, and 
this is what we see. We also see 
a small improvement in resolu-
tion of peaks 2 and 3. Remem-
ber that N is proportional to the 
column length and resolution is 
proportional to the square root of 
the plate number. So resolution 
would be expected to improve by 
(150/100)0.5 = 22%, a benefit that 

we achieve at the cost of a longer 
run and higher pressure.

Sometimes it is beneficial to 
reduce the column inner diam-
eter, dc, to save solvent, sharpen 
peaks, or improve compatibility 
with an evaporative detector such 
as a mass spectrometer, an evap-
orative light-scattering detector, 
or a charged aerosol detector. 
When the diameter is reduced, 
there may be an excessive in-
crease in the back pressure if no 
other changes are made, so it is 
customary to reduce the flow rate 
so that the linear velocity of the 
mobile phase stays the same and 
retention times are unchanged. 
So when the column diameter 
is reduced, the flow rate should 
be reduced in proportion to the 
change in the cross-sectional 
area. For the reduction in column 
diameter from 4.6 mm to 2.1 mm 
shown in Figure 1d, the column 
cross-sectional area changes by 
(4.6/2.1)2, or approximately five-
fold. So we reduce the flow rate 
from 2 mL/min to 0.4 mL/min and 
expect to see the same retention 
times and separation as in the ref-
erence case. This can be seen by 
comparing the chromatograms of 
Figures 1a and 1d.

The final change in Figure 1 is 
to increase the packing particle 
size, dp, from 3 µm to 5 µm. This 
is expected to reduce N in pro-
portion to the change, 5/3. It also 
should reduce resolution by the 
square root of this ratio, (5/3)0.5 
≈ 1.3; this can be seen by the 
noticeable loss in resolution be-
tween peaks 2 and 3 in Figure 1e. 
The back pressure should change 
with the square of the particle 
size change, so we would expect 
the pressure to drop by (5/3)2, or 
to approximately 35% of its origi-

Surprises
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nal value (not shown). The par-
ticle size should have no influ-
ence on retention or peak spac-
ing if the same particle chemistry 
is used (same brand of packing 
material).

Corresponding  
Gradient Changes
There wasn’t any thing surpris-
ing about the results when we 
changed column conditions for 
an isocratic separation. Our in-
tuition and experience helped us 
know what to expect. Let’s see 
if the same expectations can be 
achieved when similar changes 
are made to a gradient sepa-
ration. In Figure 2, I’ve chosen 
gradient conditions for the same 
sample that give approximately 
the same separation, as can be 
seen by comparing Figure 1a with 
Figure 2a. The peak spacing and 
critical resolution between peaks 
2 and 3 is quite similar.

The reference chromatogram for 
the gradient separation (Figure 
2a) uses a linear gradient of 20–
45% B in 5 min; as with Figure 
1, changes made to the condi-
tions for the remaining chroma-
tograms of Figure 1 are shown in 
bold in the inset summaries. First, 
let ’s change the flow rate from  
2 mL/min to 1 mL/min in Figure 
2b. We expect the retention times 
to double and a minor increase 
in resolution as we saw in Figure 
1b. But this isn’t what we observe. 
The retention times increase, but 
by less than a factor of two. The 
resolution between peaks 2 and 3 
increases much more than we ex-
pected, but peak 3 now runs into 
peak 4. Things are not going ac-
cording to our expectations.

In Figure 2c, we see the results 
of increasing the column length 
from 100 mm to 150 mm, which 
should increase the plate number, 
resolution, and run time. Here 
again, we see that the expect-
ed increase in retention by 50% 
hasn’t occurred; we observe a 
smaller increase. And although 
the separation of peaks 2 and 3 
increased, as we expected; we 
did not expect that the resolu-
tion of peaks 3 and 4 would be 
compromised.

Figure 1: Simulated chromatograms for the isocratic separation of 
phthalic acid, 2-nitrobenzoic acid, 4-chloroaniline, 2-fluorobenzoic acid, 
3-nitrobenzoic acid, 3-fluorobenzoic acid, 2,6-dimethylbenzoic acid, and 
2-chloroaniline (in order of retention times): (a) reference conditions, (b) 
change in flow rate, (c) change in column length, (d) change in column 
inner diameter and flow rate, (e) change in packing particle size. The 
changes in each case are shown in bold in the summary of conditions. 
Adapted from reference 2.
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Figure 2d shows the results for 
the reduction in column diameter 
with a simultaneous change in 
flow rate to keep the linear veloc-
ity constant. This should have no 
effect on the separation, and this 
is what we observe. The minor in-
crease in retention can be attrib-
uted to the fact that we reduced 
the flow rate by a factor of 5.0, 
when the true ratio should be 4.8. 
In a similar manner, our expecta-
tions are met when we increase 
the particle size from 3 µm to  
5 µm in Figure 2e. You can see 
the slight loss in resolution by ex-
amining the separation of peaks 2 
and 3. At least some changes be-
have as expected with gradients.

