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Nothing is as practical as good theory 
L. Boltzmann 
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Abbreviations 

� Selectivity 
�P Pressure drop over the column 
� Adsorption energy 
� Viscosity of the eluent 
� Eigenvalue of matrix I+��q see Eq. (10) 
� Local adsorption model used in AED calculations 
� Phase ratio (Va / V0) 
�� Standard deviation 
�� Initial condition for solving Eq. (2) 
a Distribution coefficient (Langmuir model) 
A, B, C Terms in the van Deemter equation 
AED Adsorption energy distribution 
AGP �1-acid glycoprotein 
C Solutes concentration in the mobile phase 
C0 Plateau concentration in the mobile phase 
CEC Capillary electrochromatography 
Da Apparent dispersion constant (in ED model) 
DM D- Methyl mandelate 
DMSO Dimethyl sulfoxide 
E Separation impedance 
ECP Elution by characteristic points (method) 
ED Equilibrium-dispersion (model) 
EM Ethyl mandelate 
FA Frontal analysis (method) 
FACP Frontal analysis by characteristic points (method) 
FDA US food and drug administration 
H Height equivalent of a theoretical plate  
HILIC Hydrophilic interaction chromatography 
HPLC High performance liquid chromatography 
I Unit matrix 
IMP Inverse method on plateau (method) 
ISMN Isosorbid mononitrat 
ISMN-T Tritium labeled ISMN 
IUPAC International union of pure and applied chemistry 
k Retention factor (formerly k’) 
K Association equilibrium constant (Langmuir model) 



 

K0 Pre-exponential factor related to the adsorption energy 
L Column length 
LC Liquid chromatography 
LM L- Methyl mandelate 
LSER Linear solvation energy relationship 
LSST Linear solvent-strength theory 
ME Metoprolol 
MIP Molecular-imprinting polymer 
MM Methyl mandelate 
MM*, EM* Deuterium labeled MM and EM 
MS Mass spectrometry 
N Number of theoretical plates (column efficiency) 
NPLC Normal phase liquid chromatography 
OTC Open tubular columns 
PAT Process analytical techniques 
PB 2-phenylbutyric acid 

pHs
s  pH calibrated and measured in organic aqueous mixture 

pHs
w  pH measured in organic aqueous mixture and calibrated 

in aqueous solution 
pHw

w  pH calibrated and measured in aqueous solution. 

PP Perturbation peak 
PPR 3-phenyl-1-propranol 
q Solute concentration in the stationary phase 
q, C Concentration vectors in the stationary and mobile phase,

respectively 
qs Monolayer saturation capacity (Langmuir model) 
R Universal gas constant 
RPLC Reversed phase liquid chromatography 
RS Resolution 
RSD Relative standard deviation 
SPR Surface plasmon resonance 
t Time 
T Temperature 
t0 The column hold-up time 
TP Tracer pulse 
u Linear velocity 
UPLC Ultra performance liquid chromatography 
V0 The column hold-up volume 
Va Stationary phase volume (in the column) 
Vinj Injection volume 
VR Retention volume 
z Distance 
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1. Introduction 

According to IUPAC (International Union of Pure and Applied Chemistry) 
chromatography is defined as: “a physical method of separation in which the 
components to be separated are distributed between two phases, one of 
which is stationary (the stationary phase) while the other (the mobile phase) 
moves in a definite direction” [1].  The chromatographic method is classified 
by specification of the mobile phase; three different methods are widely 
recognised: gas chromatography, liquid chromatography (LC) and super-
critical fluid chromatography.  As stationary phases solids or liquids are 
used.  The stationary phase could be formed as a planar (paper chromatogra-
phy or thin layer chromatography) or a column made of stainless steel, glass 
or fused silica.  In this thesis LC, using packed columns with micro porous 
silica (SiO2) particles, is investigated. 
 
Chromatography is used in nearly all chemical and scientific fields.  The 
pharmaceutical industry uses chromatography e.g. to estimate the purity of 
drugs, to determine the fraction of free drug in blood or to investigate drug-
protein interaction using columns with proteins immobilized on the chroma-
tographic media [2].  The proteomics society often uses capillary columns 
coupled to mass spectrometer (MS) in search of biomarkers to improve early 
diagnosis.  Complex samples can contain thousands of different components 
in huge concentration ranges.  Many times unidimensional LC is not suffi-
cient to handle this separation problem.  Therefore, comprehensive two-
dimensional LC are often used to increase the peak capacity (the maximum 
numbers of peaks that could be fitted in an elution window with fixed resolu-
tion) [3,4], but still biomarkers are usually found in extremely low quantity 
so brute-force methods are often unsuccessful.  Another promising approach 
that could be used if some properties of the biomarker are known is to in-
crease the specificity by using ion-exchange or lectin chromatography cou-
pled with specific immunodetection [5].  By increasing the specificity one 
could also study different protein isoforms.  Klaus Unger speculated that the 
future separation trend should be the rediscovery of selectivity [6]. 
 
