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LC TROUBLESHOOTING
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Where Has My Efficiency Gone?  
Impacts of Extracolumn Peak Broadening 
on Performance, Part II: Sample Injection 
Dispersion (broadening, or spreading) of analyte zones (peaks) outside of chromatography columns can seriously erode the 
resolution provided by good columns. In this installment, we focus on the contribution of the sample injection step to the total 
level of extracolumn dispersion in a liquid chromatography (LC) system. This contribution has both a physical component (that is 
impacted by injector design and configuration and method variables) and a chemical component (that depends on the difference 
between the mobile phase and the sample solvent compositions).

Dwight R. Stoll and Ken Broeckhoven

In last month’s installment of “LC Trou-
bleshooting,” (1) we reviewed the basic 

concepts of extracolumn dispersion (ECD), 
and how the level of ECD associated 
with a particular instrument can impact 
the apparent quality of a separation (for 
example, as measured by resolution).  
We emphasized the point that smaller (that 
is, shorter and narrower) columns packed 
with smaller particles are more sensitive 
to the effects of ECD than larger columns 
packed with larger particles. We discussed 
ECD in an aggregate sense, without get-
ting into details about the level of ECD 
that different liquid chromatography (LC) 
system components contribute to the total 
peak variance observed at the detector  
(σ2

observed). After all, it is the total observed 
variance that directly affects the resolution 
of adjacent peaks in a chromatogram.

In this month’s installment, we begin to 
discuss in detail the contributions to the 
total observed variance made by specific 
system components. Figure 1 illustrates 
the contributions of different system com-
ponents to the total observed variance, 
starting with the injection step and ending 
with the detection step. In principle, the 
total observed peak variance is simply the 
sum of the variances contributed by each 

of the system components. This is only 
rigorously correct if the dispersion in each 
element of the system is independent of 
the others (2), but, under most conditions, 
equation 1, shown in Figure 1, is accurate 
enough to guide method development 
and system optimization (3). 

In this installment of “LC Troubleshoot-
ing,” we start by focusing on the variance 
associated with the injection of the sample 
into the mobile phase stream, and eventu-
ally the column.

Different Approaches to 
Injection in Modern LC
A detailed overview of the operational 
principles of different types of high per-
formance liquid chromatography (HPLC) 
autosamplers was given recently by Steiner 
and associates in this magazine (4). In this 
article, we are mainly focusing on the 
extracolumn contributions to total peak 
variance associated with different injection 
approaches. Drawings of the two injector 
designs most commonly used in mod-
ern LC instruments are shown in Figure 2.  
In the so-called fixed-loop approach (Pan-
els a and b) sample is drawn from a vial by 
an automated syringe and subsequently 
transferred to a sample loop, in either a 

pushed loop mode, as illustrated in Figures 
2a and 2b, or pulled through the needle 
directly into the sample loop (pulled loop 
design) (4). During the sample loading 
(“load” position), the desired sample is first 
drawn into the syringe. The loop—drawn 
in yellow in Figure 2—is at this point also 
not in the mobile phase flow path from the 
pump to the column. After fluidically con-
necting the syringe to the loop, the desired 
sample volume is pushed out of the syringe 
into the loop. Then, the valve is switched 
to the “inject” position; at this point, the 
sample that had been loaded into the 
loop is displaced from the loop into the 
column where sample components can  
be separated.