What’s Going On?
As is probably apparent by now, 
there are some fundamental dif-
ferences between isocratic and 
gradient separations that account 
for  the di f ferences in behav-
ior between the two techniques 
when the column conditions are 
changed. In particular, we’re in-
terested in  changes in  peak 
spacing, expressed as the selec-
tivity, α:

α = k2/k1� [1]

where k1 and k2 are the k-values 
for two adjacent peaks. When-
ever a variable is changed in an 
LC separation that changes k for 
one or both peaks of a peak pair, 
a change in α will occur. The ex-
ception is when k1 and k2 change 
in proportion, but this is the ex-
ception rather than the rule with 
most samples under reversed-
phase conditions.

Recall that the isocratic k value 
is calculated as

k = (tR – t0)/t0� [2]

where tR is the retention time and 
t0 is the column dead time. A 
change in column dimensions or 
flow rate will change both tR and 
t0 by the same proportion, so k 
will stay the same, and no change 
in α will occur. A longer column, 
lower flow rate, and smaller par-
ticles each will increase the col-
umn plate number, so resolution 

Figure 2: Simulated chromatograms for the gradient separation of the 
same sample as in Figure 1. (a)–(d) Same changes as in Figure 1, (e) 
change in flow rate and gradient time.
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will improve because of this, not 
because the peaks move relative 
to each other.

The gradient retention factor, k*, 
is calculated in a different manner 
than isocratic k:

k* = (tGF )/(1.15 Δ%B • VmS)� [3]

where tG is the gradient time (in 
minutes), F is the flow rate (in mil-
liliters per minute), Δ%B is the 
gradient range (5–95% B = 0.9), 
Vm is the column volume (in mil-
liliters), and S is a constant for a 
given compound. Recall from the 
discussion in chapter two that k* 
is approximately the same for all 
peaks in a gradient separation. 
However, because S varies from 
one compound to another, small 
differences in k* will be seen for 
the various peaks in a separation; 
this is useful because it allows us 
to make changes in some chro-
matographic variables so that we 
can optimize a gradient separa-
tion. For the current discussion, 
we’re only concerned with chang-
es in the column conditions—
length, diameter, flow rate, and 
particle size—so we can simplify 
equation 3 to

k* = C • (tGF )/Vm� [4]

where C is a constant.
Now let’s consider each of the 

changes to the column conditions 
we made in Figures 1 and 2 in 
light of equation 4 to see if we 
can make sense of the unexpect-
ed changes in Figure 2. When 
the flow rate was reduced from  
2 mL/min to 1 mL/min in Figure 
2b, we see from equation 4 that 
the k* value also dropped by a 
factor of two. This, in turn, results 
in a change in α (equation 1) for 
at least some of the peak pairs. 
This accounts for the increase in 
the separation between peaks 2 
and 3 and reduction of the reso-
lution between peaks 3 and 4; 
it also looks like the separation 
between the last two peaks has 
increased. The reduced flow rate 
increased the run time, but be-
cause k* is smaller, the run time 
did not double like it did in Figure 
1b for the isocratic case.

An increase in  the co lumn 
length from 100 mm to 150 mm 
is shown in Figure 2c. Again con-
sulting equation 4, we see that 
because Vm is directly propor-
tional to column length, it will re-
duce k* by 100/150. This change 
in k* has a similar change in α as 
does the reduction in flow rate, 
but because the change is by 
less than a factor of two, peaks 3 
and 4 are not so closely merged 
in Figure 2c as they are in Figure 
2b. The increase in column length 
does give the expected increase 
in N, but the predicted increase 
in retention by 150/100 is compro-
mised by the reduction in k*.

For the experiment of Figure 2d, 
we reduced the column diameter 
from 4.6 mm to 2.1 mm, but we 
also reduced the flow rate from  
2 mL/min to 0.4 mL/min to keep 
the mobile-phase velocity the 
same. The chromatogram is al-
most identical as the original run 
of Figure 2a, with a slight change 
in retention that we explained 
earlier. When we consider equa-
tion 4, we can see that the ratio 
of F/Vm is almost identical in the 
two cases: 2/4.62 ≈ 0.4/2.12, so 
k* stays constant, as does α and 
resolution. 