Chromatography is also used in process industry to modulate process fluids.  
The trend in process chromatography is to implement more continuous and 
semi-continuous chromatographic separation mode like: simulated moving 
beds [7] and steady state recycling [8].  Continuous and semi-continuous LC 
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is hard to optimize without using computer assisted optimization.  Recently, 
process analytical technology (PAT) was introduced as an initiative from the 
Food and Drug administration (FDA) [9].  The goal of PAT is that the phar-
maceutical industry should increase their understanding of the processes, and 
in that way develop a less restrictive regulatory approach to manage changes 
without regulatory submissions.  Some recommended methods were multi-
variate and physical model-based.  In this thesis, a model-based methodol-
ogy is used to describe and understand the separation system. 

1.1. Modern trends in LC 
Separation science always tries to achieve better and better separations. The 
new trends try to solve some type of separation problem or improve the 
separation.  One way to describe the separation between two Gaussian peaks 
is to calculate the resolution (RS) [10]: 
 

N
k

kR ��
�

	



�

�


�
�
	



�
� �

�
2

2
S 1

1
4
1

�
� ,  (1) 

 
where N is the efficiency (number of theoretical plates), k2 is the retention 
factor of the second eluting compound and � is the selectivity.  N is a meas-
urement of band broadening and is defined as N = L/H  = L2/�2, where H is 
the height equivalent of a theoretical plate, L is the column length and �2 is 
the variance of the elution zones.  The retention factor is defined as (VR-
V0)/V0 where VR and V0 are the retention volume and hold-up volume, re-
spectively.  Finally, the selectivity is defined as the ratio between two solutes 
retention factors (� � 1).  If the RS = 1.5 we have 6� units between the peaks’ 
zone centers which corresponding to a co-elution of the two compounds in 
the amount of 0.2% and RS = 1 corresponds to 4� units and 2% co-elution.  
In Eq. (1) it is obvious that for a pair of solutes with reasonable retention 
factors we could increase the resolution by either improving the selectivity 
or the efficiency. 

1.1.1 The efficiency trend 
It has been a never ending trend to decrease the particle size, in order to im-
prove the efficiency, all the way from the 100 μm particles of the fifties to 
the modern sub-2 μm porous spherical particles of today.  The trend was 
actually responsible for the birth of High Performance Liquid Chromatogra-
phy (HPLC).  The optimum H is around 2 particle diameters; but with de-
creasing particle sizes, the backpressure increases inversely proportional to 
the square of the particle diameter.  The flow rate also affects the efficiency.  
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Using the van Deemter curve H = A + B/u + C·u we could estimate a rela-
tionship between the linear velocities u (u = L/t0 where t0 is the column hold-
up time) and H.  The A-term describes the dispersion (different length of 
longitudinal flow paths), the B-term the molecular diffusion and the C-term 
is the resistance to mass-transfer.  Note that the terms are solute dependent.  
With decreasing particles sizes the A-term and C-term will decrease due to 
shorter irregular longitudinal path length and reduced diffusion distance, 
respectively, leading to higher optimum linear velocity (the linear velocity 
where H is minimum).  For example, if the particle size is decreased in an 
already established method, the method can be operated under larger linear 
velocity achieving the same efficiency (and thus maintained RS) using 
shorter columns.  Reducing the column length will not only increase the 
speed but also increase the sensitivity as the sample zone(s) get less diluted.  
Because of the limited operational pressure for HPLC (400 bar) the full po-
tential of reduced particle size can not be utilized.  As a consequence the 
column length has therefore also been decreased with decreasing particle 
size to operate the separation system within the pressure limit, leading to 
non-substantial increases in efficiency.  Today, up to 1000 bars can be deliv-
ered with new commercial HPLC systems.  These systems are called Ultra 
Performance Liquid Chromatography (UPLC).  The LC-GC magazine pub-
lished results from a web-based HPLC survey in early 2007; including the 
future interests.  At the top position, new hybrid column materials, discussed 
below, were mentioned. In the second place, sub 2-μm particles were men-
tioned, followed by UPLC in the third place.  However, normal bore col-
umns using 5-7 μm particles is still most commonly used according to the 
same survey [11]. 
 
