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2.1
Introduction

Chromatography is considered to be the main part of separation science that has
been established over a century ago, and since then it has been catering to the
needs of many scientific areas, including biological, pharmaceutical, food, foren-
sic, environmental, and so on. High-pressure liquid chromatography (HPLC) is
one of the most reliable analytical technologies used in any analytical laboratory.
It is, beyond any doubt, the most powerful weapon in an analyst’s arsenal and
the most useful tool toward any analytical challenge, no matter what the sample
matrix is or how complicated it appears to be.
In all chromatographic techniques, analytes are separated as they are distrib-

uted between two phases, the mobile phase and the stationary phase. It may
sound an easy task, but an analyst knows that this is not true at all. The final
chromatographic method is a jigsaw that has to be constructed by the analyst or
the so-called “chromatographer.” He or she has to choose the right column, the
effective mobile phase, the proper detection technique, and all necessary opera-
tional parameters, summarized under the term “chromatographic conditions,”
which have to be used in order to achieve the desired target, that is, well-
resolved peaks.
The whole procedure is called HPLC method development, and undoubtedly,

it is a complicated process.
The physicochemical properties of the analytes to be separated are the driving

force of the final goal, that is, resolution, and then the exciting journey to an
optimum method starts.
In the beginning, the chromatographer has to decide where to start from.

These are the “initial conditions,” which are further optimized and the final
method has to be validated before its application to real samples.
The KISS principle is the preferred approach during method development.

This means “Keep It Short and Simple,” in order to make a “chromatographer’s
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life” easier. Simplicity should be a key goal while designing the method develop-
ment strategy and unnecessary complexity should be avoided. For example, a
gradient is not necessary, when analytes can be easily separated under isocratic
conditions. Similarly, a ternary gradient is not the best choice, when a binary
seems to be efficient.
Regardless of the final scope of the method application, whether it is routine

analysis or a single-sample analysis, some steps in LC method development are
common.
In this chapter, the principal factors that have to be investigated during LC

method development and optimization are discussed.

2.2
Theoretical Aspects

The separation of target analytes in HPLC mixtures relies on the following prop-
erties: charge, hydrophobicity, affinity, solubility, and molecular weight. Accord-
ing to these properties, chromatographic separations are classified into five
major separation modes:

1) Adsorption chromatography, based on adsorption/desorption procedures.
2) Partition chromatography, based on partitioning of analytes between two

liquid phases.
3) Ion-exchange chromatography, based on exchange of ions between surface

ionic groups and ions in mobile phase. Ionic interactions depend on
charge, ion size, and polarization. The pH also affects the separation.

4) Size exclusion chromatography, also known as gel permeation or gel filtra-
tion chromatography, based on molecular size. According to their size,
some molecules are included in the pores of the stationary phase and
thus they are retained, while some are excluded, so they pass through the
column unretained. In this case, the pore size is critical and affects the
retention and as a result the retention time.

5) Affinity chromatography in which analytes (enzymes, antibodies, etc.) bind
to a ligand bound on a substrate and are subsequently eluted by using a
chaotropic agent, by changing pH, or by using a specific eluent.

As far as interactions that take place during chromatographic separation are
concerned, electrostatic forces are stronger, while the polar interactions includ-
ing hydrogen bonding (permanent dipoles), dipole-induced dipole, London dis-
persion forces, and van der Waals forces are the most universal interactions
between molecules, although relatively weak [1–6].
Before delving deeper into the various aspects of the method development, it

is necessary to describe briefly some fundamental terms [7].
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2.2.1

Retention Factor k

The retention factor, k, describes the ability of the stationary phase to retain ana-
lytes and is given by Equation 2.1

k � �tR � t0�=t0; (2.1)

where tR is the analyte’s retention time and t0 the column dead time, that is, the
time that an unretained compound needs to pass through the column and reach
the detector. Usually, uracil or nitrite and nitrate salts can be used in reversed
phase HPLC for the determination of t0.

2.2.2

Selectivity α

Selectivity α, also called the separation factor, is an indication of the separation
degree of two adjacent peaks and is given by Equation 2.2.

α � k2=k1 � �tR2 � t0�=�tR1 � t0�: (2.2)

2.2.3

Peak Asymmetry

Any chromatographer wishes to obtain perfectly symmetric peaks, which can be
more accurately quantified, but in the real world of chromatography, most peaks
are asymmetric to some degree. Peak tailing factor (Tf) and peak asymmetry factor
(As) are two terms that are used to describe the same phenomenon, and they result
in slightly different numeric values due to the different calculation approach. Peak
asymmetry factor is given by the equation As= b/a, where a is the width of the front
half of the peak and b is the width of the back half of the peak at 5 or 10% of the
peak height from baseline to a line dropped perpendicularly from the peak apex.
However, according to US Pharmacopoeia, Tf= (a+ b)/2a is used to describe

peak asymmetry as shown in Figure 2.1. In general, a 10% peak height is considered
for the peak asymmetry factor and 5% peak height for the peak tailing factor [5,6].