The final change in Figure 2e 
was to change the particle size 
from 3 µm to 5 µm. Note that the 
particle size, dp, does not appear 
in equation 3, so it should have 
no influence on k *. Its only ef-
fect is to reduce the plate number 
and reduce pressure in the same 
fashion as it does in the isocratic 
case.

In the example of Figure 2d, we 
simultaneously changed the col-
umn diameter and the flow rate 
to keep the linear velocity con-
stant, but this also had the effect 
of keeping k* constant. This is a 
key concept: whenever a change 
is made in the column conditions, 
a compensating change in an-
other part of the column condi-
tions must be made to keep k * 
constant or we will risk a change 
in α, which may be detrimental to 
the separation. This compensat-
ing change also is illustrated in 
Figure 2e. In this case, the same 
change in flow rate was made 

as was made in Figure 2b, from  
2 mL/min to 1 mL/min, but in ad-
dition, the gradient time, tG, was 
increased by twofold so that k * 
would stay constant. Thus, the 
peak spacing didn’t change. The 
run time doubled, and the reso-
lution increased marginally be-
cause the lower flow rate gave 
a sl ight increase in the plate 
number.

Summary
When we made changes in the 
column conditions (length, di -
ameter,  par t icle size, or f low 
rate) under isocratic conditions, 
the observed chromatograms 
matched our expectations. How-
ever, when we made the same 
changes in a gradient separation, 
sometimes the results were quite 
surprising. Isocrat ic k  values 
(equation 2) are not influenced by 
changes in the column conditions, 
so peak spacing, α (equation 1) 
won’t change, either. This is not 
the case with gradients because 
k* is influenced by the flow rate 
and the column volume (equa-
tion 3), so when changes in these 
factors are made, a change in 
k* results, with a corresponding 
change in α. We found that if we 
made compensating adjustments, 
using equation 4 for a guide, we 
could change the column con-
dit ions for a gradient separa-
tion and get the expected result. 
The key learning point here is if 
changes in the column conditions 
are made for a gradient separa-
tion, compensating changes must 
be made to keep k* constant, or 
the separation is likely to undergo 
undesirable changes.
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CHAPTER FOUR

Before we started this e-book, we 
considered some techniques for 
using a gradient scouting run to 
speed the initial investigations in 
method development or to quickly 
obtain a separation under generic 
conditions (1). This e-book started 
with a discussion about how we 
could transfer our intuitive under-
standing of isocratic separations 
to gradients (chapter one), and 
followed this with a way to com-
pare isocratic and gradient meth-
ods under “equivalent” conditions 
(chapter two). In chapter three, we 
considered some unexpected re-
sults, or surprises, that might occur 
if we inadvertently make changes in 
one gradient variable without mak-
ing compensating changes in an-
other. In this chapter, we’ll begin 
looking at some very practical prob-
lems related to gradient operation 
with a discussion of how the gradi-
ent dwell volume can impact the 
results.

what Is Dwell Volume?
There are two general designs of 
liquid chromatography (LC) gradi-
ent systems, as illustrated in Figure 
1. High-pressure-mixing systems 
(Figure 1a) generally comprise two 
pumps, with mobile-phase blend-
ing taking place after the pumps 
(in the high-pressure region). Such 
systems usually are limited to two 
solvents, although switching valves 
may be included that allow you to 
switch from one solvent to anoth-
er. The other design uses low-pres-
sure mixing (Figure 1b), in which 
two to four solvents are blended 
before they reach a single pump 
(mixing on the low-pressure side 
of the pump). The design of both 
system types results in a measur-

able volume between the point the 
solvents are mixed and the inlet to 
the column—this is the dwell vol-
ume, sometimes called the gradi-
ent delay volume. From a practi-
cal standpoint, the dwell volume is 
made up of two parts. The first is 
the physical volume of the various 
components, including the mixer, 
any connecting tubing, and usually 
the injection loop volume. The sec-
ond is the wash-out volume, which 
adds to the physical volume the hy-
draulic characteristics of the various 
components, especially the mixer, 
to increase the effective dwell vol-
ume of the system. We’ll just refer to 
the combined dwell volume here, al-
though we’ll touch on the wash-out 
volume briefly later. 

The Consequences of 
Dwell-Volume Differences
One of the biggest complaints 
about gradient methods is that they 
are hard to transfer, whether it is try-
ing to reproduce a published meth-
od, transferring a method between 
laboratories, or even moving a 
method from one instrument to an-
other in the same laboratory. Often 
the problem can be traced to differ-
ences in dwell volume between the 
various LC systems. This is illustrat-
ed in the simulated chromatograms 
of Figure 2. In each case, the same 
reversed-phase gradient method 
is run. This comprises a 10–40% B 
gradient (where the B-solvent is the 
organic solvent) in 15 min, using 
a 100 mm × 4.6 mm column run 
at 1 mL/min. We’ll consider the run 
of Figure 2a as the reference case, 
where the LC system has a dwell 
volume of 1 mL. The peaks are all 
separated to baseline with a sepa-
ration time of approximately 10 min. 