Efficiency alone is not good for benchmarking separation performance, be-
cause separation is a compromise between pressure, efficiency and speed.  
Better performance measurements are made using techniques such as the so-
called Poppe plots (plotting log10 (t0/N) vs. log10(N)) [12], recording of sepa-
ration impedance (E = t0/N2·�P/�, where �P is the pressure drop over the 
column and � is the viscosity of the eluent) [13] or determination of peak 
capacity.  The Poppe plot shows that the only effect of decreasing the parti-
cle size of the packing material is to speed up the separation.  By contrast, 
maximum efficiency is achieved with long columns packed with large parti-
cles. As example, Menet et. al. used a 22 m long column and achieving 
nearly a million plates although the cycle time was more than 24h [14].  
However, optimum separation impedance is achieved using capillar electro-
chromatography (CEC) in open tubular columns (OTC) [15]. But, due to 
problems with reproducibility in CEC and the limited loading capacity of 
OTC it has not become a widespread technique. 
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1.1.2 The permeability trend 
Pellicular material consists of a solid core covered with a porous shell.  This 
was first introduced 1967 [16], although the pellicular material did not be-
come immediately popular because in the 70s, 10 μm porous silica particles 
were introduced.  However, the interest has now re-appeared, because the 
low permeability associated with sub-2 μm particles forces the user to invest 
in UPLC systems.  The other advantage of pellicular material is increased 
mass-transfer due to shorter diffusion distances; this effect is manifested in 
the C-term in the van Deemter equation.  Monoliths provide another solution 
to increase the permeability by increasing the external porosity.  Monoliths 
are single continuous porous materials with through-pores that allow the 
flow to percolate through and diffusive pores to increase the surface area.  
Increased permeability allows the user to employ longer columns or in-
creased flow rates [17].  The van Deemter analysis shows that the C-term is 
smaller due to shorter diffusion distances.  However, the A-term is larger, 
probably because large size distribution of the through-pores [18].  Many 
different monolithic materials have been used, e.g. paper, membranes, silica 
[19], metal oxides [20] and organic polymers [21].  Chromolith (Merk) was 
the first commercially available silica rod monolith column with efficiency 
comparable to that provided by 5 μm particles but permeability like a col-
umn packed with 10-15 μm particles. 

1.1.3 Selectivity and new column materials 
Varying pH in the mobile phase is a very powerful method for altering the 
selectivity for solutes with protolytic properties. As an example, if the pH is 
well above the pKa of an organic amine the solute will be uncharged and no 
charged interaction with the phase would be possible; this is often achieved 
at pH > 9.  A few new silica stationary phases stable at pH between 1 and 12 
are now available for reversed phase LC (RPLC) [VI].  Silica used in HPLC 
is amorphous silicon oxide with a non-stoichiometric amount of bound water 
that forms the surface silanol (Si-OH) layer with a concentration of ca. 8 
μmol/m2 [22].  Usually RPLC phases have a grafted alkylsilane layer with a 
surface coverage of 3-4 μmol/m2.  Silanols are classically blamed [23] for 
the bad peak tailing of charge amines, and therefore columns are often ex-
tensively end-capped with trimethylsilyl groups but only around 20-30% 
reductions in unmodified silanols are observed.  However, the polar silanols 
are responsible for partitioning in normal phase LC (NPLC) and hydrophilic 
interaction chromatography (HILIC).  The pI for a silica phases is close to 
2.5 [24], but the surface silanols could have pKa values ranging from 1.5 to 
10.  Siloxanes (Si-O-Si) build up the backbone of the silica particles and are 
also present on the surface.  The siloxanes are hydrophobic in nature but are 
extremely weak in their interactions and contribute little or nothing to the 
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retention.  At neutral and alkaline pH the siloxane is broken by nucleophilic 
attack of hydroxide ions, causing a solvation of the silica backbone. 
 
The new pH stable silica was first mentioned in the 70s and is actually a 
hybrid material, which consist of a combination of silica and organic poly-
mers [25].  The hybrid materials on the market now use methyl or ethyl 
groups distributed throughout the particle (Xterra and XBridge from Waters) 
[26], or surface grafted ethyl bridged (Gemini from phenomenex) [27].  The 
stability is increased because the Si-C bond could withstand hydrolysis much 
better than the Si-O.  The Xbridge particles are prepared from tetraethoxysi-
lane and bis(triethoxysilyl)ethane.  The column lifetime is reduced at low pH 
due to acid hydrolysis of the bound alkylsilane.  Bulky side groups on the 
alkylsilane have shown to sterical shield the bound siloxane from acid hy-
drolysis [28, 29]. Hybrid material and bidentate bound stationary phases also 
seem to increase the stability [30]. 
 
