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LC TROUBLESHOOTING
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But My Peaks Are Not Gaussian!  
Part III: Physicochemical Causes of Peak Tailing
 
Although symmetric peaks with Gaussian shapes are predicted by models of the chromatographic process,  

“perfect peaks” are not observed often outside of textbooks. Several physicochemical phenomena can lead to 
asymmetric peak shapes, including analyte adsorption to different types of sites within the stationary phase 
and overload tailing, which may involve a variety of factors. Understanding these phenomena can help identify 
whether the cause of asymmetry is most likely to have a physical or chemical origin, which in turn dictates 
which troubleshooting steps to start with when dealing with poor peak shapes.

David McCalley and Dwight R. Stoll

In the first two parts of this series 
of “LC Troubleshooting” articles, 

I’ve written about basic concepts 
in peak asymmetry (1) and physical 
problems that can lead to fronting 
or tailing peaks (2). Although there 
are many ways things can go wrong 
in a purely physical sense that will 
lead to asymmetric peaks, address-
ing these problems, or even prevent-
ing them altogether, is generally 
more straightforward than dealing 
with causes of asymmetry that have 
chemical components. As a separa-
tion science community, we under-
stand a lot about chemical causes of 
peak asymmetry, but there are some 
observations for which we don’t 
have clear explanations, and this 
is an open area of research in both 
academic and industrial laborato-
ries. For this third part of this series,  
I’ve asked Professor David McCalley 
to join me to address some causes 
of peak asymmetry that have chemi-
cal components, discussing both the 
aspects we understand, and those 
where there is less clarity. David 
has studied chemical causes of poor 
peak shape in both reversed-phase 

and HILIC separations, and is one 
of the world’s foremost experts on  
the topic. 

Dwight Stoll

A large majority of the literature 
describing studies of physicochemi-
cal causes of peak asymmetry in liq-
uid chromatography (LC) has been 
focused on reversed-phase (RP) 
columns prepared with stationary 
phases built upon silica-based sub-
strates. This focus on RP columns 
does not mean these problems are 
not important for other separation 
modes, or stationary phases built 
upon other substrates. However, the 
primary focus of this installment is 
on RP separation conditions and sta-
tionary phases involving silica par-
ticles because of their predominant 
use in LC. 

In Part I of this series, we focused 
mainly on the type of peak tail-
ing we refer to as exponential tail-
ing, which is where the observed 
peak shape exhibits a kind of mix-
ture of Gaussian and exponential 
distr ibution shapes that can be  
modeled nicely using a convolution 

of the two distributions. Some physi-
cochemical causes of peak tailing 
lead to this type of exponential tail-
ing. However, other causes lead to a 
different type of peak shape, which is 
referred to here as overload tailing. 
This shape is also sometimes referred 
to as a “shark fin” or “sailboat.” A 
comparison of the two shapes is 
shown in Figure 1. The distinct char-
acter of these peak shapes can be 
quite helpful for diagnosing the 
cause of peak tailing in many cases.

In Part I, we discussed two met-
rics used to quantify the extent of 
peak asymmetry—the asymmetry 
factor (As), and the tailing factor 
(TF). The apparent column efficiency 
(that is, plate number N) can also 
be used to quantify the effect that 
peak asymmetry has on making the 
peak broader. This is also illustrated 
in Figure 1. In the case of gradient 
elution separations, the peak capac-
ity—roughly a measure of how many 
compounds could be separated in a 
given analysis if the peaks are neatly 
arranged side-by-side without any 
wasted space or peak overlap—can 
also be used to quantify the deterio-
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ration in separation in performance 
because of peak asymmetry.

