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LC TROUBLESHOOTING
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Rules of Thumb for Reversed-Phase LC: 
What’s In Your Chromatographic Mind?
A handful of approximate rules about the behavior of reversed-phase liquid chromatography can facilitate more 
efficient work, both during method development and in troubleshooting problems that arise with LC systems. 

Dwight R. Stoll

As with other fields of analytical 
science, such as spectroscopy 

and mass spectrometry, professionals 
practicing chromatography carry a lot 
of information and knowledge in their 
minds that facilitates problem solving 
in their daily work. I think this is most 
evident in method development activi-
ties for chromatography. For example, 
knowing the general retention behav-
ior of a carboxylic acid-containing 
analyte in reversed-phase liquid chro-
matography (LC) enables the method 
developer to make the quick decision 
to decrease the mobile phase pH if 
they observe that the retention of this 
analyte is too low. To me this kind of 
knowledge is akin to knowing a set 
of “math facts” so that one does not 
have to always reach for a calculator 
when making estimates for simple cal-
culations. Here, carrying in our minds 
knowledge of the general behavior of 
a carboxylic acid-containing analyte in 
reversed-phase LC allows us to avoid 
looking in books or journal articles for 
commentary on the behavior before 
taking the next step in method devel-
opment. In this case, the rule is that 
generally retention of a carboxylic 
acid-containing analyte will increase 
as the mobile phase pH is decreased 
from above the pKa of the carboxylic 
acid functional group to below the pKa.

In my work with students and prac-

ticing chromatographers around vari-
ous aspects of LC, I find that they 
generally are not aware of as many of 
these rules as they could be. Increas-
ing the amount of chromatographic 
knowledge we carry around in our 
minds will not only be helpful during 
method development, but also in trou-
bleshooting problems with LC systems. 
Very often a critical part of the trou-
bleshooting process is understanding 
how the system should behave so that 
irregular behavior can be spotted, and 
troubleshooting efforts can be focused 
in this area. The more rules we have 
in mind, the more readily we can spot 
irregular behavior. This installment 
of “LC Troubleshooting” articulates 
several rules in one place. They are 
not new ideas, but information about 
them tends to be spread out across 
many resources. In this article, I have 
consolidated some of them as a start-
ing point for increasing the knowledge 
in our chromatographic minds.

Rules #1-4: Mobile Phase Effects 
on Retention of Small Molecules 
in Reversed-Phase LC
#1: Effect of the Level of Organic  
Solvent in the Mobile Phase
In many cases, the most powerful deter-
minant of retention in reversed-phase 
LC is the volume fraction of organic 
solvent (commonly referred to as “%B”) 

in the mobile phase, and thus it is very 
helpful to have a sense for how much 
the retention of an analyte of interest 
should change in response to a change 
in %B. As part of my ongoing work 
in my laboratory, we have collected 
retention data for a diverse set of small 
molecules that includes both non-iono-
genic (that is, no net charge in aqueous 
solutions) and ionogenic (both acids 
and bases) compounds. Since we have 
retention factors for these compounds 
in several different mobile phases vary-
ing in %B, we can calculate the degree 
of change in retention factor for a cer-
tain degree of change in %B. 

Figure 1 shows a histogram of these 
results. Here, a 100% increase in reten-
tion means that the retention factor for 
a given compound doubles when the 
%B is decreased from 40% to 30%, a 
200% increase means that the retention 
triples, and so on. From these data we 
make two practically significant obser-
vations: 1) the degree to which reten-
tion increases for these compounds in 
response to the same change in mobile 
phase composition varies by about 
a factor of four; and 2) the degree of 
change for the majority of the com-
pounds falls in the range of 90% to 
150%. Based on this, we can adopt the 
rule that the retention of an average 
small molecule will roughly double in 
response to a 10% decrease in the %B 
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in the mobile phase; these numbers are 
easy to remember. For a more precise 
estimate of the expected change, more 
information about the analyte and 
separation conditions are needed. For 
example, it is known that the degree of 
change in retention in reversed-phase 
LC is highly correlated with the molecu-
lar weight of the analyte (1), which we 
also see in the data.