2.2.4

Efficiency of Chromatographic Column and Theoretical Plates

The quality and subsequently the efficiency of a column are characterized by the
separation ability and the separation efficiency, expressed by the height equiva-
lent of theoretical plates (H=HETP) as given by Equation 2.3:

H � L
N
; (2.3)

where H and N are the height and the number of theoretical plates, respectively,
and L is the length of the analytical column in centimeters.
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Actually, the efficiency of the stationary phase is described by the number of
theoretical plates, N, and is calculated by Equation 2.4 or 2.5:

N � 16�tR=tb�2 (2.4)

N � 5:54�tR=th�2 (2.5)

where tb is the peak width at baseline and th is the half-height peak width, both
expressed in time units.

2.2.5

Resolution Rs

Resolution describes the separation degree between a pair of adjacent peaks and
is given by Equations 2.6 and 2.7

Rs � 2�tR2 � tR1�=�tb2 � tb1� (2.6)

or

Rs � 2�tR2 � tR1�=1:70�th2 � th1� (2.7)

depending on the method of peak width measurement used. In Equation 2.6,
peak width is measured at the baseline, whereas in (2.7) it is measured at the
half height of the peak.

Figure 2.1 Peak asymmetry.
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According to the Purnell equation, the factors that regulate the resolution of a
column are as follows:

Rs �
ffiffiffiffi
N

p
4

 !
α � 1
α

� �
k2

k2 � 1

� �
; (2.8)

where N is the number of the theoretical plates, α is the selectivity, and k2 is the
retention factor for the compound, which is eluted last.

2.2.6

The Fundamental vanDeemter Equation

According to the fundamental van Deemter equation (2.9), the efficiency of a
column is related to the linear velocity of mobile phase u:

H � A � B
u
� Cu (2.9)

where A is the eddy diffusion parameter, B is the diffusion coefficient that results
in dispersion, and C is the resistance to mass transfer coefficient.
The comparison of the performance of different chromatographic columns is

made by the H versus u plots, known as the van Deemter plots. The optimum
linear velocity is achieved when the slope of the plot H versus u is zero (dH/du= 0):

uopt � Dm

dp

ffiffiffiffi
B
C

r
(2.10)

where dp is the average particle size and Dm is the diffusion coefficient of the
analyte in mobile phase.
The value of H at the optimum linear velocity is given by Equation 2.11:

Hmin � dP�A � ffiffiffiffiffiffiffiffiffiffi
B � Cp � (2.11)

At this point of the curve, the performance of the column is the highest.
A theoretical van Deemter plot showing the relationship between the theoreti-

cal plate height and the mobile-phase velocity is presented in Figure 2.2.
The A, B, and C terms of the van Deemter equation are given by (2.12)–(2.14)

relationships.

A � 2λdp (2.12)

B � 2γ�Dm� (2.13)

C � wd2
p

Dm
(2.14)

where dp is the average particle diameter and λ is a constant almost close to 1,
Dm is the analyte diffusion coefficient in the mobile phase, γ is a factor related to
the diffusion restriction by column packing, and w is a coefficient determined by
the pore size distribution, pore shape, and particle size distribution [1,4,8,9].
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2.3
Controlling Resolution

Resolution is governed by different physicochemical phenomena. Physics (band
spreading) and chemistry in terms of selectivity and retention lead to well-
resolved or not so well-resolved peaks. It is up to the chromatographer to obtain
the desired resolution.
Resolution can be influenced by changing one of the three parameters, selec-

tivity, efficiency, and retention, as described by the Purnell equation (Equa-
tion 2.8), which determines the method development strategy. As shown in
Figure 2.3, the factors that control resolution are N, k, and α. So, in order to
reach the desired separation, the chromatographer has to

� increase N (either by increasing column length or by using more efficient
column),� increase k-values (by increasing the retention of analytes), and� increase α (by using a more selective column or mobile phase).

As expected by the square root sign, efficiency (N) has a relatively smaller
effect on resolution, but it can significantly influence run time. The number of
theoretical plates can be increased by increasing the length of the analytical col-
umn, according to the van Deemter equation H= L/N. Resolution is improved as
the peaks become narrower.
The retention term k/(1+ k) can never exceed unity and, of course, an increase

in k-values increases the total run time, while generally contributing to resolu-
tion to a lesser extent.

