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1. INTRODUCTION
The adsorption and partition of analytes and solvents on the
stationary phasewhich control the retention during the
chromatographic separationare very complex phenomena.1

The chromatographic elution in liquid−liquid and liquid−solid
systems brings about many effects, the most important of which
are the hydrophobic effect, preferential solvation, and displace-
ment effects.2−4

To increase the selectivity of a chromatographic system, a
binary or multicomponent mobile phase is used.5 During an
analysis, apart from the signals of sample components, some
additional signals are also observed on a chromatogram.6−8

They are caused by the perturbation of the equilibrium between
mobile and stationary phases, which takes place during the
injection of a sample with a composition different than that of
the mobile phase.9 The sample injection causes the
perturbation of the equilibrium in the column. As a result, a
number of additional peaks are generated. However, some
system peaks are unrecorded, depending on the type of
detection.10 The detectable system peaks (using a selective
detector, e.g., UV detector) that appear in chromatograms are

called solvent peaks. In the literature, these signals are described
variously as solvent peaks, system peaks, ghost peaks, and
vacancy peaks.11−16 System peaks have been observed in a
number of types of liquid chromatography.6,7,17−23

In reversed-phase liquid chromatography (LC), the hydro-
phobic effect, preferential solvation, and displacement effects
caused by complex retention mechanisms result from the
individual properties of the molecules present in the chromato-
graphic system and from the specific interactions between
them.24 Approximately 90% of analytical separations have been
carried out in reversed-phase LC with chemically bonded
stationary phases.25 Under these conditions, hydrophobic,
nonpolar packing materials and a polar mobile phase are
used.16 A detailed description of a system functioning as a
mobile phase−stationary phase is more difficult due to a very
large number of parameters that determine the properties of
the phases and the interactions between all the components.
The solvent peaks cannot be assigned to any of the separated

solutes,16 and they prevalently appear at the beginning of the
chromatogram. The retention volume of the solvent peak is
usually more or less equal to the dead volume of the column.6

The presence of the system peak (solvent peak) can complicate
the qualitative and quantitative measurement of individual
peaks in a chromatogram, if the separated substances exhibit
small retention factors, as seen in Figure 1,5,8 or when those
compounds coelute. Furthermore, it is also difficult to
determine the correct dead volume of the column. However,
the retention of solvent peaks was proposed as one of the
methods used to characterize the dead volume of the
column.23,26−31

2. SOLVENT PEAKS IN LIQUID CHROMATOGRAPHY
2.1. First Theories about Solvent Peaks

A number of authors have considered the reasons for the
presence of solvent peaks. Šlais and Krecǐ6 claim that solvent
peaks are caused by the local concentration change of the
eluent components after the injection of a sample or pure
eluent either more or less concentrated than the equilibrium
concentration between the phases. McCormick and Karger20,32

and Solms et al.18 propose that solvent peaks are caused by
displacing the adsorbed organic modifier after an injection.
Melander et al.21 suggest that, in solvent peak creation, the
solvation effect of a stationary phase by eluent components is
the most important factor. Knox and Kaliszan30 introduced a
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relationship between the extent of the disturbance and the
retention volume of the solvent peak:

=V V
y

x

d
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where Vr is the retention volume of solvent peak, VM is the
dead volume of the column, dxA is the change of the volume
fraction of component A in the binary eluent (A + B), and dyA
is the change of the volume fraction of component A in the
stationary phase.
Riedo and Kovat́s17 showed that, for a (n + 1)-component

eluent, when one of the components is injected, n solvent peaks
are obtained and their retention volumes are constant and
independent of the injected component if the perturbation
caused by the injection is small enough. Berek and co-workers
suggested a strict relationship between the presence of solvent
peaks and changes in the solvation processes of the stationary
phase by the solvent molecules.19,33,34 Erkelens et al.35 noticed
that the injection of pure water can form a solvent peak by
dilution of the mobile phase. In the measurements carried out
by Buszewski et al., the retention volume of solvent peaks was
variable on the octadecyl stationary bonded phase and varied
together with the change in the mobile phase composition. Still,
on an alkylamide stationary bonded phase containing polar
groups, the retention volume was stable.16 These results
confirmed the role of the stationary phase solvation in the
solvent peaks formation.
All the above-mentioned theories connect the presence of

the solvent peaks with interactions between a stationary phase
and components of a mobile phase. The primary effects are
solvent adsorption on the stationary phase, the hydrophobic
effect, the displacement effect, preferential solvation, and local
change of the mobile phase concentration. These effects take
place when the sample is injected onto the column.26

2.2. Detection of Solvent Peaks

Solvent peaks can be observed when nonselective detectors are
used (e.g., a refractometer or a microadsorption detector). It is
also possible to observe solvent peaks on a chromatogram

recorded by a specific detector (e.g., a UV, an electrochemical,
or a polarographic detector).6,26