#2: Effect of the Type of Organic Solvent 
Acetonitrile (ACN) and methanol 
(MeOH) are the organic solvents most 
commonly used in reversed-phase 
LC mobile phases. However, they are 
not interchangeable in terms of their 
effects on retention and selectivity in 
separations of small molecules. The 
effects of these solvents on selectivity 
are compound- and stationary phase-
specific, and thus we should be care-
ful not to assign too much weight to 

general statements about their effects 
on retention. However, a generalization 
is still useful for method development 
and troubleshooting purposes. The dia-
gram in Figure 2 is known as a nomo-
gram, which is useful for estimating the 
composition of one mobile phase that 
will lead to roughly the same retention 
as another mobile phase containing a 
different organic solvent. The dashed 
blue line helps visualize how this tool 
can be used in practice. 

Suppose we have an isocratic 
separation where a particular ana-
lyte has a retention factor of five in a 
mobile phase that is 20% (v/v) aceto-
nitrile. The nomogram shows us that 
we could expect to observe similar 
retention for the same compound on 
the same column if we use about 8% 
more methanol (28%) or 5% less tetra-
hydrofuran (15%) in the mobile phase. 
Inspection of the nomogram shows 

that these percentages that will give 
similar retention vary as one moves 
across the scale from 100% aqueous 
to a 100% organic solvent mobile 
phase. However, a rule to remember 
here is that when changing from a 
mobile phase of acetonitrile water to 
methanol water, use about 10% more 
methanol than acetonitrile to get 
comparable retention; when using 
tetrahydrofuran water, use about 5% 
less tetrahydrofuran than acetonitrile 
to get comparable retention.

#3: Effect of Mobile-Phase pH  
on Retention of Carboxylic Acids
The fact that some small molecules 
change their ionization state over the 
pH range of aqueous solutions can 
present challenges in method imple-
mentation, but also opportunities. 
With non-ionogenic small molecules, 
we are limited to variables, including 
mobile-phase composition, tempera-
ture, and stationary phase chemistry 
to adjust retention and selectivity. 
However, with ionogenic analytes 
(such as carboxylic acids) and amines, 
the pH of the mobile phase can also 
be a powerful determinant of reten-
tion and selectivity. 

Figure 3 illustrates the general reten-
tion behavior of these types of molecules 
under reversed-phase LC conditions. 
The carboxylic acid functional group 
(Figure 3a) is protonated and neutral 
(that is, not charged) in a mobile phase 
with a pH that lies below the pKa of the 
acid (in this case, pKa = 5). When pro-
tonated, the acid is less water soluble 
and retention will be higher compared 
to the case where the acid is deprot-
onated and negatively charged (that is, 
when pH > pKa). The limiting retention 
of the two forms when the mobile phase 
is buffered well below or above the pKa 
depend on the nature of the rest of the 
analyte structure. A useful rule here, then, 
is that the reverse-phase LC retention of 
a carboxylic acid-containing analyte will 
be significantly higher in a mobile phase 
buffered at a pH much lower than the 
pKa compared to when the mobile phase 
is buffered well above the pKa.
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FIGURE 1: Increases in the retention of 49 small molecule analytes in response to a 10% 
decrease in the organic solvent level (%B) in the mobile phase of RPLC separations. 
Chromatographic conditions: column, Agilent SB-C18; temperature, 40 °C; mobile 
phase A solvent, 25 mm ammonium formate, pH 3.2.
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FIGURE 2: Nomogram for the comparison of acetonitrile-, methanol-, and tetrahydro-
furan-containing mobile phases used for RPLC. Adapted from reference (2).
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#4: Effect of Mobile Phase  
pH on Retention of Amines
As shown in Figure 3b, the dependence 
of retention on mobile phase pH is quite 
different for amine-containing analytes 
compared to carboxylic acids. In this 
case, the protonated and positively 
charged form of the amine is favored in 
mobile phases buffered well below the 
pKa of this acid, while the deprotonated 
and neutral form of the amine is favored 
when the pH is above the pKa. It is this 
difference in the ionization behavior of 
the two functional groups that leads 
to the very different retention behav-
iors depicted in Figure 3. In the case 
of amine-containing analytes, a useful 
rule is that the retention will be signifi-
cantly lower in a mobile phase buffered 
at a pH much lower than the pKa of the 
acidic form of the amine compared to 
when the mobile phase is buffered well 
above the pKa.