Figure 2.2 A theoretical van Deemter plot showing the relationship between theoretical plate
height and mobile-phase velocity ( http://www.restek.com/Technical-Resources/Technical-
Library/Pharmaceutical/pharm_A016).
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Obviously, selectivity (α) is the most important parameter as far as resolution
is concerned, while it is hard to change. By changing selectivity, the peaks are
resolved and k´ is often also changed as shown in Figure 2.4 [1,10].

Figure 2.3 Resolution versus selectivity, retention, and efficiency.

Figure 2.4 The factors that control resolution.
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2.3.1

How to Improve N

While choosing the right packing material of the analytical column, the most
common choice is the almost universal solution of octadecylsilane (C18 or ODS),
which is very nonpolar. In this case, retention is based on London (dispersion)
interactions with hydrophobic compounds.
Octyl C8-bonded phases are also common, and are less hydrophobic than C18;

therefore, retention times for hydrophobic compounds are typically shorter, with
to some extent different selectivity. Phenyl-bonded phases are also nonpolar with
retention being based on a mixed mechanism of hydrophobic and p� p interac-
tions. Exceptional selectivity results in p� p interaction of the bonded phase
with electron-deficient functional moieties of analytes.
Cyanopropyl phases are of intermediate polarity, where retention is a mixed

mechanism, resulting from both hydrophobic interactions and dipole interac-
tions of the bonded phase C�N group with solute amino groups or p� p inter-
actions with unsaturated sites. This phase is the best for polar organic
compounds and is flexible enough to be used in both normal- and reversed
phase modes.

2.3.1.1 Physical Characteristics of Packing Material
When considering the influence of the physical properties of the packing mate-
rial, it is also important to take into account the influence of the column size, the
particle size and shape, the surface area, the pore size, the carbon load, the bond-
ing type, and the base material.

Column dimensions: Refer to the length of column and the internal diameter
of the packing bed within the column. The use of short columns (from 30 to
50mm) results in short run times, faster equilibration, and low back pressure.
On the other hand, the use of long columns (250–300mm) results in higher
resolution, higher back pressure, longer analysis times, and higher consump-
tion of solvents used. Narrow columns produce narrower and taller peaks and
a lower limit of detection.

Particle shape and size: Chromatographic packing materials may be spherical
particles or irregular in shape. Spherical particles offer reduced back pressures.

Particle size: Refers to the average diameter of the particles. Although the
manufacturers give a nominal size, this is typically the average size and some
bigger or smaller particles are also included. Standard particle sizes range from
3 μm, which exhibit high efficiency, to 10 μm, although the latter are not so
common in recent applications. Smaller particles allow less diffusion of analy-
tes and thus they result in narrower and sharper peaks. However, smaller par-
ticles cause higher back pressures. Therefore, particles of 5 μm prevail in
conventional systems and offer a good compromise between efficiency and
back pressure.
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Recently, smaller porous particles, with a diameter of less than 2 μm, have
gained significant attention. These particles, which are named sub-2 μm parti-
cles, offer both faster separations, without any loss of column efficiency, and
lower limits of detection.

The main drawback is that columns packed with such particles require
special chromatographic systems, the so-called ultrahigh-pressure liquid chro-
matography (UHPLC) in order to overcome the high column pressure
drop [4,9,11–14].

Surface area: The total surface area of a particle is the sum of the outer parti-
cle surface and the internal pore surface (expressed in m2/g). Packing materi-
als with high surface area (300m2/g) result in longer retention, greater
capacity, and higher resolution than those with low surface area (200m2/g).

Pore size: it refers to the average size of the pores in porous packing materials.
Larger pores allow larger solute molecules to be retained longer through maxi-
mum exposure to the surface area of the particles.

A pore size of 150Å or less is chosen for a sample with molecular weight
(MW)� 2000 and a pore size of 300Å or greater is usually chosen for a sample
with MW>2000.

Bonding type: It refers to how the bonded phase is attached to the substrate.
Monomeric bonding offers increased mass transfer rates, higher column effi-
ciency, and faster column equilibration, while polymeric bonding results in
increased column stability, especially with highly aqueous mobile phases.

Carbon load: It is a good indicator of hydrophobic retention and refers to the
amount of bonded phase attached to the base material.