In the so-called flow-through approach 
shown in Figures 2c and 2d, also known 
as split-loop design (4), the mobile-phase 
flow path bypasses the injector needle in 
the “load” position, allowing the sample 
to be drawn from a vial into the needle 
using an automated syringe. Once the 
desired volume of sample has been drawn 
into the needle, the valve is switched to the 

“inject” position. This connects the needle 
to the mobile-phase flow path, pushing 
the sample through the needle seat capil-
lary and into the column.
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Each of these approaches has advantages and disadvantages 
compared to the other. One of the primary advantages of the fixed-
loop approach is that there is the potential to decrease the variance 
associated with the injection step ( σ 2

injection  ) if a small loop is used.  
A significant downside to this approach is that the injection volume 
is fixed, as the name suggests. Significantly changing the injec-
tion volume requires a physical change of the capillary used as the 
loop. It is possible to use partial filling of the loop, which does help 
to extend the practically useful range of injection volumes avail-
able with a fixed-loop. Conversely, one of the primary advantages 
of the flow through approach is that the injection volume can be 
changed over a wide range of volumes under software control,  
without changing any instrument components. However, this 
comes at the cost of increased ECD, since the flow path between 
the sample and the column includes a needle seat capillary that 
simply is not required in the fixed-loop approach. Some instrument 
vendors provide “low-dispersion” kits where this needle seat capil-
lary has a lower inner diameter to reduce ECD, or have changed 
their instrument design such that the needle is integrated directly 
onto the injection valve, elimination this capillary entirely.

We note here that in two-dimensional liquid chromatography 
(2D-LC) separations, the interface that delivers fractions of first 
dimension (1D) effluent to the second dimension (2D) column for 
further separation is most similar to the fixed-loop injector shown 
in Figure 2. In this case, fixed-loops are used, and typically the 
interface valve has two positions that enable injection of sample 
from one loop into the 2D column while a second loop is filled with 
1D effluent in parallel. The major difference with 2D-LC compared 
to the diagram in Figure 2 is that the sample loop is filled naturally 
as mobile phase flows out of the 1D column, rather than filling the 
loop with a syringe. Typically, the loops used in 2D-LC are much 
larger (for example, 40 to 80 µL) than those used in fixed-loop 
injectors for 1D-LC (typically less than 10 µL in UHPLC systems).

Contributions of Injection Parameters to Peak Dispersion
In the simplest case of a fixed-loop injector with: 1) no seat capil-
lary; and 2) an overfilled loop such that the distribution of sample 
inside the loop is homogeneous, the introduction of the sample 
into the mobile phase stream is conceptually close to introduc-
tion of a rectangular “sample plug”. For a truly rectangular plug,  
the contribution of the injection step to the observed peak vari-
ance (in volume units) would be given by equation 2:

σ2
                 =       * V 2

injectionv, injection
1
12

                    [2]

where Vinjection is the volume of the sample loop itself (5). In prac-
tice, however, we observe variances that are usually much larger 
than those predicted by equation 2. A more general form of 
this expression replaces the factor 1/12 with 1/θ injection, and forms  
equation 3

σ2
                 =             * V 2

v, injection injection
1

θinjection

                 [3]

For fixed-loop injectors operated in the full-loop mode, values 
of θ injection= 4–8 are observed in practice. The situation with flow-
through injectors is a bit more complicated, due to the addition 
of the needle seat capillary in the flow path between the sample 
to be injected and the column. Recent work has shown that two 
distinct factors contribute to the total variance contributed by the 
injection process for flow-through injectors—a factor related to 
the physical volume of the injected sample, as in equation 3, and 
a factor related to hydrodynamic dispersion of the sample due to 
parabolic flow in the needle seat capillary (6). These contributions 
to the total injection variance can be expressed using equation 4:

σ2
                 =             * V 2

              + σ2
v, injection

1
θinjection

injection v,hydrodynamic               [4]

[1]σ2
             = σ2

           + σ2
                      + σ2

           +σ
2

                      + σ2
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FIGURE 1: Equation 1 and illustration of the contributions of sev-
eral LC system components to the total variance of peaks ob-
served at the detector, σ2

observed .

Why risk your separation 
project to anything less?

Visit us at chiraltech.com

1.6
 MI

CR
O

N

3 
M

IC
RO

N

5 
M

IC
RO

N

10
 MI

CR
O

N

Daicel Chiral Technologies 

o� ers more ways to achieve 

successful enantiomer 

separations, backed by 

40+ years of experience 

and innovation.