Relevance to Troubleshooting
On occasions where peaks do not appear 
where they are expected to appear in 
a chromatogram (whether in absolute 
terms, or relative to each other), the list 
of possible reasons is pretty long. Is the 
flow rate correct? Was the mobile phase 
made properly? Is the solvent propor-
tioning valve working properly in the 
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FIGURE 3: Illustration of the effect of mobile phase pH on retention of (a) carboxylic 
acids and (b) amines in RPLC. The pKa of the generic carboxylic acid in this example is 
assumed to be 5, and the pKa of the protonated, acidic form of the amine is assumed 
to be 10.
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pump? This short version of the list has 
several elements related to potential 
problems with the mobile phase, and 
so it is very helpful to have in mind 
the expected effect on retention of a 
change in either the type or amount 
of organic solvent in the mobile phase 
and in the mobile phase pH. Knowing 
whether or not the magnitude of the 
observed change in retention could 
possibly be explained by a problem 
with the mobile phase composition 
can help reduce the number of likely 
causes of the problem to pursue, and 
ultimately help the analyst arrive at a 
solution more quickly.

Rules #5 and 6: Mobile Phase 
Viscosity and Pressure 
Drop in Reversed-Phase LC
Pressure is an important topic in 
modern LC. Contemporary methods 

are often run at pump pressures on 
the order of several hundred bar, and 
problems with partially blocked con-
necting tubing, filters, or columns can 
result in an over-pressure situation 
that must be resolved before analysis 
can continue. We can also use mea-
sured pump pressures to our advan-
tage during troubleshooting, how-
ever. Under most reversed-phase LC 
operating conditions in common use 
the flow in the LC system is laminar, 
which means that the pressure drop 
between the pressure measurement 
point in the pump and the detec-
tor outlet is highly predictable. For 
example, under these conditions, the 
pressure drop between the inlet and 
outlet of a piece of connecting capil-
lary is related to the mobile phase vis-
cosity through Poiseulle’s law, shown 
in equation 1:

ΔP  = 128ƞLF
�ɗ 4

        [1]

where ΔP is the pressure drop across 
the capillary, F is the flow rate of 
mobile phase, η is the mobile phase 
viscosity, L is the capillary length, 
and d is the capillary diameter. In 
the case where all of the variables 
except viscosity are fixed (as in a typi-
cal LC analysis ), we can predict the 
change in pressure drop if the change 
in mobile phase viscosity is known or 
predictable, as in gradient elution, for 
example. 

Figure 4 shows the dependence of 
the viscosity of acetonitrile:water or 
methanol: water mixtures on the frac-
tion of organic solvent in water. Since 
the pressure drop is directly propor-
tional to the first power of the viscos-
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ity, we can expect the pressure mea-
sured at the pump to change in a way 
that looks very similar to these curves 
when we execute a solvent gradient 
from 0% to 100% organic solvent (or a 
piece of these curves if a narrower gra-
dient is used). Indeed, the observed 
pressure profiles look very much like 
this in actual experiments, and these 
pressure measurements can be useful 
when troubleshooting LC problems. A 
useful rule for acetonitrile water mix-
tures is that the maximum viscosity and 
pressure occurs around 20% acetoni-
trile, and that 100% acetonitrile has a 
viscosity that is about one-third of that 
of water. For methanol water mixtures, 
a useful rule is that the maximum vis-
cosity occurs around 50% methanol, 
and the viscosity of 100% methanol is 
slightly lower than that for water.

Relevance to Troubleshooting
The direct relationship between pres-
sure drop and mobile phase viscosity 
means that we can use the pressure 
measured at the pump as an indirect 
(relative) measure of the viscosity of 
the mobile phase flowing through the 
system. This can be quite valuable for 
troubleshooting a number of prob-
lems, including leaky pump parts, mal-
functioning gradient proportioning 
valves, errors in mobile phase prepa-
ration, and errors in method setup 
and implementation. Again, know-
ing the pressure changes we should 
expect to see during gradient elution, 
or when switching from 100% aceto-
nitrile to 100% water better prepares 
us to determine when something does 
not look quite right; these are often 
the first clues needed in a successful 
troubleshooting adventure. 

Summary
In this installment of “LC Trouble-
shooting,” we have discussed several 
chromatographic rules that approxi-
mately describe some of the behaviors 
we observe in reversed-phase LC sys-
tems, which are useful in both method 
development and troubleshooting. 
While there are certainly exceptions to 

these guidelines, and they only describe 
average behavior, carrying these general 
ideas in our chromatographic minds can 
make our method development and trou-
bleshooting work more efficient by facili-
tating quick decisions about next steps, 
and identification of potential problems 
when the observed behavior of the sys-
tem does not look quite right.
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