In RP high-performance LC (HPLC), the most popular
mobile phases are mixtures of methanol (MeOH) or
acetonitrile (ACN) with water. These organic modifiers are
commercially available and transparent to the UV radiation.
Surprisingly, one can also detect solvent peaks at λ = 254 nm.
At this wavelength the organic modifiers are fully transparent.
In this case, the detection of solvent peaks must be connected
with effects not yet discussed in this review.26 The solvent
peaks may be connected with disturbance of the light
absorption in the detector. This effect is caused by a simple
construction of UV detector cells and its miniature size. This
explains why modern UV detectors use a focused light beam or
specially shaped cell.36 In reality, the intensity of radiation
transmitted is lower than the intensity of incident radiation.
Light scattering in some liquid is proportional to the increase in
the square of the refractive index, as well as to the wavelength
raised to the negative fourth power. Light scattering is
described by the Rayleigh equation:
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where R is the Rayleigh scattering, V = the volume of scatter
center, n = the refractive index, n0 = the refractive index of the
pure solvent, Θ = the scatter angle, λ = the wavelength, r = the
length between the scatter center and the measurement point,
and N = the amount of molecules.
The change in the refractive index depends on the

contraction effect between the mobile phase components.5 As
seen in Figure 2, the refractive indices of methanol−water and

acetonitrile−water mixtures change with their compositions. In
the both cases, the mixtures exhibit refractive indices higher
than each of their pure components. For a methanol−water
mixture, the maximum value of n20

D = 1.342 is observed when
the methanol content is ca. 50%.37 A similar situation is
observed for acetonitrile−water mixtures. The maximum value

Figure 1. Chromatogram of reversed-phase liquid chromatography
(RP LC) separation of aromatic hydrocarbons showing the position of
the solvent peak.

Figure 2. Refractive index of a mixture of methanol−water (□) and
acetonitrile−water (▲) vs concentration of organic solvent in the
mixture.
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of n20
D = 1.347 is obtained when the mixture contains 70%

acetonitrile. In this case, the refractive index of the eluent in the
detector cell varies with the liquid flow (of varied
compositions). The amount of scattered radiation varies and
the total absorbance changes. The change in absorbance may be
detected as a solvent peak.5

Changes in the refractive index of an organic modifier
mixture with water are easily detectable with the use of a
refractive index detector. This detection method makes solvent
peaks the most observable. In a spectrophotometer detector, its
simple construction and small volume of the detecting cell
makes light scattering larger. A change in the refractive index of
solvent passing through the UV detector cell may cause
deflection of a part of the radiation beam from the optical path.
It affects the detector signal, even though there may be a small
difference in the absorbance of pure liquids. The change of the
absorbance may also be caused by wetting of the cell wall by a
mobile phase component percolating through the detector.5

The mobile phases used in RP HPLC exhibit strong specific
interactions between molecules. Mixtures of water and polar
nonelectrolytes show extremes in thermodynamic, optical, and
other properties when their compositions change. Light
scattering may be caused by volume contraction. When water
is mixed with methanol to the concentration of 47.73%
methanol, the contraction equals about 1 mL/mol.38 This effect
is brought about by the creation of hydrogen bonding between
water and alcohol molecules. This observation is very important
from a separation processes modeling point of view.
The presence of a solvent peak, its shape, and its size depend

on many factors in the chromatographic system.26 The most
important parameters are the type of the stationary phase as
well as the qualitative and quantitative composition of the
mobile phase. The wavelength of the detection and impurities
in the mobile phase also affect the solvent peak detection.
The solvent peaks can be related to the local change in the

mobile phase concentration; thus, the retention volume of a
solvent peak is equal to the retention volume of an organic
modifier under the same chromatographic conditions. In
binary, hydroorganic mobile phases with a UV detection
system, solvent peaks may be positive or negative, depending
on the mobile phase composition. Positive peaks occur when
the concentration of an organic modifier in the eluent increases.
Negative peaks (vacancy peaks) occur when the concentration
of water increases (and organic modifier concentration
decreases).

2.3. Mobile Phase Composition

The retention volume of the solvent peaks changes with the
equilibrium concentration of the mobile phase. The shape of
the curve depends on the type of organic modifier and
stationary phase.16 As seen in Figure 3, the retention of ACN
changes in a parabolic manner over a range of eluent
compositions. In general, the retention volume of ACN is
lower than the retention volume of methanol under the same
conditions. A minimum of the retention of all the modifiers is
observed between 50% and 70% organic solvent concentration
in the eluent.39−41 Changes in the solvent peak retention
together with the mobile phase composition may be caused by
a number of factors. The general trend of changes in the
retention together with the increase in water concentration is
connected with the mobile phase elution strength. Elution
strength of a hydroorganic mixture increases with the increase
of the organic solvent concentration.20 During their passage

through a chromatographic column, the solute molecules
constantly and reversibly transfer from the mobile phase to the
stationary phase. On the other hand, the mobile phase
composition has a large influence on the solvation and
conformation of chemically bonded ligands.16,41,42 These
phenomena may change the mass transfer kinetics between
the mobile phase and the solvated stationary phase if the
structure of the stationary phase is changing from a “brushlike”
to a collapsed state structure.26

The retention volume and the shape of the system peaks do
not depend on separated sample components. They only
depend on the mobile phase composition. When a pure solvent
is used as a mobile phase and the same solvent is injected, no
peak occurs in a chromatogram.5,16,26