When the method is transferred to 
another LC system with a dwell vol-
ume of 3 mL, the chromatogram of 
Figure 2b results. You can see that 
all the peaks are shifted to long-
er retention times and the separa-
tion of the first two peaks suffers. 
This occurs even though the same 
gradient conditions are set in the 
controller.

The practical difference between 
the two methods is highlighted in 
the gradient overlay above each 
chromatogram. Although the pro-
gram is set for 10–40% B in 15 min, 
the actual gradient that is delivered 
is not the same in both cases. In 
the first case (Figure 2a), the 1-mL 
dwell volume results in a 1-min 
delay from the time the gradient 
program starts until the gradient 
reaches the head of the column. 
In other words, the injection takes 
place 1 min before the gradient ar-
rives at the column. This means that 
the sample experiences an isocratic 
hold for 1 min under the starting 
conditions. In an analogous man-
ner, the 3-mL dwell volume of the 
second system (Figure 2b) adds a 
3-min isocratic hold at the begin-
ning of the gradient. 

The result of the differences in 
dwell volume is a shifting of reten-
tion times in the chromatogram. Re-
call our oversimplified description 
of gradient elution from the discus-
sion in chapter two: A compound 
sits at the top of the column until a 
strong enough solvent comes along 
to wash it off, then it travels through 
the column at the same rate as all 
other sample components. If this is 
true, we would expect the two chro-
matograms to be offset by the differ-
ences in dwell time, tD. (The dwell 
time is just the dwell volume, VD, di-

Gradient methods can offer unique solutions to separation problems, but 
transferring a gradient method from the literature, between laboratories, or 
even within the same laboratory can be a challenging process.

Dwell-Volume Problems



The Secrets to Successful Gradient Separations18

Dwell-Volume Problems

vided by the flow rate, F: tD = VD/F.) 
In the current case, the 1-mL dwell 
volume system has a dwell time of 
tD = 1 mL/1 mL/min = 1 min, where-
as the 3-mL system has tD = 3 mL/1 
mL/min = 3 min. The difference in 
dwell times is 2 min, so we would 
expect a 2-min offset between chro-
matograms if our assumptions are 
true. This is what is seen for the later 
peaks in the two runs, as highlight-
ed by the arrows comparing reten-
tion times between Figures 2a and 
2b. However, it is a bit naive to as-
sume that the sample components 
are totally unaffected by the initial 
conditions. This is highlighted by 
the shift in peak spacing (selectivi-
ty) for the first two peaks, in addition 
to the approximately 2-min offset. 
So the first two peaks of Figure 2a 
experience a 1-min isocratic hold 
at 10% B and then approximately 
2 min of the gradient. In contrast, 
the first two peaks of Figure 2b are 
subjected to a 3-min isocratic hold 
before the gradient starts. This dif-
ference accounts for the change in 
selectivity that we see for the first 
two peaks in each run. So the pri-
mary influence of dwell-volume dif-
ferences is an offset in retention 
time, with a secondary influence of 
potential changes in selectivity. It is 
easy to see how such differences 
can make it hard to transfer gradient 
methods between systems with dif-
ferent dwell volumes.

How to Measure  
Dwell Volume
It is important to know the dwell vol-
ume of each LC system so that we 
can avoid problems by compensat-
ing for differences in dwell volume 
when gradient methods are trans-
ferred. This measurement is illus-
trated in Figure 3. The setup is quite 
simple: Remove the column and re-
place it with a piece of capillary tub-
ing. A good choice is to use approx-
imately 1 m of 0.125-mm (0.005-in.) 
i.d. tubing, which provides enough 
back pressure to ensure that the 
pump check valves will work prop-
erly. Replace the A-solvent with high 
performance liquid chromatogra-
phy (HPLC)-grade water and the 
B-solvent with HPLC-grade water 
spiked with 0.1% acetone. Use a 
UV detector set at 265 nm. Choose 