Before the advent of the hybrid material, polymeric and other metal oxide 
materials were used for separations under alkaline conditions.  Both materi-
als have excellent chemical and temperature stability.  However the poly-
meric materials are less pressure resistant than silica.  Also the efficiency is 
lower compared to silica columns due to shrinking or swelling of the phases.  
Metal oxides like: zirconia (ZrO2), aluminina (Al2O3) and titania (TiO2) are 
used in LC.  The metal oxides are pressure stabile and have similar effi-
ciency as silica material.  However the popularity for metal oxide is mild due 
the few commercially available phases, silanization chemistry cannot be 
used due to stability reasons [31] and a more complex retention mechanism 
e.g. ligand exchange on strong Lewis acid sites (around 3-4 μmol/m2), and 
anion exchange due to higher pI of the metal oxides [32]. 
 
The silica hybrid material has improved the chemical stability many times 
over, but for only short-term use.  For long-term use under chemically ag-
gressive conditions and elevated temperature only polymeric and metal ox-
ide materials work.  High temperature separations are some times called 
green chromatography because less organic modifier or even pure water 
could be used as eluent.  The reason for this is that the solvent-strength in the 
eluent increases with increasing temperature e.g. an increase of the tempera-
ture with 4-5ºC approximately equals a reduction of 1 % methanol or ace-
tonitrile [33, 34].  Also the mass-transfer and molecular diffusion increases 
with temperature, resulting in lower C-term but a higher B-term [35]. 
 
Another trend is HILIC that has increased in interest [36] probably due to its 
nearly orthogonal selectivity compared to RPLC [37].  As eluent 5-40 % 
aqueous buffer solutions are used in mixture with acetonitrile; the stationary 
phase is polar e.g. pure silica, diols, zwitterions or sugar [36].  HILIC is es-
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pecially good in separating organic bases, sugar and other polar compounds, 
that are sparingly soluble in the non-polar eluents used in NPLC. 
 
Molecular-imprinting polymer (MIP) is another selective phase.  The princi-
ple behind this phase is that functional monomers form a complex with the 
template (desired solute analog), this complex is maintained through polym-
erization with cross-linkers and finally the template is washed off to reveal 
the recognizing cavity.  The MIPs exhibit usually good selectivity, but suf-
fers from slow mass transfer and a heterogeneous adsorption mechanism 
[38]. Due to these disadvantages the eluted peaks are broad and asymmetri-
cal and hence the MIPs are now mainly used for solid phase extraction [39]. 

1.2. Phase system characterization 
System characterization is done mainly to increase the knowledge of the 
performance of the separation system. The recent guidance for PAT from 
FDA [9] has increased the interest from the industry to improve their knowl-
edge about the systems. 
 
The column could be characterized using material science methods or chro-
matographic methods; the latter methods can be further classified as linear or 
semi-linear or thermodynamic and nonlinear. In the linear and semi-linear 
chromatographic methods we aim at screening the properties of many col-
umns whereas the latter two methods aim at a deeper understanding of one 
specific column. 
 
Many linear methods aim at screening columns for the identification of those 
with different selectivity for method development or for the identification of 
columns with similar selectivity as backups / replacements.  However, most 
of these aspects are useless unless the column manufacturer can deliver re-
producible columns.  The LC-GC magazine survey showed that this is the 
single most important factor when selecting a column supplier [11].  The 
batch-to-batch and column-to-column reproducibility for different solutes 
retention times, retention factors, overloaded profiles and adsorption iso-
therms have been determined on modern silica columns in a series of papers 
from Guiochon and coworkers [40-46].  The results indicate very high batch-
to-batch and column-to-column reproducibility with retention times and 
retention factors having RSD values around 2-3% and 0.5%, respectively.  
For overloading studies good peak and adsorption isotherm reproducibility 
was noted [45, 46]. 
 
One must stress that the column itself is not the only component responsible 
for the separation.  The characterization method should also describe the role 
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of the mobile phase and temperature in the partitioning process.  Even for 
“isoeluotropic” solvent compositions the selectivity could be altered depend-
ing on the selected modifier used in the RPLC eluent.  The different physical 
chemical properties of the modifiers have been summarized in the so called 
”solvation-selection-triangle” [47].  The complexity is even larger for 
charged compounds where mobile phase effects like chaotropic effects, 
shielding of charges and ion-paring also should be considered.  There are 
many reasons for energetically heterogeneous partitioning originating from 
the surface.  As example, the solute could interact with silanols (ion-dipole, 
induced dipole-dipole etcetera) ranging from several hundred kJ/mol to less 
than 1 kJ/mol in adsorption energy [48].  Other examples involve trace levels 
of metals leading to increased acidity of residual silanols, interactions be-
tween trace metals and chelating agents, homogeneous distribution of 
ligands on a heterogeneous surface [49, 50] and bound-phase forming cavi-
ties that are responsible for steric selection [51]. 
 