Exponential Tailing:  
Causes and Remedies
The exponential type of peak tail-
ing illustrated in Figure 1 is most 
commonly observed when working 
with the protonated and positively 
charged form (BH+) of amine-con-
taining analytes, and silica-based 
stationary phases for RPLC. Although 
this particular situation has been dis-
cussed several times in prior “LC 
Troubleshooting” articles (3,4), it 
is useful to briefly review the main 
points again because the chromato-
graphic behavior and remedies for 
this cause of peak tailing are differ-
ent from other causes. In other words,  
one has to properly diagnose the 
cause of the tailing before select-
ing a remedy that is appropriate. 
Most silica-based stationary phases 
for RPLC are prepared by cova-

lently bonding an organosilane car-
rying the stationary phase ligand  
(such as C18) to silanol ( Si OH )  
groups at the surface of the silica 
particle. In spite of advances in 
methods over the years to convert as 

many of the surface silanols to silox-
anes carrying the stationary phase 
ligand as possible, it is practically 
very difficult to convert all of them, 
which means that after the bond-
ing step, a significant population of 
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FIGURE 1: Illustration of the difference between (b) “exponential tailing” and (c) “over-
load tailing”. The peaks in (a) and (b) were calculated using the Gaussian and exponen-
tially modified Gaussian distributions, respectively. The peak in (c) is a portion of an 
experimental chromatogram. The plate numbers (N; estimated at half-height) provide 
a quantitative sense for the effect of tailing that makes peaks broader, and are given 
as follows: (a) Gaussian N = 10,000; (b) exponential tailing, N = 2,800; and (c) overload 
tailing, N =1,700.

http://www.restek.com/advantage
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unreacted, free silanols will remain. 
There may also be another popula-
tion of unreacted silanols inaccessible 
to analytes that do not take part in 
retention or tailing processes. Silanol 
groups are Bronsted acids and can 
donate a proton to the mobile phase 
to produce an anionic Si O-  group.  
A typical pKa for this dissociation reac-
tion is approximately five, but can be 
greatly affected by the type of silanol 
group (for example, the local bonding 
of isolated, geminal, or vicinal silan-
ols) and the purity of the bulk silica. 
Most notably, metal impurities in the 
silica can significantly depress the 
pKa, leading to substantial ionization 
of silanol groups in mobile phases 
buffered as low as pH 3 or less. Read-
ers interested in learning more about 
the chemistry of silica substrates can 
find additional material in the lit-
erature (5). Analytes that both have 
some lipophilic character and a posi-
tive charge (for example, an ionized 
amine, BH+) can then interact with 
the stationary phase in very different 
ways. The electrostatic interaction 
between BH+ and Si O-  will be ener-
getically strong, but in most cases 
the surface concentration of acces-
sible Si O- sites will be low compared 
to the concentration of lipophilic 
ligands that give the material its RP 
character. On the other hand, the dis-
persive interaction between the lipo-
philic parts of the analyte and the sta-
tionary phase ligand is energetically 
relatively weak. These differences in 
interaction strengths and site concen-
trations can lead to exponential tail-
ing like that shown in Figure 1.

The depression of silanol pKa by 
metal impurities in the silica is most 
serious with older “Type A” silicas. 
Modern manufactur ing methods 
used to make purer “Type B” sili-
cas have reduced the seriousness 
of the problem with modern RPLC 
columns, however the mitigation 
of this problem has been accom-
panied by a loss of diversity in the 
selectivity of C18 phases. In other 
words,  as the s i l ica substrates 
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FIGURE 3: Dependence of the apparent column efficiency (N) on the mass of analyte 
injected for strongly basic (propranolol, nortriptyline), strongly acidic (2-naphthalene 
sulphonic acid) and neutral (caffeine, 3-phenylpropanol, phenol) compounds. The ef-
ficiency deteriorates much more quickly with increasing mass injected for the ionizable 
compounds than with the neutral compounds. Conditions are the same as those de-
scribed for Figure 2. 

Source: Adapted from reference (7).
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FIGURE 2: Chromatograms that show the classical overload tailing behavior for both (a) 
a strongly basic analyte (propranolol), and (b) a strongly acidic analyte (naphthalenesul-
phonic acid), both of which are ionized in the mobile phase under the conditions of the 
experiment. As more analyte mass is injected, the peak apex moves to shorter times. 
Chromatographic conditions: column, Waters Xterra MS (150 mm x 4.6 mm i.d., 3.5-µm); 
flow rate, 1.0 mL/min.; mobile phase, 28:72 acetonitrile:water, with 20 mM formic acid in 
both solvent reservoirs (pH 2.7); temperature, 30 °C.  

Source: Adapted from reference (7).
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used for making RPLC phases have 
become purer, the selectivities of the 
resulting phases have also become  
more homogeneous (6).