Endcapping: Important in reversed phase chromatography, endcapping is the pro-
cess of bonding short hydrocarbon chains to free silanols remaining after the pri-
mary bonded phase has been added to the silica base. Endcapping reduces peak
tailing of polar analytes that interact to a great extent with the most acidic silanols.

2.3.2

Increase of k

The retention factor k is increased by decreasing the percentage of organic mod-
ifier in the mobile phase.
The pH of mobile phase also affects k, in the case of weak organic acids and

amines, depending on their pKa value. In the range of pKa± 1.5, a linear relation-
ship between k and pH is observed.

2.3.3

Factors Influencing Selectivity or How to Improve α?

Selectivity α can be influenced by changing the mobile-phase type and composi-
tion, the pH, the concentration of buffer, the column temperature, and the
packing material of analytical column.
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2.3.3.1 Optimization of Mobile-Phase Composition
The solvent type (e.g., acetonitrile, methanol, and THF) is beyond any doubt the
best approach to control selectivity. Kirkland and Snyder introduced “solvent
triangle” (Figure 2.5), which describes the effect of organic modifier on the sepa-
ration of analytes.
A change in the percentage of organic modifier, the application of gradient

elution, the type of gradient (e.g., binary and ternary), and the gradient profile
(e.g., linear and multistep) are the main factors for altering selectivity.
The Snyder triangle helps in finding the optimum mobile phase. The idea

behind the triangle is that solvents in the same group will provide a comparable
chromatographic selectivity. Therefore, switching from one solvent to another
within the same group would not yield a spectacular change in selectivity as
expected by switching to a solvent in a group with different characteristics, the
same way as it happens by switching from group I to group VII, for example.
Snyder’s triangle helps the chromatographer to choose wisely from among a

selection of various solvents. For example, if methanol in the mobile phase is
ineffective, a similar result is expected from the use of another alcohol such as
ethanol or propanol. Choosing a solvent from an entirely different part of the
triangle is more likely to yield the desired separation. On the other hand, larger

Figure 2.5 Snyder triangle.
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alcohols, such as propanol, tend to be less denaturing to biomolecules than
methanol; so, it may be the solvent of choice in some cases.
Another useful application of the solvent triangle is to identify alternative

mobile-phase solvents in terms of cost or availability [15,16].

2.3.3.2 pH Control, Ion-Pair Reagents, and Other Additives
Controlling the pH can also play a significant role in changing the selectivity,
when the analytes are weak acids or bases. Ionized forms are strongly retained in
ion chromatography but are retained less in reversed phase, while nonionized
forms exhibit the opposite behavior.
Buffer type and buffer concentration are among the factors that need to be

taken into consideration during method development.
Ion-pair reagents, for example, hexane sulfonate, and other additives like

tailing suppression reagents, such as triethylamine, can also affect resolution
directly or indirectly.
Optimization process can also be performed by the prediction of elution times,

tR, of the analytes under examination using mathematical models in an attempt
to minimize both the solvent consumption and the trial time [17].

2.3.3.3 Temperature
Temperature is a significant factor that is often neglected or underestimated in
liquid chromatography because it is erroneously related to gas chromatography
(GC). However, it can also be powerful in resolution control and can be a critical
parameter in HPLC, but in a narrower range and to a lesser extent than in GC.
Resistance in mass transfer (the C term in van Deemter equation) is signifi-

cantly reduced in elevated temperatures.
In nearly all separations, an increase in temperature will also cause a decrease

in retention. Moreover, a decreased solvent viscosity at elevated temperatures
leads to lower back pressure. This allows the use of higher flow rates using stan-
dard equipment. Since high temperature leads to a flatter van Deemter curve, it
enables the use of higher flow rates without sacrificing efficiency and thus opti-
mizing the resolution (Figure 2.6).
The temperature-programmed liquid chromatography (TPLC) is a favorable

technique in many applications. However, disadvantages of elevated tempera-
tures in HPLC should also be mentioned. For example, there are inconveniences
related to instrumentation or type of columns. Undoubtedly, more research in
this field is required [18].