2.4. Impurities in the Mobile Phase

The eluents used in liquid chromatography may contain some
impurities. These impurities can also absorb UV radiation that
passes through the binary mobile phase. However, the UV
absorption by impurities cannot lead to the occurrence of
solvent peaks. It is impossible to eliminate the solvent peaks by
using “HPLC-grade” solvents, but at least in this case, their
height decreases to ∼40% of the original value in comparison to
solvents without special purification.5 Impurities in the mobile
phase cannot be a reason for the presence of solvent peaks;
however, nonretained impurities can cause the solvent peaks to
be more visible in a UV detector. Even when using a gradient-
grade or LC-MS-grade solvent for an HPLC analysis, the
solvent peaks are always present in chromatograms. This
suggests that the presence of these peaks is connected with the
processes that take place in the column during chromatographic
elution.
Solvent peaks are not caused by the presence of air dissolved

in the eluent. When the mobile phase is degassed under
vacuum, ultrasonically, or by boiling under reflux, the solvent
peaks do not disappear.5 However, some extra peaks that
appear to be identical to analyte peaks may be caused by the
injection of air into the system. Obviously, these signals cannot
be named “solvent peaks”. Air injected onto the column will be
immediately compressed and dissolved into the mobile phase
due to the pressure of the system. The gas-enriched zone of the
mobile phase will diffuse in the same way as a chemical analyte
band when it progresses down the column. The mobile phase
saturated with air has a higher absorbance than the degassed

Figure 3. Relationship between the retention volume of solvent peaks
of MeOH and ACN and the mobile phase concentration on the
Zorbax RX C8 stationary phase.
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one.43 In this case, a gas-saturated mobile phase peak that looks
very much like an analyte peak may be observed.44

2.5. Wavelength of UV Detection

The height and the area of the solvent peaks depend on the
wavelength of a detection. The height of the solvent peaks
decreases when the detection wavelength increases above the
“cut-off” limit for an organic modifier. It is very low or almost
negligible at wavelengths above 320 nm. At a wavelength of 254
nm, the most clear solvent peaks are observed for a 70/30% (v/
v) mixture of methanol−water.5 As seen in Figure 4, the shapes

of the solvent peaks depend on the wavelength of the detection.
The peak obtained at λ = 254 nm shows both positive and
negative absorbance parts. The second one, recorded at λ = 200
nm, has only positive absorbance. The maximum of the peak
obtained at λ = 200 nm has the same retention volume as the
crossing point of the signal with the baseline on the
chromatogram obtained at λ = 254 nm. However, at λ = 200
nm, when the concentration of an organic modifier is high in
the mobile phase, a negative peak occurs, and it disappears
when the concentration of water increases.
The shape of the solvent peak recorded at λ = 200 nm

depends on the mobile phase concentration. In general, highly
symmetrical peaks may be measured from 100% to ∼70% of an
organic modifier in the eluent. Obviously, this parameter
depends on the type of the stationary phase. When the
concentration of the organic modifier decreases, the peaks
become asymmetrical. It is noteworthy that, for some stationary
phases, such as C30 or C4, and for low concentrated eluents,
the peaks are quite symmetrical. When pure water is used as a
mobile phase, solvent peaks have very significant tailing.45

2.6. Solvent Peaks in the Measurement of Column Dead
Volume

The accurate measurement of the column dead volume is
necessary for the determination of fundamental retention
parameters, such as the retention factor (k) and the selectivity
(α).16,46 In the literature several definitions have been
suggested for the dead volume.30 The kinetic dead volume
(V0) is the volume of the mobile phase measured by the elution
volume of a nonretained marker. The thermodynamic dead

volume (VM) is measured by the excesses of adsorption of all
the eluent components in the bulk phase.30 The determination
of the dead volume in RP HPLC is difficult because the
separation is carried out with a hydroorganic mobile phase, in
which specific and nonspecific interactions between the
individual mobile phase components occur. These interactions
also influence the physicochemical properties of the stationary
phase.23,24,26,47−49

Many methods for the determination of the column dead
volume are known. These methods are based on gravimetric
measurements,50 linearization of a logarithmic dependence of
reduced retention time, and the number of carbon atoms for a
homologous series.51−53 The column dead volume can be
determined by injecting a nonretained substance, e.g., inorganic
salts (sodium nitrate, sodium chloride)54,55 or other organic
species, for instance, uracil,56 acetone,4 and dimethylforma-
mide,57 among others. Reliable results are obtained when
deuterium-labeled substances are used (CH3OD and most
commonly D2O).