Figure 1: Schematics of (a) high-pressure-mixing and (b) low-pressure-
mixing LC systems, highlighting differences in dwell volume.
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Figure 2: The practical effect of differences in dwell volume for a 10–40% 
B gradient run over 15 min at 1 mL/min on a 100 mm × 4.6 mm column. 
Simulated chromatograms for systems with (a) 1-mL and (b) 3-mL 
dwell volumes; an overlay of the effective gradient is shown with each 
chromatogram.
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conditions that are typical of what 
you run in the laboratory. For exam-
ple, with conventional LC systems 
that run 10–30 min gradients at 1–2 
mL/min, a 20-min gradient at 2 mL/
min is a good choice. For a system 
dedicated to liquid chromatogra-
phy–mass spectrometry (LC–MS) or 
ultrahigh-pressure liquid chromatog-
raphy (UHPLC), a 5-min gradient at 
0.5 mL/min may be more typical. In 
all cases, use a gradient of 0–100% 
B. Most of us use the autosampler 
in a mode that leaves the injection 
loop in the flow stream during the 
gradient, so leave the injector in the 
“inject” position for this test if this is 
your practice. When the gradient is 
run, you should see a baseline trace 
that looks similar to that of Figure 3, 
rising from 0% B to 100% B over the 
selected gradient time.

The dwell volume can be deter-
mined in one of two ways illustrat-
ed in Figure 3. You can print the 
chromatogram, then draw a best-fit 
line through the rising baseline, as 
shown by the dashed line. In a simi-
lar manner, extend the initial base-
line until it intersects the diagonal. 
This intersection should correspond 
to the dwell time, tD. Alternatively, 
perform the measurement on the 
computer monitor. Determine the 
difference in signal (offset) between 
the initial (0% B) and final (100% B) 
baselines; divide this by two to find 

the signal corresponding to 50% B 
and locate this point on the curve. 
Find the corresponding retention 
time, tR; this should occur halfway 
through the gradient, so subtract 
half this value (tG/2) and the remain-
ing retention time will be equal to tD. 
For example, if a 0–100% B gradi-
ent in run in 20 min at 2 mL/min, the 
midpoint should be reached at 10 
min into the gradient. If the midpoint 
of the gradient is measured as 11.2 
min, then tD = 11.2 – 20/2 = 1.2 min. 
Convert this to the dwell volume, VD 
= 1.2 min × 2 mL/min = 2.4 mL.

As mentioned in the introduc-
tion, the dwell volume as well as the 
wash-out characteristics of a given 
LC system can influence the result-
ing chromatogram. These differenc-
es are illustrated in Figure 4a, where 
measurements similar to those of 
Figure 3 are compared for a con-
ventional LC system and an UHPLC 
system. In this case, rather than a 
sloping gradient, a vertical step from 
0 to 100% B was used. You can see 
that the offset between the UHPLC 
and LC curves is different at the 
beginning of the step and the end 
of the step. Woodman and Sanford 
(2) argue that the beginning differ-
ence corresponds to the dwell vol-
ume and the additional offset at the 
end represents the mixer wash-out 
characteristics. Thus, the wash-in 
and wash-out curvature is different 

in this case. Which measurement 
represents the proper dwell volume 
you should use when transferring a 
method? The choice is somewhat ar-
bitrary, and I think that the midpoint 
technique used in Figure 3 is prob-
ably as good as any, unless com-
plicated conversion procedures are 
used. The illustration of Figure 4b 
shows that dwell differences also 
can occur when a single system is 
reconfigured. Each trace represents 
two consecutive gradient steps in 
a stair-step gradient program. The 
same high-pressure-mixing LC sys-
tem was used in each case. The 
upper trace represents the perform-
ance of the conventional LC sys-
tem using the factory-installed mixer, 
generating a dwell volume measured 
as 2.2 mL. We modified the system 
for use with LC–MS by removing the 
original mixer and replacing it with 
an after-market mixer that reduced 
the dwell volume to 0.5 mL, with the 
resulting trace at the bottom of Fig-
ure 4b (the difference in line widths 
is an artifact of scaling to overlay the 
two traces). As with the two exam-
ples of Figure 4a, we see that both 
traces show a more rapid wash-in 
than wash-out and that the small-
er-dwell-volume system responds 
much more quickly to changes in 
mobile-phase composition.

Compensating for  
Dwell-Volume Differences
We’ve seen how differences in dwell 
volume can result in differences in 
the appearance of gradient chro-
matograms and how to measure the 
dwell volume. Next, let’s consider 
how to compensate for differences 
in dwell volume, using the example 
of Figure 2. Switching from a larger-
dwell to a smaller-dwell system is 
very simple. Just add a gradient 
delay (isocratic hold) correspond-
ing to the desired additional offset. 
For the transfer of the method of 
Figure 2b to the system of Figure 
2a, it would mean adding 2 min of 
isocratic hold to the beginning of 
the program. Now the program of 
10/10/50% B at 0/2/17 min should 
give the same chromatogram as in 
Figure 2b with the system of Figure 
2a. Of course, you could add 2 mL 
of volume to the system by adding 
a mixing coil or other modification, 
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Figure 3: Illustration of how to measure system dwell volume. See text for 
details.
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but this is much less convenient 
than adding a hold. (And it can be 
shown experimentally that there are 
slightly different results when add-
ing an isocratic hold or a mixing coil, 
but these are minor in most cases.)