Many different material science methods are used to characterize fundamen-
tal surface and bulk properties.  Some properties determined are: surface 
area, pore volume, pore size distribution, particle size distribution, total car-
bon load and trace metals in the silica matrix [52].  All these properties are 
useful but will not directly be related to a chromatographic situation.  Still, 
material science methods can be very valuable complements to chroma-
tographic methods. 
 
Linear characterization is often done by injecting analytical concentrations 
of different test solutes to probe different interactions responsible for reten-
tion.  Usually, the retention factor, the peak asymmetry, and the selectivity 
between some test solutes are determined.  However, often the asymmetry is 
not included because of the low inter-laboratory reproducibility for this pa-
rameter [53].  Some common tests used are referred to as “Engelhardt” [54], 
“Tanaka” [55], “Walters” [56] and “Galushko” [57].  The problem associ-
ated with these types of tests is that the results are not directly comparable 
because different conditions and solutes are used [58].  Many times columns 
are clustered using principal component analysis into similar and dissimilar 
groups, but this approach ends up with very little gain in physical-chemical 
information.  To get more information of this type a model based approach 
like linear solvation energy relationships LSER can be used.  The LSERs is 
based on describing the bulk properties between the stationary and mobile 
phase using linear terms that relate to some interaction.  It is a general 
method that can be used to describe many different systems and operational 
conditions [59].  However, so far the method can not properly predict reten-
tion and is therefore seldom used for optimization of separations.  A similar 
model, called the hydrophobic-subtraction method, is primarily developed 
and used for characterization and classification of type B alkyl-silica phases 
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(phases using sol-gel technology); this model usually predicts the retention 
factor within 2%.  Also here linear descriptors are used, but now recognized 
RPLC retention mechanisms such as hydrophobic interaction, steric resis-
tance, ion interaction and hydrogen bond donation and acceptance is used 
[60].  The models above can at best predict retention times.  For a proper 
peak-shape analysis, a microscopic or macroscopic column model is re-
quired [61-64]. 
 
Semi-linear characterization is mainly used by McCalley and coworkers 
[65].  The method is fast and estimates the columns saturation capacity by 
injecting a series of solutions with increasing concentration until the “effi-
ciency” is decreased to at least half.  For heterogeneous adsorption processes 
the high energy site at low concentrations are primarily responsible for trans-
forming the peak into a right angled-triangular peak, and hence the method 
can only provide a rough saturation capacity for the high energy site. 
 
Thermodynamic characterization is usually conducted by plotting the van’t 
Hoff plot (k vs. 1/T, where T is the absolute temperature (Kelvin)).  The 
method provides the entropy, enthalpy and Gibbs free energy for transferring 
a solute from the mobile phase to the stationary phase assuming temperature 
independent entropy.  For small solutes usually the enthalpy is between -10 
to -15 kJ/mol [66].  The information could give insights into which kind of 
interaction is dominant in the partitioning process and is essential for tem-
perature gradient elution [66, 67].  The limitation is that all different types of 
interaction are lumped into one term. 
 
Nonlinear characterization is based on determining the adsorption isotherm 
over a broad concentration range to give a complete census of all interac-
tions - weak as well as strong [68, 69, VI].  By determining the adsorption 
isotherm at different temperatures and assembling a van’t Hoff plot for each 
mechanism, mixed sorption mechanisms could be studied and information of 
each site could be obtained [2, 71, 72, VII].  Another advantage is that an 
accurately determined adsorption isotherm could directly be used in a mac-
roscopic column model to predict peak profiles for process optimization.  
Conditions for conducting nonlinear characterization are discussed in depth 
in Section 3. 
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1.3. Aim of study 
The aims of the present work were: 
� To study and contribute to the nonlinear theory of adsorption chromatog-

raphy, with focus on of the “white spots” on the theoretical chroma-
tographic map [I-V].  This has a great didactic value as well as being im-
portant for extending the fundamental knowledge about chromatography.  
Fundamental knowledge is important for further improvement of adsorp-
tion isotherm determination methods. 

� To improve existing methods and develop new methods for adsorption 
isotherm determination [I, III, IV, V], especially the tracer pulse method 
[I, IV] and elution by characteristic points [V]. 