17,20,26,30,49,58−60 It should be mentioned that
both size exclusion and ionic exclusion effects may alter the
elution volumes of nonretained markers in HPLC systems.
Additionally, significant differences can be found between the
column dead volumes measured with different markers, as was
shown by Jandera et al.61

In RP HPLC, thiourea is very often used as a dead volume
marker because this substance exhibits a negligible retention on
the stationary phase.62 Comparing the retention of the solvent
peaks with thiourea, one can find that the retention volume of
the solvent peak is rather close to the dead volume of the
column. In this case, it is suggested in literature to use the
solvent peak as a marker of the column dead volume.5,26 In a
methanol−water mobile phase, the retention volume of the
solvent peak does not depend on the separated mixture
(sample) but depends slightly on the composition of the
mobile phase.26 In our opinion, this change may be caused by
the change of the bonded ligands’ conformation, which is
affected by the solvation process. The retention volume of the
solvent peak changes in a nonlinear manner over the range of
mobile phase compositions. Buszewski et al.16 observed that the
retention volume of the solvent peak depends also on the type
of stationary phase used. For the chemically bonded alkyl
phase, the retention volume of the solvent peak under MeOH−
water and ACN−water conditions changes in a parabolic
manner over a range of eluent compositions. However, when an
alkylamide stationary phase is used, the retention time is nearly

constantit does not depend on the composition of the
mobile phase. This phenomenon may be caused by the
structure of the alkylamide phase, which is more complex than

Figure 4. Solvent peaks recorded at λ = 200 nm and λ = 254 nm.
Conditions: stationary phase, Waters Symmetry C18; mobile phase,
70% methanol in water.

Figure 5. Structure of alkylamide stationary bonded phase.
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the alkyl phase. In the structure of the alkylamide phase, there
are organic chains and three types of polar groups. Thus, water
and an organic modifier can penetrate the stationary phase. The
solvated alkylamide phase forms a more energetically stable
structure.16 This type of stationary phase is better solvated by
water molecules than the alkyl phases.63

3. SOLVENT PEAKS OF DEUTERATED SOLVENTS OR
SOLUTES

The solvent peaks obtained after the injection of water or
methanol are slightly different from their isotopically labeled
derivatives. These differences are clearly visible by noting the
peak shape.26 In addition, the dependence of the retention
volume on the mobile phase composition differs for deuterated
compounds.20

In Table 1, the retention volumes of MeOH and MeOD
measured on five columns are compared. These volumes are

nearly the same for each compound in the given column. Small
differences are visible between the retention volumes of H2O
and D2O. The retention volumes of all the markers decrease
with the increase in coverage density of the bonded ligands.26

As seen in Figure 6, the shapes of MeOH, MeOD, and water

solvent peaks are similar. However, when D2O is injected onto
the column, one additional positive peak is observed (VR0 in the
table).20,26

Experiments by Krstulovic et al.60 demonstrate that the
column dead volume measured with D2O seems most
appropriate. However, the retention volume of deuterated
water or methanol depends on the mobile phase composition.60

The retention volumes of these compounds exhibit a minimum
between 40 and 50% organic modifier content in the mobile
phase, similar to nondeuterated compounds.20,21,41,45,54,64,65

The retention volume of the solvent peaks depends on the
properties of the stationary phase, e.g., coverage density,49

which is an effect of the column dead volume.27,66

As shown in Figure 7, the retention volume of solvents
changes with the coverage density of the packing surface with

alkyl ligands. When the coverage density increases, the
retention volume of all the solvent peaks decreases.26 The
retention volume of the first peak of D2O is nearly constant.
Most probably, D2O does not interact with alkyl chains.
However, it may interact with residual silanols, but this
interaction is rather weak.20 In this case, D2O seems to be a
nonretained solute and its retention volume may be applied to
determine the kinetic and thermodynamic dead volume of the
column.26,58,59

4. SYSTEM PEAKS IN GRADIENT ELUTION HPLC
Reversed-phase gradient HPLC is an essential and extremely
powerful technique in liquid chromatography. However,
gradient HPLC can sometimes be plagued with seemingly
random and uncontrollable system peak problems.67 These
problems were discussed in detail by Jandera and Churacek68

and Snyder and Dolan.69

The potential sources of the system peaks present in gradient
elution are mobile phase impurities. Other reasons could
involve physical or mechanical aspects of mobile phase delivery,
sample introduction, and effects of the interaction between the

Table 1. VRS and VR0 Values for Different Markers Using 70/
30% vol. Methanol−Water Composition As the Mobile
Phase on C18 Columns with Different Coverage Density of
Bonded Ligands (Reproduced with Permission from Ref 26;
Copyright 1993 Taylor & Francis Ltd.)

VRS (mL)
VR0
(mL)

phase
code

coverage density
(μmol/m2) MeOH MeOD H2O D2O D2O

# 1 0.72 1.20 1.18 1.23 1.20 0.57
# 2 1.61 1.16 1.16 1.22 1.13 0.56
# 3 2.60 1.09 1.09 1.15 1.06 0.59
# 4 3.46 0.93 0.95 1.00 0.97 0.56
# 5 4.24 0.84 0.86 0.94 0.99 0.58

Figure 6. Shapes of solvent peaks obtained after injection: (a) MeOH,
(b) MeOD, (c) H2O, and (d) D2O. Eluent: methanol−water 70/30%
v/v. Reproduced with permission from ref 26. Copyright 1993 Taylor
& Francis Ltd.