Transferring a gradient method 
from a low-dwell system to a larger-
dwell system is not as simple. There 
are several options. First, if you are 
developing a new method and know 
that it will be used on a larger-dwell 
system, use the same technique 
mentioned above by adding an iso-
cratic hold to the gradient program 
that corresponds to the additional 
dwell volume likely to be encoun-
tered. Then when the method is set 
up on a new system, the isocratic 

hold time (volume) can be adjusted 
so that the combination of the iso-
cratic hold and the dwell volume re-
main unchanged between the two 
systems. A second technique to 
compensate for dwell-volume dif-
ferences may or may not be avail-
able on your LC system. Many of the 
newer LC systems allow you to pro-
gram the autosampler to inject after 
the gradient starts. For the present 
example of Figure 2b, you would 
program the system to inject 2 min 
after the gradient program is started. 
This would mean that the injection 
would take place at the same point 
in the gradient as it did in Figure 
2a. A third technique to overcome 
dwell-volume differences is to over-

engineer the initial separation so that 
a dwell-volume change is unlikely 
to cause problems. In the present 
case, the method of Figure 2a might 
be developed so that the first two 
peaks had enough excess resolution 
that some loss of resolution when 
the method is transferred will not 
make any difference in the analyti-
cal results. Remember that the early 
peaks in the chromatogram are the 
ones that will be most affected by 
dwell differences; later peaks usu-
ally are offset in time, but resolution 
changes are less likely. Some addi-
tional, more complex techniques are 
described in the literature (3), such 
as changing the starting %B.

Summary
We have seen that differences in 
system dwell volume can account 
for much of the difficulty encoun-
tered when transferring a gradient 
LC method from one system to an-
other. A technique to measure the 
dwell volume of an LC system was 
presented. This procedure should 
be performed at least once on every 
gradient LC system so that you 
know its dwell volume. Several op-
tions were presented to compensate 
for dwell volume differences when 
transferring gradient methods. Be-
cause the dwell volume can be so 
important in gradient methods and 
their transfer, it should be obvious 
that you should list the dwell volume 
of the LC system as part of the meth-
od description. This will give the next 
user knowledge to aid in adjusting 
the method to get the same results 
on a different LC system. 

In chapter five, we’ll look at prob-
lems related to baseline drift in gra-
dient elution.
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Figure 4: Contributions of dwell volume and wash-out volume to effective 
dwell volume: (a) comparison of dwell volume measured on UHPLC and 
conventional LC systems, adapted from reference 2; (b) comparison of same 
high-pressure-mixing system with two different mixers. See text for details.
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CHAPTER FIVE

Can anything be done to correct for baseline drift in gradient separations? 

In chapter four, we considered 
problems related to the system 
dwell volume. In this chapter, we’ll 
continue looking at gradient prob-
lems with a focus on baseline drift. 
If you’re just moving from isocratic 
separations to gradients, one of 
the first observations you make 
when you examine a chromato-
gram is that the gradient base-
line often is not flat. With both iso-
cratic and gradient separations, 
the baseline can drift when the 
column temperature is not stable, 
but if you use a column oven and 
the laboratory temperature is rela-
tively stable, drift usually is not a 
problem. Drifting baselines under 
gradient conditions are common. 
Usually the drift is minor, and you 
learn to live with it. In other cases, 
it may be possible to compen-
sate for the drift by adjusting the 
mobile phase. In still other cases, 
there isn’t much you can do. Let’s 
look at each of these cases next.