The best separations 
demand the best columns.

http://www.chiraltech.com


210  LCGC NORTH AMERICA  VOLUME 39 NUMBER 5  MAY 2021 WWW.CHROMATOGRAPHYONLINE.COM

where the σ2
v, hydrodynamic  term accounts for 

hydrodynamic dispersion in the needle 
seat capillary. 

Careful measurements of σ 2
v, injection made 

using a flow-through injector over a range 
of conditions show that for injection vol-
umes less than about 2 µL, θ injection  is about 
1 (6). In the range 2 < Vinjection < 10 µL, θ injection  

increases roughly linearly with increasing  
Vinjection, and then appears to plateau at a 
value of θ injection  ~ 8 for Vinjection > 10 µL.

The hydrodynamic component of the 
variance is related to the dimensions of 
the seat capillary, as well as the proper-

ties of the mobile phase and the molecu-
lar weight analyte through their effects on 
the diffusion coefficient of the analyte, as 
shown by equation 5:

σ2
                          ∞v,hydrodynamic

F*Lseat*d4
    

Dm

seat
[5]

where Lseat and dseat are the length and 
diameter of the seat capillary, F is the 
flow rate, and Dm is the diffusion coeffi-
cient of the analyte in the sample solvent. 
This equation shows why it is beneficial 
to reduce the length and diameter of the 

needle seat capillary in cases where reduc-
ing ECD is desired to avoid robbing a very 
good column of its inherent efficiency. 
Readers interested in learning about these 
relationships in more detail are referred to 
recent literature on the topic (2,6).

The Sample Solvent Matters, Too
The relationships in the preceding section 
provide relatively straightforward means to 
estimate the contribution of the injection 
step to the total, observed peak variance. 
However, up to this point in our discussion, 
we’ve made two important assumptions 
that are required for these expressions to 
accurately reflect what happens in a real 
system: 1) the separation is isocratic; and 2) 
the sample solvent is nominally identical to 
the mobile phase into which it is injected. 
When gradient elution is used, the situa-
tion changes substantially; this is one of 
the topics we will address in next month’s 
installment of “LC Troubleshooting.” 

Of course, in real applications it is fre-
quently unrealistic, or highly undesir-
able, to go to the trouble of matching 
the sample solvent to the mobile-phase 
composition, so it is important to acknowl-
edge that the contribution of the injection 
step to the overall ECD of a system may 
be larger or smaller than that estimated,  
using equations 3 and 4 above in cases 
where the sample solvent is very differ-
ent from the mobile-phase composition.  
In previous installments of “LC Trouble-
shooting,” we have addressed the sample 
solvent issues in some detail, but there 
has also been quite a bit of research pub-
lished on this topic over the last few years.  
Figure 3 shows an example of how sim-
ply inverting the ratio of organic solvent 
to water in the sample solvent can have 
a dramatic effect on a separation, making 
the difference between a chromatogram 
that looks quite nice and useful, and a 
chromatogram that is effectively useless 
(7). This example shows the effect on a 
reversed-phase separation; however simi-
lar effects can occur for most modes of LC 
separation, including hydrophilic-interac-
tion chromatography (HILIC) (8).

In recent years, several groups, includ-
ing our own, have worked to develop sim-
ulations that can predict both the negative 

(a) Sample Solvent = 30:70 ACN:water
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FIGURE 3: Comparison of chromatograms obtained from injection of samples in (a) 
30:70 acetonitrile:water, or (b) 70:30 acetonitrile:water. Conditions: column, 30 mm x 2.1 
mm i.d. C18; injection volume, 40 µL; gradient elution from 50 to 90% acetonitrile from 
0–15 s, with water as the aqueous phase; flow rate, 2.5 mL/min. Analytes are alkylphe-
none homologs from acetophenone to hexanophenone. ACN = acetonitrile. For both 
subfigures, x-axis is Time (min), and y-axis is Absorbance (mAU at 254 nm).