2.3.3.4 Stationary Phase and Column Selection
The stationary phase is another significant factor, which also plays an important
role in selectivity control.
A radical change of the sorbent type is more effective with regard to its

polarity; however, a smaller effect is also expected among similar sorbents from
different companies.
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Obviously, all parameters exerting an influence on selectivity also have a sig-
nificant influence on the retention factor.
The particle size is an important parameter in separation control as is already

mentioned by van Deemter equation and the A, B, and C terms as shown in
Equations 2.12–2.14.
By taking a closer look, one can see that A term (eddy diffusion) is indepen-

dent of linear velocity of the mobile phase. Concerning the effect on efficiency,
A is smaller for small particle size and for spherical particles or even better for
no particles at all. However, a small particle size leads to a high back pressure in
conventional HPLC, although the recent development in technology has solved
this problem, either by using suitable instrumentation or by using modern fused
core silica particles, with low pressure drop.
The B term due to molecular diffusion (longitudinal) is caused by random

motions of molecules and is large for smaller molecules. Dispersion increases when
the analyte spends more time in mobile phase like it happens at slow flow rates.
The C term due to mass transfer to and within the stationary phase yields a

higher dispersion for high flow rates and less dispersion for small particles.
Clearly, there are contradictory conditions, so the optimum one has to be chosen.

2.3.3.5 Stationary Phase and Packing Material Composition
Silica-based packing material is the most commonly used material available in a
wide variety of bonded substrates. The main disadvantage is the pH range stabil-
ity, which is limited from pH 2 to pH 8.
Polymeric packing materials are more stable in the total pH range but have a

poorer performance. These are the most often used materials in ion chromatog-
raphy since anion- or cation-exchange sites are embedded in the styrene–
divinylbenzene backbone.
Other packing materials include zirconia-based columns as an alternative to

the silica-based ones, which offer a unique interaction mechanism based on
Lewis acid–base theory. In addition to the main hydrophobic interactions with
the modified surface of the zirconia substrate, ion-exchange and ligand-exchange

Figure 2.6 Effect of temperature on column efficiency. (Reproduced from http://www.richrom
.com/application/v2/public/upload/0/default/157.pdf.)
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interactions also take place. Porous graphite carbon is a highly stable packing
material mostly used for the resolution of geometrical isomers, and hybrids of
silica core and polymers between silica and bonded phase form a combination
that improves silica stability [19].
Recently, the use of superficially porous or solid core particles has been shown

to have resulted in a better resolution.
The terms superficially porous, core–shell, fused core, or solid core particles

refer to particles that consist of a solid core and a porous outer shell. These par-
ticles provide faster separations compared to the large porous particles [20–23].
Monolithic columns where the stationary phase is a continuous porous mate-

rial lead to low back pressures, and thus higher flow rates can be applied mini-
mizing the analysis time without sacrificing resolution. These columns have
several advantages over particulate columns [24], some of which are as follows:

� The porous polymeric rod improves both mass transfer and separation
efficiency.� They allow higher mobile phase flow rates with lower back pressure.� They exhibit stability over a wide pH range.

2.4
Method Development Strategy

During method development, the chromatographer has to take into considera-
tion the following main parameters as shown in Figure 2.7:

1) Which column is the most suitable one?
2) Should a buffer be used in a mobile phase?
3) Which is the best organic modifier? For example, should acetonitrile or

methanol be preferred? Obviously, each one has its own benefits and
drawbacks.

4) Should the use of a mixture of organic solvents be considered, since
sometimes the combination leads to a better resolution?

5) Which mixtures should be chosen: binary or ternary?
6) Is isocratic elution sufficient or should a gradient system be followed?
7) In case gradient elution is applied, is a binary sufficient or should a ter-

nary one be followed?
8) In the case of gradient, what is the expected gradient time? How many

steps are required?
9) What is the optimum temperature?
10) What is the optimum flow rate?

Reasonably, changes start with those variables that are most possible to alter
separation. The easier one to manipulate should be preferred and then one
should turn to more complicated approaches.

2.4 Method Development Strategy 37



2.4.1
Gradient Elution versus Isocratic

When two adjacent peaks cannot be well resolved by using isocratic elution,
then gradient elution may help that also leads to a faster analysis.
But still optimization is needed with regard to total gradient time, type of gra-

dient, steepness, and so on. However, gradient elution has its own set of prob-
lems, such as ghost peaks, peak asymmetry, baseline drift, and so on.

2.4.2

Other Parameters in LC Method Development

Needless to say that additional parameters with regard to sample preparation,
detection, and quantification also require optimization.
External standard calibration is simpler, but injection errors may lead to false

results. Internal standards are essential especially in the case of significant matrix
effects. In this case, the difficulty of finding the most suitable internal standards
is the main concern that arises. This compound has to fulfill some requirements,
such as being absent from real samples, having similar properties but being dif-
ferentiated and separated from analytes.
Matrix effects are often a limited factor in HPLC. Therefore, the optimum

sample preparation technique should be chosen.
Finally, once desired resolution has been reached and the optimum LC

method has been developed, this has to be validated before it is applied to the
routine analysis. Method validation is performed in terms of precision, accuracy,

Figure 2.7 HPLC method development strategy.
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limits of detection and quantitation, specificity, selectivity, linearity, range,
robustness, and system suitability [25].