Figure 7. Dependence of the retention volume of solvent peaks on the
coverage density for different markers: (1) D2O, (2) H2O, (3) MeOH,
(4) MeOD, and (5) the first peak of D2O. Reprinted with permission
from ref 26. Copyright 1993 Taylor & Francis Ltd.
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mobile and the stationary phase. A chromatogram may contain
system peaks from a variety of these sources. This makes the
system peak problem quite complex.67 However, it should be
emphasized that these signals cannot be named “solvent peaks”.
During gradient elution, the band compression mechanism

may focus organic impurities present in the mobile phase.
Impurities that show some retention at low-eluent strength may
be focused into peaks as the gradient progresses.70 When a
solvent linear gradient is applied, the concentration of a
stronger organic solvent is always higher at the tail of the band
than at the front of the band. Hence, the component molecules
at the front of the band are more strongly retained by the
stationary phase than the molecules at the back of the band. If
the focusing is sufficient, system peaks appear to be identical to
injected analyte peaks.67,70 During elution, the impurities from
the organic solvent would be concentrated on the reversed-
phase HPLC column and then eluted by a trace enrichment
and focusing mechanism.71 In the early part of the gradient,
when the solvent mixture has relatively low overall eluotropic
strength, impurities from the organic solvent may still be
retained and eluted in the same manner. Indeed, some
impurities may be strongly retained with 80% organic solvent
and eluted as system peaks at 90−100% organic solvent.72,73

5. SYSTEM PEAKS IN CAPILLARY ELECTROPHORESIS

Studies of system peaks (eigen peaks) in capillary electro-
phoresis as well as in HPLC systems were carried out by many
authors.74−79 These zones move through the medium but
consist only of disturbances in the concentrations of the
background electrolyte (BGE). They contain no analytes but an
electropherogram often contains additional peaks.77−81 The
number of system zones is the same as the number of
constituents in the system. The more complex the electrolyte
solution, the higher is the number of system zones. An

electrophoresis system with N constituents has N system
eigenmobilities, which may generate N system zones. Those
moving disturbances that are not associated with any analyte
are called system zones.79,82

However, the term “system peak” in capillary electrophoresis
is poorly defined, and thus it is applied in various ways. Many
effects may induce disturbances in the baseline. One of them is
the release of the adsorbed ionic species from the capillary wall
and its migration through the electrolyte system. If this
compound is detected, an irreproducible disturbance is
observed in the electropherogram, but this is not a system
peak. The term “system peak” may be applied for peaks present
in the electropherogram that correlate with zones that do not
contain any sample ionic species and contain only the BGE
species with different compositions.78 In this case, more peaks
are observed than are expected from the number of ions in a
sample.
System peaks can be created by introducing the BGE-like

zones with a composition different from the BGE, or can even
be caused by the injection of a sample of water.78 If there is a
component of the BGE that is absent in the sample injection,
then the injection zone represents a vacancy of such a
component, and after applying voltage across the capillary, this
vacancy migrates as an individual zone and can be detected. If
there are more components missing in the sample and present
in the BGE, then the sample represents a vacancy for each
individual component that is absent, and these zones migrate
individually and can be separated and detected.74 Every analyte
migrating in the capillary is accompanied by a corresponding
eigenzone moving at the same position as the analyte. These
eigenzones enable indirect detection if the analytes are invisible
to the detector.82 In a system consisting of a BGE with two or
more co-ions, zone electrophoresis of a sample provides one
normal zone for each sample component that is absent in the

Figure 8. Effect of sample concentration on the electroosmotic flow peak (EO) and benzoic acid vacancy (Vac Ben) in reverse capillary
electrophoresis (CE) analysis. BGE = 10 mM monochloroacetic acid (ClAc), 10 mM tris(hydroxymethyl)aminomethane (Tris), and 10 mM benzoic
acid (Ben). (a) Injection of water; (b) injection of 10 mM ClAc−Tris (1:2, v/v). Reprinted with permission from ref 74. Copyright 1997 Elsevier.

Figure 9. Direct CE analysis of picric and salicylic acids in direct 2-morpholinoethanesulfonic acid (MES) BGE. Injection of 0.8 mM (each) of picric
acid and salicylic acid (a) and reverse CE analysis of picric acid and salicylic acid vacancies (b). BGE = reverse MES injection of 5 mM MES−Tris
(1:2, v/v) buffer. EO stands for electroosmotic flow. Reprinted with permission from ref 74. Copyright 1997 Elsevier.
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BGE and one system zone (vacancy) for each, but one BGE
component that is absent in the sample.75

System peaks may appear only if the detector is responsive to
a component of the background electrolyte, especially in the
case of indirect or conductivity detection.79 In this case, system
peaks may or may not be detectable, depending on whether the
BGE contains a detector-responsive constituent. However, even
when this does not occur due to the system zones being
“invisible” to the detector, they may influence the peak shapes
of analytes sitting at the same position, analogously to
HPLC.83,84

The magnitudes of the system peaks created by a sample are
proportional to the injected amount of this species in the
sample. If a species present in the BGE is also contained in the
sample, but at a different concentration, then it can create a
migrating vacancy (negative) peak or a positive peak,
depending on the ratio of its concentration in the sample to
that in the BGE.74

The sample injection also creates a zone that is marked by
stationary boundaries and does not move, due to the applied
electric field. The mobility of this zone is zero or close to zero,
and it does not usually cause a problem in practice. If the zone
is stationary, it remains in the liquid at the original position of
injection. In the literature, this zone is called a stationary zone,
injection zone, or water zone.79 Provided there is no
electroosmotic flow (EOF), this zone is stationary and the
migrating sample ions are replaced with those of the BGE at a
concentration adjusted to the Kohlrausch regulating function
(KRF) of the sample.74