� To use the newly improved method, to characterize alkaline stable silica 
columns at different pH and thereby to improve the knowledge of their 
adsorption mechanism [VI]. 
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2. Theory and Methodology 

Most people working with chromatography work practically and in the ana-
lytical concentration range (linear chromatography) and are not familiar with 
the field of nonlinear chromatography. So, this section is written to introduce 
these readers to the field of nonlinear chromatography. 

2.1 Modeling Chromatographic separation 
Some basic knowledge about the separation mechanism and the factors con-
tributing to band broadening are essential before choosing the appropriate 
column model.  Classical van Deemter plots are a good start to analyze the 
primary causes of the band broadening. 
 
At fast mass transfer kinetics, the equilibrium-dispersion (ED) model can be 
used [I-VI] to approximate the migration of molecules through the column: 
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Where �� represents the phase ratio (volume of the stationary phase divided 
by volume of the mobile phase), Ci and qi are concentrations of the i:th sol-
ute in the mobile and stationary phases at position z in the column at time t, 
respectively.  In preparative chromatography qi is a nonlinear function de-
pending on C1, C2,…, Cn, and in this thesis it is described by adsorption iso-
therms.  The small deviations from equilibrium are described with an appar-
ent dispersion constant (Da), defined as Da = L·u/(2·N).  To solve Eq. (2) 
initial and boundary conditions, Eq. (2a), are also needed [68]. 
 
The ED model is a good choice when separating small solutes with RPLC, 
as in this thesis [I-V]; such systems are highly efficient with fast mass trans-
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fer kinetics.  It has been shown that homogeneous kinetic models give nearly 
identical result as the equilibrium-dispersive model if N is larger than a few 
hundred plates [68].  However, for heterogeneous mass transfer kinetics the 
situation is more complicated [73-75].  In this thesis, the ED models were 
numerically solved using the Rouchon finite difference scheme [76]. 
 
Another model is the ideal model [III, V, 68].  This model assumes that the 
mass transfer kinetics is infinitely fast and that no axial dispersion is present 
in the chromatographic column, i.e. Da = 0.  Thus, the value of N is infinitely 
large and the band profiles are only controlled by the thermodynamics of the 
system.  At experimental situations using high loading factors the contribu-
tion from kinetics on the peak width is moderate and the thermodynamics 
has a major influence on the band profile [77].  In the linear concentration 
range, the kinetics has the major influence on the band profiles.  Thus, the 
ideal model is not proper for prediction of analytical-size peak profiles. 

2.2. Thermodynamic description of adsorption 
An adsorption isotherm describes the relationship between the solutes con-
centration in the mobile and stationary phases at a specific and constant tem-
perature (isothermal condition).  Several different adsorption isotherm mod-
els are available for describing an n-component system.  The models could 
be explicit i.e. qi = f(C1, C2,…, Cn) or implicit i.e. qi = f(C1, C2,…, Cn, q1, 
q2,…, qn).  The main problems associated with implicit functions e.g., the 
electrostatic modified n-Langmuir models [78, 79] are that the calculation of 
band profiles with the ED model is that a nonlinear equation is needed to be 
solved in each step, leading to extremely long calculation times [80].  An 
adsorption isotherm is also classified according to the shapes of the isotherm 
curves [81], see Figure 1. 
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Figure 1. The left column shows types I, II and III adsorption isotherms and the 
right column shows their corresponding elution profiles. 

Most reported liquid-solid adsorption processes are described with type I 
Figure 1a, e.g. Langmuir and Tóth, but also more complicated type II (Fig-
ure 1b) or type III (Figure 1c) e.g. Moreau models have been reported.  In 
the right column of Figure 1, the corresponding elution profiles are plotted.  
Type II and III adsorption isotherms have vertical asymptotes which are not 
realistic in LC because these adsorption isotherms do not reach saturated at 
higher concentrations.  A type II or type III adsorption isotherm that gets 
saturated at higher concentrations is referred to as type IV and type V, re-
spectively [68, 81].  However, if the solute solubility is low, the saturation at 
high concentrations can not be determined. 