mobile-Phase absorbance
When ultraviolet (UV) absorbance 
is used for detection, it is common 
to find that the A and B mobile 
phases differ in their UV absorb-
ance at the detection wavelength. 
This dif ference means that the 
baseline will drift during a gradi-
ent run, as is seen in the upper 
trace in Figure 1. In this case, a 
gradient is run from 100% water 
(A) to 100% methanol (B) at 215 
nm. Because methanol has sig-
nificantly stronger UV absorbance 
at 215 nm than water, the baseline 
rises—approximately 1 absorb-
ance unit (AU) in this case. If the 
display setting is set to a range 
of <1 AU, the baseline will drift 
off scale during the run. This is 
inconvenient, but with many de-
tectors today, the detector range 
is >1 AU, so peak data will still 
be collected, even though they 

do not appear on the computer 
monitor until the scale is changed. 
However, in the days of strip-chart 
recorders, before computerized 
data collection was used, an off-
scale baseline or peak meant 
that no data were collected under 
those conditions. In any event, we 
would like to be able to see the 
entire chromatogram without hav-
ing to change from one display 
scale to the next. For this rea-
son, drift, such as that observed 
for methanol in Figure 1, is un-
acceptable for most of us. From 
a practical standpoint, methanol 
has sufficient absorbance at low 
wavelengths that full-range water–
methanol gradients seldom are 
used below approximately 220 nm.

Contrast the plot for methanol at 
215 nm with that for acetonitrile at 
200 nm in Figure 1. The water–ac-
etonitrile gradient baseline looks 
flat at the same display scale be-
cause acetonitrile has very low UV 
absorbance relative to water under 
these conditions. This is one rea-
son why acetonitrile often is the 
preferred organic solvent when 
low-wavelength (<220 nm) UV de-
tection is used.

Compensating for Drift
In the water–acetonitrile gradient 
of Figure 1, water and acetonitrile 
have approximately the same UV 
absorbance at 200 nm, so the 
baseline does not drift. It may be 
possible to create analogous con-
ditions with other solvents by ad-
justing the absorbance of a sol-
vent mixture used as the A- and 
B-solvents of the mobile phase. 
An example of this is shown in Fig-
ure 2, where 10 mM potassium 
phosphate (pH 2.8) is used in-
stead of water as the A-solvent 
and methanol is used as the B-
solvent. Under these conditions, 
phosphate has nearly the same 

UV absorbance as methanol, so 
the baseline has very little drift. 
Note that the y-axis of Figure 2 
is 0.1 AU full scale compared to 
1 AU full scale in Figure 1, so the 
reduction in drif t is impressive. 
From a practical standpoint we’ve 
solved the gradient drift by add-
ing phosphate buffer to the A-sol-
vent. Because phosphate is such 
a common buffer for reversed-
phase liquid chromatography (LC), 
its use means that methanol can 
be used as the B-solvent at much 
lower wavelengths than when 
water is used as the A-solvent. 

Most organic solvents have 
lower UV absorbance as the de-
tection wavelength is increased, 
so simply increasing the wave-
length also may help to flatten 
out the baseline. For example, 
the lower plot of Figure 2 is under 
the same conditions as the upper 
one, but at 254 nm the baseline 
is flat. So even if we don’t add a 
UV absorbing compound to the 
A-solvent, simply increasing the 
detection wavelength may be a 
sufficient change to mitigate base-
line drift. Of course, a reduction 
in sample response may also 
occur with an increase in detec-
tion wavelength, so making this 
change may not be a viable option.

Although using a buffer instead 
of water as the A-solvent may cor-
rect for baseline drift, it doesn’t 
always produce the desired re-
sults. An example of this is seen 
in Figure 3, where the A-solvent 
is 25 mM ammonium acetate 
(pH 4) and B is 80% methanol in 
water. A negative baseline drift of 
>1 AU is seen at 215 nm for this 
gradient, and the baseline curves 
sharply downward as the gradi-
ent progresses. A negatively drift-
ing baseline can cause additional 
problems besides the inability to 
fit the entire chromatogram on a 

Baseline Drift Problems
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reasonable vertical scale. Many 
data systems stop collecting data 

when the baseline drifts more than 
approximately 10% below the ini-

tial baseline. In the example at 215 
nm, the only way to collect this 
baseline for display was to turn 
off the autozero function on the 
data system and manually set the 
baseline at 1.0 AU before the gra-
dient was started. In this manner, 
the baseline signal was always >0 
AU, so it could be collected by the 
data system. This certainly is not 
a technique that is amenable to 
unattended sample analysis. The 
reduced UV absorbance at higher 
wavelengths that was mentioned 
earlier holds here, as well, where 
the same gradient at 254 nm is 
flat. Another option that might help 
to flatten out the baseline, would 
be to add ammonium acetate to 
both the A- and B-solvents to try 
to cancel the negative drift as the 
gradient progresses. It should also 
be noted that although the present 
conditions at 215 nm are unac-
ceptable for UV detection, if mass 
spectrometry (MS) was used for 
detection instead of UV absorb-
ance, the baseline drift would not 
be a problem because UV absorb-
ance does not affect the MS sig-
nal; ammonium acetate–methanol 
gradients commonly are used with 
LC–MS.