In the presence of electroosmosis, the above zone is driven
by EOF. It can sometimes conveniently serve as a marker for
determining the velocity of the EOF, and it is also called the
EO zone.79,82 It is similar to an HPLC system in which the
retention volume of solvent peaks may be used to determine
the void volume.26 The problem with the presence of system
peaks is much more serious when the mobility of the system
zone is the same or very close to the mobility of the separated
analytes.85,86

Depending on the original KRF of the sample, the EOF peak
may be negative or positive. A negative peak observed via an
indirect detection of a species corresponds to the species that
was present in the sample, whereas a negative peak of a
migrating vacancy corresponds to a species that was absent in
the sample.74,82 Some studies provide valuable practical rules
for the prediction of system peak positions for simple BGE in
electrophoretic systems, which can be described adequately by
using the KRF.87 More sophisticated mathematical tools have
also been applied to deal with more complicated situations, e.g.,
polybasic buffers.88,89 A linearized mathematical model of
electromigration, recently reported in the literature, enables the
prediction of the existence of system zones and their
mobilities.82 The model is based on the calculation of the
eigenvalues of a certain matrix. The eigenmobilities can be
calculated by the freeware program PeakMaster.90,91 This
program allows prediction of the existence and migration times
of system peaks with good reliability, as well as the calculation
of system eigenmobilities.92

Although the presence of system peaks in electropherograms
is usually considered as an unwanted phenomenon that
accompanies the separation, it offers a simple method of
critical micelle concentration (CMC) determination in micellar
electrokinetic chromatography (MEKC). The presence of
surfactants in the system affects the number of system peaks

observed in electropherograms. The positions of some system
peaks are strongly dependent on the surfactant concentration
(whether the surfactant creates micelles or not).92

6. SYSTEM PEAKS IN LINEAR AND NONLINEAR
CHROMATOGRAPHY

For a chromatographic system containing n + p constituents (n
sample components and p modifiers), n + p − 1 system peaks
can be observed in the chromatogram, even if the perturbation
is very small and even if the modifier is weakly adsorbed. In this
case, for an n-component sample injected into the binary
mobile phase, n + 1 system peaks appear.17,93,94 All of these
signals result from the perturbation caused by the sample
injection of the equilibrium of the modifier (organic solvent)
between the mobile and stationary phases. A detector selective
for the sample components does not detect the system peaks.
In the case of a nonselective detection, one system peak that
corresponds to the retention of the modifier is observed. The
other system peaks are eluted at the same retention volume as
the sample components and interfere with them. If the detector
is selective for the modifier, all of the (n + 1) system peaks are
observed. If the detector responds to the sample components
and to the modifier, the detected signal is a combination of
those two bands, and it can complicate the interpretation. The
position, the sign, and the relative importance of the system
peaks connected to the sample components may be calculated
using the ideal model of chromatography if the competitive
Langmuir model is assumed.10 Similar results were obtained
with a numerical solution of the equilibrium-dispersive model.94

The application of the system is the qualitative and
quantitative analysis of those analytes that cannot be detected
directly. In this case, indirect detection can be used. A modifier
is added to the mobile phase, which can be easy detected. This
method may be used for analytes that have no UV
chromophores using aromatic compounds as modifiers or
with fluorescence or eletrochemical detection.95,96 The indirect
detection method is used in ion-pair chromatography to
determine the nondetectable cationic and anionic organic
components.97−101 It can also be used in ion-exchange
chromatography, where a UV-absorbing counterion is used as
a detectable additive.102−106 In RP HPLC, the indirect
detection of uncharged analytes may be carried out using a
nonionic additive.95,107−109

In ion-pair chromatography, when a large-volume sample is
injected, a large modifier system peak occurs because of the
vacancy of the modifier. The rear part of this peak profile is an
effect of positive gradient of the modifier concentration. If the
ionic solutes elute during the passage of this gradient, the peaks
are extremely narrow because of the gradient-focusing effect. If
a peak is eluted in the front part of the system peak, its profile
may be deformed.110,111

System peaks can be present also in nonlinear chromatog-
raphy. This phenomena is discussed by Helfferich and Klein93

and by Golshan-Shirazi and Guiochon in the case of single-
component112 and multicomponent113 samples injected into a
multicomponent mobile phase. These studies are based on the
competitive Langmuir adsorption model. The competition
between the strong solvent and the sample components
influence the shape of the elution bands. It is possible that a
combination of modifiers could enhance the symmetry of the
bands.114 Both the retention time and the component band
profile depend on the relative strength of adsorption of the
modifier (strong solvent) and that of the components from
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their solution in a pure weak solvent, as well as on the column
efficiency, the modifier concentration, the column saturation
capacity, and the sample size.10