An important characterist ic of 
exponential tailing caused by the 
interact ion of  cat ionic analytes 
with anionic silanol sites is that the 
peak shape may improve as more 
analyte mass is injected. When a 
very low mass of analyte is injected,  
the anionic silanol sites play a major 
role in the observed retention of the 
analyte. However, as more mass is 
injected, these sites become satu-
rated, and the less energetic but 
more abundant lipophilic interaction 
sites play a more important role in 
determining the peak shape, which 
appears to improve. In cases where 
the observed tailing appears to be 
the exponential type, and the ana-
lyte is likely positively charged in the 
mobile phase, decreasing the mobile 

phase pH may help improve the 
peak shape. The extent to which it 
must be decreased to make a differ-
ence will depend on the silica type.  

With Type B silicas going down to pH 
3 is often sufficient, but with Type A 
silicas further decreasing to pH 2  
may help.

TABLE I: Peptide separation performance with different mobile phase additives

Peptide P4 Concentration

1X 10X 1X 10X

Buffer 
Composition

pH
Ionic 

Strength 
(mM)

AS nc

20 mM 
formic acid

2.7 1.9 1.9 3.5 206 148

20 mM Formic 
acid + 7 mM 
ammonium

3.3 7.4 1.5 1.7 234 215

20 mM formic 
acid + 20 
mM KCl

2.7 22 1.1 1.4 234 227

8 mM trifluo-
roacetic acid

2.3 7.8 1.1 1.4 238 233

http://www.silcotek.com
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Overload Tailing:  
Causes and Remedies
The type of peak tailing referred 
to as overload tail ing—also il lus-
trated in Figure 1—is characterized 
by behavior quite different from 
exponential tailing. Whereas with 
exponential tai l ing better peaks 
are observed when more mass is 
injected, with overload tailing better 
peaks are observed when less mass 
is injected. And whereas with expo-
nential tailing injecting more mass 
generally causes the peak height to 
increase without significantly chang-
ing the retention time at the peak 
apex, with overload tailing injecting 
more mass usually leads to a signifi-
cant decrease in retention time mea-
sured at the peak apex, and the peak 
shapes themselves are distinctive 
with a “shark fin” like appearance. 
It is important to recognize that both 
exponential and overload tailing may 
occur together for a specific solute in 
a given separation, with the resulting 

peak shape being a mixture of those 
shown in Figures 1a and 1b.

Figure 2a shows that the peak 
shape for propranolol—a drug mol-
ecule with a strongly basic secondary 
amine functional group (pKa for the 
protonated form is approximately 
9)—is not too bad when 0.05 µg are 
injected, but just doubling the mass 
injected to 0.10 µg leads to a sig-
nificant shift of the peak apex to the 
left, and a clear appearance of the 
characteristic “shark fin” peak shape.  
A useful way of quantifying the dete-
rioration in the peak shape with 
increasing injected analyte mass is 
to plot the apparent plate number 
(N) vs. the injected mass, as shown 
in Figure 3. Here, we see that the 
decrease in plate number is less than 
10% for propranolol when moving 
from 0.01 to 0.05 µg injected mass. 
However, injecting any more mass 
results in dramatic losses in efficiency, 
and when 3 µg is injected, only 
about 10% of the original efficiency 

remains (that is, 90% has been lost).  
Similar results were obtained with 
the protonated base nortriptyline.  
On the other hand, injecting increas-
ing masses of the non-ionogenic 
compounds caffeine, 3-phenylpropa-
nol, and phenol over the range of 0.01 
to 3 µg does not result in decreased 
efficiencies; measurable losses in the 
plate number are not observed until 
approximately 7 µg are injected (7). 
Up to this point, these results appear 
to be consistent with a mechanism 
similar to that described above that 
involves two different sites of inter-
action between the analyte and 
stationary phase, characterized by 
very different interaction energies; 
indeed, such an overloading mecha-
nism was proposed by Guiochon in 
a comprehensive series of papers 
(8), although the physical identity of 
these sites was not exactly specified. 
However, the same type of phenom-
enon observed with propranolol is 
also observed experimentally with 
the strongly acidic analyte 2-naph-
thalenesulphonic acid—as shown in 
Figure 2b—which is deprotonated 
and anionic at most pH values in 
the mobile phase. The mechanism 
described above where the anionic 
silanol site plays a central role in 
the tailing peak shapes observed for 
cationic amine-containing analytes 
cannot easily be used to explain the 
observation of overload tailing for 
the sulfonic acid, nor the similarities 
in overloading behavior obtained 
when organic polymer columns were 
used instead of silica-octadecylsilyl 
(ODS). A different mechanism has 
been proposed that involves mutual 
repulsion (or partial ionic exclusion 
from the stationary phase pores)  
of analytes of the same charge that 
leads to peak broadening and the 
types of peaks shapes shown in Fig-
ure 2 (9). The central idea is that the 
first analyte molecules that adsorb 
to the stationary phase create a 
kind of island of immobilized charge.  
In the absence of a significant con-
centration of buffer ions in the 