2.2.1. Single component adsorption isotherms 
The Langmuir adsorption isotherm is the simplest nonlinear adsorption iso-
therm describing a finite amount of equal adsorption sites [82].  The model 
assumes ideal solution (i.e., no solute-solute or solute-solution interactions), 
monolayer coverage and that all adsorption sites are equivalent (identical 
adsorption energies).  The n-Langmuir is an empirical expansion of the 
Langmuir assuming that we have n different ideal adsorption sites [83]: 
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where qs,j and Kj are the column’s monolayer saturation capacity and asso-
ciation equilibrium constant for site j, respectively.  The distribution coeffi-
cient or the Henry constant (aj) is the equilibrium constant for infinite dilu-
tion for site j; the sum of all aj values gives the initial slope of the adsorption 
isotherm.  If j = 1 we get the Langmuir model, j = 2 the bi-Langmuir model, 
etc.  The association equilibrium constant has an exponential relationship 
with the adsorption energy: 
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where � is the adsorption energy, R is the universal gas constant and K0 is the 
pre-exponential factor.  This relationship shows that the adsorption energy is 
proportional to ln K.  The Langmuir model has an adsorption energy distri-
bution (AED) related to a Dirac function at an adsorption energy correspond-
ing to the equilibrium constant with area of qs.  For the n-Langmuir the AED 
consists of n different Dirac functions with areas of qs,j. 
 
In this thesis, the Langmuir model has been used to describe the adsorption 
of uncharged solutes to alkyl-silica phases [I-VI].  The Langmuir models 
have been used for many applications because of their simplicity in e.g. ex-
plaining chiral adsorption [84] and protein adsorption to agarose and dextran 
ion-exchangers [85]. 
 
The bi-Langmuir model has successfully been used to describe the adsorp-
tion of enantiomers to protein stationary phases e.g. �1-acid glycoprotein 
(AGP) in Papers I-III.  The adsorption process consists of two different 
types of sites, one enantioselective and one nonselective [2]. The nonselec-
tive sites have large capacity but low adsorption energy representing many 
different adsorption sites of similar energy-level all over the surface.  The 
enantioselective sites have low capacity but high adsorption energy and 
could be the active site of a protein.  The nonselective site is responsible for 
the overall retention but decreases the selectivity [86].  The bi-Langmuir 
model has also successfully been used to describe the adsorption of charged 
solutes in Papers V-VI and some uncharged solutes like phenol and caffeine 
to C18 silica columns [X, 87].  The low capacity site becomes saturated at 
very low concentrations which results in a thermodynamic peak tailing as 
opposite to kinetic.  Often, the strong site is blamed for causing bad peak 
performances, but on the other hand, in many cases the high energy site is 
actually responsible for the selectivity, e.g. chiral phases [88]. 
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Many other single component adsorption isotherms exist which describes 
other more complicated adsorption processes. Examples are: the Tóth ad-
sorption isotherm that has an unimodal heterogeneous AED that tails toward 
lower energy [89] and the Moreau model that accounts for solute-solute in-
teractions [90]. 

2.2.2. Multi-component adsorption isotherms 
In any real separation case, at least two compounds should be separated from 
each other.  To predict profiles in a multi-component system, one mass bal-
ance equation Eq. (2) is written for each compound.  The mass balance ex-
pressions are coupled trough the competitive adsorption isotherm [68].  If 
the total concentration of all compounds is finite, each compound will com-
pete for the space on the surface and competitive adsorption isotherm models 
are required.  The simplest model describing this is the competitive Lang-
muir equation: 
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where the i indicates the compound in the mixture.  The competitive Lang-
muir adsorption isotherm will be a plane for two components.  The binary 
Langmuir adsorption isotherm has been used to describe the separation of 
ethyl and methyl mandelate, see Figure 5 in Paper IV.  The determination 
of competitive adsorption isotherms is much more tedious and complicated 
than the determination of single component isotherms [68].  Because of its 
simplicity the competitive Langmuir adsorption isotherm is frequently used 
in process optimization. 

2.2.3. Adsorption energy distribution (AED) 
Most partitioning is energetically heterogeneous; therefore the theory should 
be able to handle this.  The Langmuir adsorption isotherm model can be 
extended to a continuous distribution of independent homogeneous sites 
across a certain range of adsorption energies. 
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where �(C, K) is the local adsorption model (usually the Langmuir or 
Jovanovic model is used, but also BET has been used as local model [91]) 
and f(ln K) is the AED.  Kmin and Kmax are governed by 1/Cmax and 1/Cmin, 
respectively, where Cmin and Cmax are the lowest and highest mobile phase 
concentrations measured in the adsorption isotherm [92].  The absolute ad-
sorption energy is never estimated with AED, because K0 in Eq. (4) is not 
defined.  The absolute adsorption energy could be estimated by plotting the 
equilibrium constant at different temperatures in a van’t Hoff plot [93]. 
 
The AED could be solved by many different methods [94].  One method is 
the expectation maximization method [95] where the integral equation is 
discretized to a sum and solved in an iterative manner.  Over-iteration pro-
duces noise throughout the distribution and under-iteration can lead to un-
converted energy sites [X].  Eq. (6) is a fundamental equation, and some 
adsorption isotherms are derived using Eq. (6) [96]. 