If the modifier is less well adsorbed than the studied
compound, quasi-Langmuirian peak profiles are observed.114 If
the modifier exhibits adsorption stronger than the compound,
the anti-Langmuirian peak is observed. The diffusive front parts
of the different profiles are not coincidental as should be in the
case of a true anti-Langmuir isotherm, because they begins
progressively earlier with increasing sample size.10 If the sample
size increases, the amplitude of the band profile increases, and
its shape changes progressively. At a low sample size, the band
profile may be anti-Langmuirian whereas it can be a smooth
rectangle when the sample size becomes larger.115 This is a
result of column overloading.
The band profile depends strongly on the modifier

concentration. If the modifier is adsorbed more strongly than
the solute, changes in the modifier concentration may intensely
affect the compound band profile, e.g., Langmuirian profile at a
low modifier concentration and anti-Langmuirian at a high
modifier concentration. Band profiles shift from the first to the
second type in a narrow concentration range, which
corresponds to the reversal of the elution order of the modifier
system peak and the peak of the solute.116

In the case of a two-component sample, if the modifier is
much less well adsorbed than the solute, the positive system
peak appears on the chromatogram near the column dead
volume. Further, two positive bands of compounds are eluted.
Each of these peaks is accompanied by the component system
peak that corresponds to the replaced modifier from the
stationary phase.114 While increasing the modifier concen-
tration, the component bands become more symmetrical and
less well retained. Thus, strong solvents are used to elute
compounds, which exhibit high adsorption energies, faster.10 If
the modifier is adsorbed more strongly than the components,
the two component bands are highly unsymmetrical. These two
components are poorly resolved and eluted immediately after
the modifier system peak.114 When the concentration of the
modifier increases as a result of competition between the
modifier and compounds, a progressive change in the direction
of the band asymmetry is observed.113,114

7. SOLVATION IN HPLC

7.1. Adsorption and Partition

In liquid chromatography, four types of separation mechanisms
may be distinguished: adsorption, partition, ion-exchange, and
size exclusion. The basic property that is applied to separate
substances in RP HPLC is the difference in solute adsorption
on the stationary bonded phase. The organic solvent is
distributed between the mobile and stationary phase as well
as the solute.20,117 The organic modifier is enriched in the
stationary phase.1,65,118 This process is more complicated due
to a number of interactions between the multicomponent
mobile phase and the variety of adsorption centers in the
structure of the stationary phase.
Adsorption is a phenomenon that takes place when some

substance accumulates on the surface of the solid phase. This
process is a consequence of surface energy activity.1 In a bulk
material, all the bonding requirements of the constituent atoms
are fulfilled. Atoms on the surface experience a bond deficiency.
Thus, it is then energetically favorable for these atoms to
interact with whatever happens to be available.1 In RP HPLC,

the liquid phase close to the adsorbent surface is enriched with
the organic modifier because of the interactions of the mobile
phase components with the adsorbent surface. This effect has a
great influence on the interaction of the solute with the
adsorbent surface and, accordingly, on the solute retention.40

In RP LC systems, the mobile phase is in contact with the
hydrophobic surface of the stationary phase. The composition
of the mobile phase at the surface is different from its bulk
composition. Under these conditions, an alternative mechanism
of distribution can take place: partition. Partition is a volume
process that is favored when the stationary phase is thick
enough to accumulate the solute molecules in its volume. The
partitioning mechanism in reversed-phase chromatography
systems differs significantly from that which takes place in a
system of two immiscible liquids.1 We are aware that the
presented differentiation between adsorption and partition in
RP LC is very simplified. The discussion of the retention
mechanism that was started a number of years ago is ongoing.
An excellent treatment of this topic was presented by Riedo and
Kovat́s.17

For the separation of a polar compound, other chromato-
graphic techniques have recently been developed: hydrophilic
interaction liquid chromatography (HILIC) and aqueous
normal phase (ANP) chromatography.119,120 In the HILIC
mode the residual silanols and different polar groups in the
organic ligand structure provide the retention of polar
compounds. These groups are polar adsorption centers, and
they are preferentially solvated by water molecules, whereas
acetonitrile (which is the most common organic modifier in
this mode of LC) solvates organic ligands. ANP phases can
provide the retention of both hydrophilic and hydrophobic
solutes.120 If, in HILIC mode, the concentration of water in the
mobile phase is rather small (usually <15%), it is possible to
apply a much higher concentration of water in the eluent when
the ANP mode of LC is used. The polarity of the used
stationary phase and the concentration of water in the mobile
phase strongly influence solvation processes in the chromato-
graphic systems. Similar results might be obtained on RP
phases with very low surface coverage density where the
amount of the residual silanols is significant.121

It is commonly believed that solvent adsorption in RPLC is
controlled by the distribution of solvent molecules between the
bulk mobile phase and the stationary phase. Interactions of
ligands bonded on the stationary phase surface with a solute are
primarily influenced by the hydrophobic effect.122 The
concentration of the mobile phase at the surface of the
stationary phase differs from its bulk concentration.20 The
residual silanols also play a very important role in the
adsorption of a solute.42 Indeed, the retention of the solute is
controlled by partitioning between the layer of the bonded
nonpolar groups onto the stationary phase, or by adsorption, or
by a combination of the two.123 The exemplary excess of the
extracted solvent from the mobile phase into the stationary
phase on the series of octadecyl bonded phases is shown in
Figure 10.
The partition coefficients can be transformed into free energy

of transfer involving enthalpic and entropic components:124

Δ = Δ − ΔG H T S (3)

The relationship between the Gibbs free energy (ΔG),
retention factor (k), equilibrium constant (K), and thermody-
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namic temperature, T (in Kelvin),125 is described according to
the following expression (van ́t Hoff equation).126
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where ΔH is enthalpy, ΔS is entropy, and VS and VM are the
volumes of the stationary phase and the mobile phase,
respectively.