2.5
Current and Future Trends

The “three S” model describes the current status in HPLC analysis requirements:
separation (resolution), sample capacity, and speed are the principal demands.
Advances in column and instrumentation technology are the key factors in

present and future liquid chromatography. The combination of analytical col-
umns with smaller particle size and the use of more sophisticated instrumenta-
tion with reduced dead volume, low sample carryover, and better pump and
detector specifications ensure high speed and optimum separations.
The van Deemter plot shows that smaller particles provide not only increased

efficiency but also the ability to take advantage of this efficiency over an extended
flow range. However, small particles cause increased back pressures. Moreover in
conventional HPLC, faster chromatography reduces resolution. By increasing the
flow rate, compression is observed. In ultra performance LC, efficiency is main-
tained over large areas of linear velocity (flow), which means that the flow can be
increased without losing efficiency and this is the key for faster chromatography.
Sub-2μm particles offer the required improvement in column performance [11].
Numerous significant developments in materials science have been given by

core–shell particle technology and monolithic columns, both of which have led
to improved separation efficiency using relatively low pressures.
Columns with core–shell particles provide excellent mass transfer kinetics and

a lower C term, compared to totally porous particles, in the separation of both
large and small molecules, due to the lower A and B terms of the van Deemter
equation. The most common size of shell particles used nowadays is 2.5–2.7 μm.
These particles compete with the sub-2 μm particles, as they provide faster sepa-
rations with the same efficiency but with only half the back pressure. Therefore,
the most important advantage of these particles is that they do not require a
special LC system [12–14,26].
Monolithic columns consist of a single rod of a highly porous material and are

prepared as a single-piece block into a tube. Silica-based or polymer-based mono-
lithic columns offer many advantages compared to particle columns; for instance,
since they have a higher column permeability, they yield faster separations and low
column back pressure at high flow rates of the mobile phase [27,28].

2.5.1

Two-Dimensional Chromatography

In some cases where a higher degree of selectivity is required, one-dimensional
separation alone is not enough and multidimensional chromatography is
required. In this case, parts of the separated sample components can be subjected
to additional separation procedures, and the procedure is called two-dimensional
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HPLC according to IUPAC definition, 1997. A fraction eluting from the column
can pass into another column with different separation characteristics. Instrumen-
tation is based on a normal LC instrument equipped with an extra pump and a
switching valve. The two columns are connected together via a multiport switching
valve. The effluent from the first column can be directed, by switching the valve, to
waste, to detector, or to the second column. The two-dimensional systems can be
divided into two categories, namely, heart-cut and comprehensive techniques.
In the comprehensive two-dimensional liquid chromatography (LC/LC) mode,

the entire sample is subjected to two different separations, representative of the
entire sample. It is used when information is needed from all sample components.
In heart-cut approach, only one or a few fractions of the first separation are

collected and then transferred to the second column for further separation (sec-
ond dimension). These techniques are applied when only some components are
analyzed from a complex matrix. A typical example of heart-cut LC (LC–LC) is
the analysis of drugs in a biological sample (e.g., urine) and the first column is
used mainly for selective cleanup and concentration [29].

2.6
Conclusions

Separation science is an analytical tool of utmost importance. High-pressure liquid
chromatography is one of the most reliable analytical technologies in any analytical
laboratory. One of the most difficult tasks is to develop selective and fast separa-
tions in manual and/or automated approaches. No matter how sophisticated the
instrumental design developments are, and no matter what improved sorbent
materials are synthesized, the HPLC method development will always need the
expertise of the chromatographer to arrive at an optimum final analytical method.
There are various factors affecting resolution and method developments, each

one to a different extent. Practically, a combination of solvent strength (% B or
gradient type) and temperature provides the most powerful control in peak
resolution.
In the immediate future, new approaches will need to be explored. The ability

to separate more and more species in complex matrices will remain a critical
challenge. Advances in instrumentation and column technology, as well as in
multidimensional separation approaches, will be the cornerstone of the chro-
matographic separation science. Although HPLC method development will con-
tinue to be based on chromatographer’s experience, software and mathematical
models in method prediction may save a lot of the laboratory budget for organic
solvents, not to mention the greener chemistry that will be achieved.
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and Tesařová, E. (2010) Study of
interaction mechanisms on zirconia-based
polystyrene HPLC column. J. Sep. Sci.,
33 (19), 3043–3051.