(a)

(b)
Time (min)

12

12 14 16 18 20 22

13 14 15 16 17

Time (min)

m
A

U
 a

t 
21

0 
nm

m
A

U
 a

t 
21

0 
nm

P1

P1

P2

P2

P3

P3

P4

P4

FIGURE 4: Comparison of peptide peak shapes obtained with mobile phases contain-
ing either (a) 20 mM formic acid, or (b) 8 mM trifluoroacetic acid. Chromatographic 
conditions: column, 250 mm x 4.6 mm i.d. Discovery C18; flow rate, 1.0 mL/min.;  
gradient elution from 5 to 42.5 %B in 30 min.; Both (a) (water) and (b) (acetonotrile) 
solvents contain acid at the concentration indicated. The basic peptide standard mix-
ture (Alberta Peptide Institute; Edmonton, Ontario, Canada) was either injected as-is,  
or diluted 10-fold. 

Source: Adapted from reference (11).
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mobile phase, additional analytes 
of the same charge traveling down-
stream from the column inlet are 
repelled by the analyte ions already 
adsorbed to the stationary phase, 
and will continue traveling down-
stream until they encounter a station-
ary phase zone that does not already 
have analyte ions bound. This event 
broadens the peak and gives rise 
to the peak shapes shown in Figure 
2. This type of mechanism can be 
used to explain results observed for 
both cationic and anionic analytes,  
and stationary phases based either on 
silica substrates or other materials.

Further study of the conditions 
that lead to overload tailing has also 
revealed some potential remedies 
to the problem. If the mutual repul-
sion mechanism described above is 
correct, then we would expect that 
loss of efficiency would occur as the 
injected mass is increased when a 
greater fraction of the analyte is ion-
ized. This idea can be examined by 
varying the effect of mobile phase pH 
on peak shape over a range that will 
lead to variation in the fraction of the 
analyte that is ionized. It was indeed 
shown that much smaller overload 
effects for the basic drug amitripty-
line were obtained at high pH where 
it is mostly uncharged compared with 
low pH where it is mostly charged 
(10). This suggests that adjusting 
the mobile phase pH can be a pow-
erful tool for managing overload 
tailing when it is observed. There 
are limitations to this approach— 
most silica-based columns are not 
very stable above a pH of 8 (5), and 
not all analytes will change their ion-
ization state in response to change 
in pH (for example, sulphonates 
and phosphates are almost always 
anionic, and quaternary amines will 
always be cationic).

In addition to using the mobile 
phase pH as a tool to manage over-
load tailing, adjusting the composi-
tion of the mobile phase buffer can 
also be very effective. From the con-
cept of the mutual repulsion mecha-