7.2. Model of Adsorption

In a mixture of water and an organic modifier, the organic
modifier is less polar, so it has a higher affinity toward an alkyl
chain than water in RP LC systems. The organic modifier is
preferentially adsorbed on the surface of the alkyl chains,
whereas water is preferentially adsorbed on the silanol groups.
This is shown in Figure 11. In this case, the organic modifier,
acetonitrile, solvates the tip of the organic chains better, and the
concentration of the adsorbed acetonitrile molecules decreases
near the silica surface.127 When some portion of the eluent
adsorbs on the stationary phase, its concentration in the
column is changed. An equilibrium is established between the
adsorbed molecules and the migrating molecules. A small
change in the eluent composition or a sample injection can
disturb this equilibrium.
In RP HPLC, when a binary mobile phase is used (for

instance, MeOH−water or ACN−water) and one of the mobile
phase components or a mixture with a different concentration
is injected, solvent peaks appear.16,26 The same situation is
observed when an injected sample is dissolved in one of the
components of the mobile phase.
When the mobile phase flows through the column, an

equilibrium between the mobile and the stationary phase is
established. The organic solvent and water molecules are
preferentially adsorbed on the stationary phase. These
stationary phases are always heterogeneous. There are bonded
organic ligands and the residual silanol groups on the silica
surface. In this case, two different adsorption sites are in the

stationary phase: hydrophobic organic ligands and polar
silanols.128 When the mobile phase contains MeOH and
water, the molecules of MeOH adsorb on the organic ligands
and the water molecules adsorb on the silanol groups.
When a pure substance (methanol or water) is pumped

through the column, an equilibrium between mobile phase and
stationary phase is established. In this case, a signal of the UV
detector at 254 nm is observed as a line. If a pure mobile phase
is injected onto the column, there is no change in the
equilibrium. The signal observed by the detector is still a line
(Figure 12, parts a and f′). A different situation is observed
when pure methanol is pumped through the column and pure
water is injected (Figure 12a′) or pure water is pumped and
methanol is injected (Figure 12f). In this case, negative peaks
are observed. The injection of one solvent disturbs the
equilibrium distribution of solvents between the binary mobile
phase and the stationary phase in the column. The system
regains the original equilibrium by extracting the second solvent
from the stationary phase, leaving the solvent-deficient region
in the mobile phase.20 When a mixture of MeOH−water is used
and a sample of pure MeOH is injected (Figure 12, parts b, c, d,
and e), two peaks appear in the chromatogram. One of them is
positive and the other is negative. An analogous situation

Figure 10. Excess isotherms of acetonitrile from binary mobile phase
on the octadecyl stationary bonded phases with different coverage
densities. Reproduced with permission from ref ref 66. Copyright 2009
American Chemical Society.

Figure 11. Hypothetical model of an equilibrium mobile phasea
stationary phase in the column with a C18 chemically bonded phase.
The mobile phase consists of water and acetonitrile molecules.
Reprinted with permission from ref 127. Copyright 2010 Wiley.
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occurs when a sample of water is injected. One positive and one
negative peak are observed (Figure 12, parts b′, c′, d′, and e′).

8. CONCLUSIONS

The presence of solvent peaks in reversed-phase chromato-
grams is a very interesting phenomenon. Unfortunately, the
mechanism of solvent peak generation is rather complex, so it is
repeatedly misunderstood in the broad analytical community.
The most probable theory is that the presence of the solvent
peak is connected with competitive adsorption of the binary
mobile phase component on the stationary phase. The changes
in their retention volume in different mobile phase
compositions correspond to a dynamic stationary phase
structure caused by preferential solvation of bonded ligands.
Thus, the measurement of solvent peak retention may be useful
for the column dead volume determination. The solvent
distribution between the mobile and the stationary phase is
determined by the same rules as solute distribution, so the
understanding of solvent retention in the column may provide
useful information about the solute retention mechanism
during chromatographic elution.
The measurement of solvent distribution between the mobile

and the stationary phase may be performed by the
determination of excess adsorption isotherms from binary
mixtures. The minor perturbation method is based on the
differences in solvent peak retention over the whole range of a
mobile phase composition. Organic solvent adsorption depends
on the type of bonded ligands and their coverage density, and it
is a competitive process for water adsorption on the residual
silanols. In this case, the solvent excess isotherm may be used
for a chemically bonded phase characterization.

The selectivity of the chromatographic separation depends
on the specific and nonspecific interactions between a solute
and the stationary phase and solute−mobile phase components.
The mobile phase composition and the type of an organic
modifier are the most important parameters of a chromato-
graphic system. They influence the separation selectivity
because the physicochemical properties of the stationary
phase are determined to a large extent by the qualitative and
quantitative composition of the adsorbed mobile phase
components in the structure of bonded ligands.
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