20 Cunliffe, J. and Maloney, T. (2007) Fused
core particle technology as an alternative
to sub-2 μm particles to achieve high
separation efficiency with low
backpressure. J. Sep. Sci., 30, 3104–3109.

21 DeStefano, J.J., Schuster, S.A., Lawhorn,
J.M., and Kirkland, J.J. (2012) Performance
characteristics of new superficially
porous particles. J. Chromatogr. A, 1258,
76–83.

22 Kirkland, J., Langlois, T., and DeStefano,
J. (2007) Fused core particles for HPLC
columns. Am. Lab., 39, 18–21.

23 Omamogho, J.O., Nesterenko, E.,
Connolly, D., and Glennon, J.D. (2012)
Next-generation stationary phases:
properties and performance of core–shell
columns. LCGC Eur., 4, 31–34.

24 Samanidou, V. and Karageorgou, E. (2011)
On the use of KinetexTM-C18 core–shell
2.6 μm stationary phase to the multi-class

References 41



determination of antibiotics. Drug Test
Anal., 3 (4), 234–244.

25 Papadoyannis, I.N. and Samanidou,
V.F. (2005) Validation of HPLC
instrumentation, in Encyclopedia of
Chromatography, 2nd edn (ed. J. Cazes),
Marcel Dekker, New York,
pp. 1743–1758.

26 Gritti, F. and Guiochon, G. (2012) The
current revolution in column technology:
how it began, where is it going?
J. Chromatogr. A, 1228, 2–19.

27 Guiochon, G. (2007) Monolithic columns in
high-performance liquid chromatography.
J. Chromatogr. A, 1168, 101–168.

28 Jandera, P. (2011) Stationary and mobile
phases in hydrophilic interaction
chromatography: a review. Anal. Chim.
Acta, 692, 1–25.

29 Tanaka, N., Kimura, H., Tokuda, D.,
Hosoya, K., Ikegami, T., Ishizuka, N.,
Minakuchi, H., Nakanishi, K., Shintani, Y.,
Furuno, M., and Cabrera, K. (2004) Simple
and comprehensive two-dimensional
reversed-phase HPLC using monolithic
silica columns. Anal. Chem., 76 (5),
1273–1281.

Related Web Sites

http://www.chem.agilent.com/Library/
eseminars/Public/Microsoft%20PowerPoint
%20-%20rapid%20HPLC%20Method%
20Development.pdf (accessed September15,
2013).

www.hplc.eu/halo.htm (accessed March 28,
2013).

http://www.interscience.nl/promotiesites/
hypersil/topics/promotiesites/hypersil/
nieuws/hypercarb_technical.pdf (accessed
March 29, 2013).

http://www.knauer.net/fileadmin/user_
upload/produkte/files/Dokumente/
columns/lc_columns/brochures/b_e_co_
blueshell_columns.pdf (accessed March 28,
2013).

http://www.merckmillipore.si/.../201207.144
(accessed March 28, 2013).

http://www.pharmtech.com/pharmtech/
Analytical/HPLC-Method-Development-
and-Validation-for-Pharmac/ArticleLong/
Article/detail/89002 (accessed September
15, 2013).

http://www.phenomenex.com/Kinetex/
CoreShellTechnology (accessed March 28,
2013).

http://www.restek.com/Technical-Resources/
Technical-Library/Pharmaceutical/
pharm_A016 (accessed March 28, 2013).

http://www.richrom.com/application/v2/
public/upload/0/default/157.pdf (accessed
September 15, 2013).

http://www.separationsnow.com/coi/cda/
detail.cda?id=17076&type=Education
Feature&chId=4&page=1 (accessed
September 15, 2013).

www.sequant.com/default.asp?ml=11625
(accessed March 21, 2013).

http://www.sigmaaldrich.com/catalog/
product/supelco/814005?lang=en&
region=GR (accessed March 29, 2013).

http://www.sigmaaldrich.com/etc/medialib/
docs/Supelco/Posters/11887.Par.0001.File
.tmp/11887.pdf (accessed March 29, 2013).

http://www.shimadzu.com/an/hplc/support/
lib/lctalk/2dlc.html.