In still other cases, the baseline 
drift during a gradient may not be 
amenable to correction by adding 
something to the mobile phase. 
An example of this is seen in Fig-
ure 4, where 50 mM ammonium bi-
carbonate is used as the A-solvent 
and methanol as the B-solvent. At 
215 nm, the baseline drifts down-
ward as it approaches the middle 
of the gradient, then starts back 
up again. In this case, the change 
in absorbance is worse for a mix-
ture of A and B than with either 
solvent alone, so it is unlikely that 
the absorbance of either mobile 
phase could be manipulated to 
compensate for the midgradient 
dip. As with the other examples 
of baseline drift with methanol as 
the B-solvent, an increase in the 
detection wavelength to 254 nm 
minimizes the problem.

Trifluoroacetic Acid:  
A Special Case
Trifluoroacetic acid is an additive 
commonly used in LC separations 
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Figure 1: Baselines obtained from linear gradients of water–methanol at 
215 nm and water–acetonitrile at 200 nm.

Figure 2: Baselines for phosphate–methanol gradients of 5–100% B 
in 15 min at 215 and 254 nm. A: 10 mM potassium phosphate (pH 2.8); 
B: methanol. Adapted from reference 1.

Figure 3: Baselines for ammonium acetate–methanol gradients of 
5–100% B in 40 min at 215 and 254 nm. Mobile-phase A: 25 mM 
ammonium acetate (pH 4); B: 80% methanol in water. Adapted from 
reference 1.
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of biomolecules, such as pro-
teins and peptides. Trifluoroace-
tic acid acts to acidify the mobile 
phase (0.1% trifluoroacetic acid 
gives pH ≈ 1.9) as well as acting 
as an ion-pairing reagent, both 
of which are beneficial to many 
biomolecule separations. In addi-
tion, trifluoroacetic acid has low 
UV absorbance at wavelengths 
<220 nm, making it especially at-
tractive as an additive for ace-
tonitrile-containing mobile phases. 
Trifluoroacetic acid is volatile, so it 
is easily evaporated with the aque-

ous acetonitrile mobile phase for 
compatibility with LC–MS detec-
tion, as well as other evaporative 
detection methods, such as evap-
orative light scattering detection 
(ELSD) or charged aerosol detec-
tion (CAD). 

Figure 5 shows gradient base-
lines at selected wavelengths 
where A is water with 0.1% tri-
fluoroacetic acid added and B 
is acetonitrile with 0.1% trifluoro-
acetic acid added. It is seen that 
the curvature of the baseline de-
pends on the wavelength chosen. 

At 215 nm, the baseline is nearly 
flat, making this an especially at-
tractive wavelength for the de-
tection of proteins and peptides 
at trace concentrations. At other 
wavelengths, a lit tle additional 
trifluoroacetic acid (for example, 
0.11% instead of 0.1%) can be 
added to the A- or B-solvent to 
help reduce the baseline drift.

Conclusions
We have seen that a major com-
ponent of baseline drift in gradi-
ent LC methods and UV detection 
often is the result of differences in 
detector response to the A and B 
components of the mobile phase. 
At higher wavelengths, such as 
>250 nm, the UV absorbance of 
mobile-phase components usu-
ally is minimal, so baseline drift 
under these conditions is sel-
dom a concern. At wavelengths 
<220 nm, however, baseline drift 
caused by dif ferential solvent 
absorbance can be sufficient to 
prevent practical use of certain 
solvents, such as methanol or 
tetrahydrofuran. Sometimes it is 
possible to compensate for differ-
ences in UV absorbance by add-
ing a UV absorbing component to 
one solvent or the other. A good 
example of this was shown in Fig-
ure 2 for the addition of phos-
phate buffer at 215 nm. In other 
cases, the drif t characteristics 
are such that it is not possible to 
compensate for drif t by modify-
ing the mobile phase. However, 
by judiciously choosing the mo-
bile-phase components and de-
tection wavelength, it usually is 
possible to find gradient LC con-
ditions where baseline drift does 
not compromise the analysis.
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Figure 4: Baselines for ammonium bicarbonate–methanol gradients of 
5–60% B in 10 min at 215 and 254 nm. A: 50 mM ammonium bicarbonate 
(pH 9); B: methanol. Absorbance scale is relative, not absolute. Adapted 
from reference 1.

Figure 5: Baselines for trifluoroacetic acid–acetonitrile gradients of 
0–100% B in 100 min. A: 0.1% trifluoroacetic acid in water; B: 0.1% 
trifluoroacetic acid in acetonitrile. Absorbance scale is relative, not 
absolute. Adapted from reference 2.
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