LoopLoop

“Fixed-loop”
injector

“Flow-through”
injector

(a) (b)
Load Inject

(c) (d)

Waste

Pump

Column

Pump

Column

Needle &
Needle Seat

Waste

Pump

Column

Needle &
Needle Seat

Pump

Column

Needle &
Needle Seat

Needle &
Needle Seat

Needle Seat
Capillary

Needle Seat
Capillary

Needle Seat
Capillary

Needle Seat
Capillary
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and positive effects of a mismatch between 
the sample solvent and the mobile phase.  
The published approaches for these simula-
tions range from very detailed models that 
yield considerable insight into the origins 
of poor peak shapes like those observed 
in Figure 3b, to simpler approaches that 
are not quite as accurate, but are com-
putationally much less intensive and can 
be calculated using a spreadsheet (9–12).  
The most recent of these articles by Peper-
mans and associates provided a very use-
ful rule of thumb to help users anticipate 
whether or not they will encounter an effect 
like that shown in Figure 3; this guideline is 
expressed as equation 6:

Vinjection>Vm* ks [6]

where Vm is the column dead volume, and 
ks is the retention factor of the analyte in 
the sample solvent (12). Specifically, equa-
tion 6 predicts that when this inequality is 
true, that distortion of the analyte peak will 
be so severe that part of the analyte will 
migrate all of the way through the column 
in the sample solvent, and breakthrough as 
a peak detected at the column dead time; 
most of the rest of the analyte will elute at the 
expected time based on its retention factor in 
the mobile phase. For example, for a column 
with a dead volume of 100 µL, if a sample 
solvent is used such that the analyte would 
have a retention factor of 0.5 if the sample 
solvent were used as the mobile phase, then 
a breakthrough peak will be observed at 
the column dead time for injection volumes 
larger than 50 µL. While equation 6 is very 
useful as a guide to avoiding problems of 
this kind, its use does require knowledge 
of the dependence of analyte retention on 
solvent composition; this is also true of the 
more detailed simulations described to date.

If the sample is dissolved in a mobile 
phase which has a higher elution strength 
than the initial mobile phase, the effect of 
this solvent mismatch can be mitigated 
by drawing mobile phase plugs with 
lower elution strength before or after the 
sample plug into the needle. Mixing of 
these weak solvent plugs with the sample 
solvent in the precolumn tubing and the 
column inlet causes the analyte bands to 

be compressed at the head of the column.  
This method is called “Performance Opti-
mizing Injection Sequence” (13) and is 
based on the sandwich injection approach 
that was introduced to prevent sample pre-
cipitation in connecting tubing in polymer 
analysis (14). This technique was reported 
to be most useful for compounds in the 
range of 0.4 < k < 8, with the most ben-
efit realized in the range 0.4 < k < 3 (13). 
Even if the sample solvent matches the ini-
tial mobile phase, this technique can sig-
nificantly reduce contributions of σ 2

injection  

and σ 2
tubing, pre-col  contributions to ECB (3). 

This technique can readily be applied with 
modern flow-through injectors using a 
injection program and an additional sam-
ple vial containing the weak solvent (3,13).

Summary
In this installment of “LC Troubleshoot-
ing,” we have discussed in some detail the 
impacts of injector design and configura-
tion, as well as sample composition, on 
the contribution of the sample-injection 
step to the overall extracolumn dispersion 
(ECD) observed in a LC system. Under-
standing and estimating these effects can 
help us avoid situations where ECD seri-
ously erodes the inherently high separa-
tion efficiency of a good column. In next 
month’s installment, we will focus on the 
contributions to ECD from other system 
components, including connecting tub-
ing and detectors, and discuss differences 
in the impact of ECD on resolution when 
using either isocratic or gradient elution. 
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