42 2 Basic LC Method Development and Optimization

http://www.hplc.eu/halo.htm
http://www.interscience.nl/promotiesites/hypersil/topics/promotiesites/hypersil/nieuws/hypercarb_technical.pdf
http://www.interscience.nl/promotiesites/hypersil/topics/promotiesites/hypersil/nieuws/hypercarb_technical.pdf
http://www.interscience.nl/promotiesites/hypersil/topics/promotiesites/hypersil/nieuws/hypercarb_technical.pdf
http://www.knauer.net/fileadmin/user_upload/produkte/files/Dokumente/columns/lc_columns/brochures/b_e_co_blueshell_columns.pdf
http://www.knauer.net/fileadmin/user_upload/produkte/files/Dokumente/columns/lc_columns/brochures/b_e_co_blueshell_columns.pdf
http://www.knauer.net/fileadmin/user_upload/produkte/files/Dokumente/columns/lc_columns/brochures/b_e_co_blueshell_columns.pdf
http://www.knauer.net/fileadmin/user_upload/produkte/files/Dokumente/columns/lc_columns/brochures/b_e_co_blueshell_columns.pdf
http://www.merckmillipore.si/.../201207.144
http://www.pharmtech.com/pharmtech/Analytical/HPLC-Method-Development-and-Validation-for-Pharmac/ArticleLong/Article/detail/89002
http://www.pharmtech.com/pharmtech/Analytical/HPLC-Method-Development-and-Validation-for-Pharmac/ArticleLong/Article/detail/89002
http://www.pharmtech.com/pharmtech/Analytical/HPLC-Method-Development-and-Validation-for-Pharmac/ArticleLong/Article/detail/89002
http://www.pharmtech.com/pharmtech/Analytical/HPLC-Method-Development-and-Validation-for-Pharmac/ArticleLong/Article/detail/89002
http://www.phenomenex.com/Kinetex/CoreShellTechnology
http://www.phenomenex.com/Kinetex/CoreShellTechnology
http://www.restek.com/Technical-Resources/Technical-Library/Pharmaceutical/pharm_A016
http://www.restek.com/Technical-Resources/Technical-Library/Pharmaceutical/pharm_A016
http://www.restek.com/Technical-Resources/Technical-Library/Pharmaceutical/pharm_A016
http://www.richrom.com/application/v2/public/upload/0/default/157.pdf
http://www.richrom.com/application/v2/public/upload/0/default/157.pdf
http://www.separationsnow.com/coi/cda/detail.cda?id=17076&amp;type=EducationFeature&amp;chId=4&amp;page=1
http://www.separationsnow.com/coi/cda/detail.cda?id=17076&amp;type=EducationFeature&amp;chId=4&amp;page=1
http://www.separationsnow.com/coi/cda/detail.cda?id=17076&amp;type=EducationFeature&amp;chId=4&amp;page=1
http://www.sequant.com/default.asp?ml=11625
http://www.sigmaaldrich.com/catalog/product/supelco/814005?lang=en&amp;region=GR
http://www.sigmaaldrich.com/catalog/product/supelco/814005?lang=en&amp;region=GR
http://www.sigmaaldrich.com/catalog/product/supelco/814005?lang=en&amp;region=GR
http://www.sigmaaldrich.com/etc/medialib/docs/Supelco/Posters/11887.Par.0001.File.tmp/11887.pdf
http://www.sigmaaldrich.com/etc/medialib/docs/Supelco/Posters/11887.Par.0001.File.tmp/11887.pdf
http://www.sigmaaldrich.com/etc/medialib/docs/Supelco/Posters/11887.Par.0001.File.tmp/11887.pdf
http://www.shimadzu.com/an/hplc/support/lib/lctalk/2dlc.html
http://www.shimadzu.com/an/hplc/support/lib/lctalk/2dlc.html

	2. Basic LC Method Development and Optimization
	2.1 Introduction
	2.2 Theoretical Aspects
	2.2.1 Retention Factor k
	2.2.2 Selectivity α
	2.2.3 Peak Asymmetry
	2.2.4 Efficiency of Chromatographic Column and Theoretical Plates
	2.2.5 Resolution Rs
	2.2.6 The Fundamental vanDeemter Equation

	2.3 Controlling Resolution
	2.3.1 How to Improve N
	2.3.1.1 Physical Characteristics of Packing Material

	2.3.2 Increase of k
	2.3.3 Factors Influencing Selectivity or How to Improve α?
	2.3.3.1 Optimization of Mobile-Phase Composition
	2.3.3.2 pH Control, Ion-Pair Reagents, and Other Additives
	2.3.3.3 Temperature
	2.3.3.4 Stationary Phase and Column Selection
	2.3.3.5 Stationary Phase and Packing Material Composition


	2.4 Method Development Strategy
	2.4.1 Gradient Elution versus Isocratic
	2.4.2 Other Parameters in LC Method Development

	2.5 Current and Future Trends
	2.5.1 Two-Dimensional Chromatography

	2.6 Conclusions
	References