nism, we would also expect that increas-
ing the ionic strength of the mobile 
phase buffer should improve peak 
shape in cases where overload tailing is 
observed, because the buffer ions can 
shield analyte ions entering the column 
from those already adsorbed to the sta-
tionary phase. The results in Figure 4 
and Table I provide some evidence for 
this effect. Figure 4 shows a comparison 
of peak shapes obtained for a mixture 
of basic peptides in mobile phases con-
taining either 20 mM formic acid (FA) or 
8 mM trifluoroacetic acid (TFA). In this 
case the concentration was adjusted so 
that the pH of the two mobile phases 
would be about the same, thereby elimi-
nating pH as a variable in the experiment. 
From the chromatograms we can clearly 
see that the peak shapes are qualitatively 
much better in the TFA mobile phase, 
and that they overload much more 
quickly in the FA mobile phase com-
pared to the TFA mobile phase. These 
effects are quantified in Table I for both 
the FA and TFA mobile phases, as well 
as two other mobile phases—one with 
ammonia added to FA to increase the 
ionic strength as ammonia is protonated 
to give ammonium ions, and another 
with potassium chloride added to FA.  
Here we see that—using peak asymme-
try as a metric—simply adding ammo-
nia to the FA mobile phase improves 
the peak significantly (compare As 
of 1.5 to As of 1.9), and that the ben-
efit increases as the mass of peptide 
injected increases (compare As of 1.7 
to As of 3.5). Adding potassium chlo-
ride the FA mobile phase improves the 
peak shape further, to the point where 
the performance is practically indistin-
guishable from the TFA mobile phase. 
Whereas plate number or efficiency is 
a convenient measure of the change in 
peak width under isocratic conditions, 
peak capacity can be used as a similarly 
convenient measure of changes in peak 
width when gradient elution is used.  
By this metric as well, the biggest 
change is observed when additional 
ionic strength is added to the FA mobile 
phase, especially when a larger mass of 
peptide is injected.

These results teach us that increas-
ing the ionic strength of the mobile 
phase can be a powerful tool for miti-
gating overload tailing for ionogenic 
compounds. The simplest means for 
doing this without changing the mobile 
phase pH, which can affect reten-
tion and selectivity, is to add an inor-
ganic salt such as potassium chloride.  
Unfortunately, adding inorganic salt 
is not desirable when using certain 
detectors such as mass spectrom-
etry (MS) or light scattering, because 
these additives are not volatile and will 
lead to contamination of the detector.  
Some salts may also be corrosive 
towards LC systems built from stainless 
steel parts. When using these detec-
tors, use of additives such as ammo-
nium formate or ammonium acetate is 
preferred, though this is more compli-
cated because such additions will also 
affect the mobile phase pH.

Summary
In this installment of “LC Troubleshoot-
ing,” we discussed two major physi-
cochemical causes of peak tailing in 
RPLC, and some potential remedies  
for them. These problems often man-
ifest with different chromatographic 
behaviors, which can be useful for 
identifying which of them is a major 
problem when troubleshooting poor 
peak shapes. When exponential tail-
ing is observed for basic compounds 
(such that they are protonated and 
positively charged in the mobile 
phase), increasing the injected mass 
of analyte may improve the peak 
shape, with little effect on the reten-
tion time. In some cases, decreas-
ing the mobile phase pH (to pH 3 
for Type B silicas, or pH 2 for Type A 
silicas) may improve the peak shape. 
When overload tailing is observed 
(for either anionic or cationic ana-
lytes), peaks wil l  have a distinc-
tive “shark fin” shape, and increas-
ing the injected mass of the analyte 
will usually cause a significant shift 
in the peak apex to shorter times.  

● Continued on Page 539
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can be obtained with corers, essentially enlarged versions 
of apple corers used in the kitchen, as shown in Figure 2.

A special sample collection tool used with granulated 
solids, free-flowing powders, or liquids is the sample thief. 
The sampling thief, depicted in Figure 3, generally con-
sists of a handle on a pocketed or slotted rod which is 
inserted into the sample. The barrel-shaped covering is 
twisted to expose the pockets. Single pockets allow col-
lection at defined depths, whereas multipocketed devices 
allow depth profiling. Operation of these devices is shown 
in Figure 4.

Conclusions
Sampling is often not included in the professional training 
of analysts. Hence, it is often misunderstood. In this col-
umn, we discussed various sample types and the statistical 
treatment of sampling. Sample design protocols aligned 
with analytical scenarios. Finally, we presented a quick 
overview of the tools used to collect analytical samples. 
Armed with knowledge of sample types and sample col-
lection, the analyst can become a better partner in the 
chemical problem-solving process.
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In this case, adjusting the mobile phase pH to decrease the 
fraction of analyte that is ionized in the mobile phase may 
decrease the degree of overloading, and improve the peak 
shape (that is, increasing the pH for bases, and decreasing the 
pH for acids). Finally, increasing the ionic strength of the mobile 
phase buffer may also help through the addition of inorganic 
salts or MS-friendly salts such as ammonium formate or acetate.
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