2.3 Determination of adsorption isotherms 
Adsorption isotherm determination methods are divided into static and dy-
namic methods [97]; only the latter have been used in this thesis.  In the dy-
namic methods, the adsorption isotherm is determined in a chromatographic 
system using nonlinear chromatographic theory.  In the static method, the 
adsorption is determined many times without the use of a chromatographic 
system.  The main disadvantage of static methods as compared with dynamic 
methods is the relatively long equilibrium times required to reach equilib-
rium, leading to hours per adsorption isotherm data point.  To increase the 
throughput, the static method is some times implemented in parallel, e.g. in a 
96-well microtiter format [98]. 

2.3.1 Frontal analysis (FA) 
Frontal analysis (FA) is usually carried out in a series of programmed con-
centration steps.  These experiments can be a series of steps from 0 to Cn, 
known as step-series mode or successive steps from 0 to C1, then C1 to C2 
etcetera then known as staircase mode.  The typical chromatograms for both 
modes of FA are depictured in Figure 2. 
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Figure 2. Frontal analysis for adsorption of methyl mandelate on C18 columns. Top 
figure some step-series mode and bottom figure staircase mode. 

Integrating the mass balance gives the following equation for the staircase 
mode: 
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where Ci and qi are the solute concentrations in the mobile and stationary 
phase after the i:th breakthrough.  In the step-series mode qi and Ci are zero 
because we always start at concentration zero. VR,i+1 is the breakthrough 
volume, and it can be determined by: (i) the half-height (ii) the inflection 
point and (iii) the center of mass (i.e. the area) method [98].  The center of 
mass method is the only accurate method for determination of unsymmetri-
cal breakthrough curves.  FA is considered to be the most accurate method 
for determination of adsorption isotherms and can be used for any type of 
adsorption isotherm even at slow and concentration dependent kinetics [99].  
However, for multi-component systems we need to determine the composi-
tions of the intermediate plateaus, which mean that a fractionation and re-
injection procedure must be followed for systems with more than two com-
ponents [68].  Unfortunately, it was recently found that high-efficiency col-



 27

umns are required for ternary mixtures, to counteract the erosion of interme-
diate plateaus by kinetic effects [100]. 

2.3.2 Pulse methods 
The tracer pulse (TP) and the perturbation peak (PP) methods belong to the 
so-called pulse methods [101].  If a small excess of molecules is injected 
into a column equilibrated with an eluent containing the identical solute 
molecules (a concentration plateau) one single peak will appear in the chro-
matogram, called the perturbation peak.  The injected molecules are eluted in 
a later eluted and invisible zone. More particularly, a total of three zones are 
created, one of them being the displaced plateau molecules (i.e. the zone 
visualized as a peak) and another later eluting zone being the injected mole-
cules (tracer peak).  The latter zone will be canceled out because it has a 
combined elution with a third zone, the deficiency zone of the plateau mole-
cules, see Figure 3.  This phenomenon was predicted theoretically by Helf-
ferich and Peterson and was called “paradoxal” since it predicted that the 
same solute would have two different velocities [101].  This “paradox” was 
later experimentally verified by us [I]. 

 

 
Figure 3. The figure shows the relationship between the tracer and perturbation 
peaks assuming a type I adsorption isotherm.  The top figure shows a schematic 
chromatogram, and the bottom one shows a schematic type I adsorption isotherm. 
The corresponding tangential and cord are associated with the velocity of the pertur-
bation and tracer peak, respectively.  Reproduced with permission from J. Samuels-
son, R. Arnell , T. Fornstedt. Anal. Chem. 78 (2006) 2765. Fig 1. © 2006 American 
chemical society. 
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Actually the molecules moves with one velocity, but as they are introduced 
they displace some molecules already adsorbed to the stationary phase.  The 
displaced molecules displace other molecules and like a wave crest these are 
pushed in front of the injected molecules that end up in the wave trough.  
This is the simplest case, taking place in a one-component system following 
a type I adsorption isotherm.  For a type III adsorption isotherm the TP 
should instead elute faster than the PP.  For type II the retention volumes 
will be concentration depended, see Figure 4. 
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Figure 4. Retention volumes for perturbation and tracer peaks from type I, type II 
and type III adsorption isotherms.  The gray line is the retention volumes for tracer 
pulses and the black line for the perturbation peaks. 

The PPs can be used for adsorption isotherm determinations because differ-
ent concentrations will have different velocities related to the tangential 
slope of the adsorption isotherm at the actual concentration plateau (C0).  
The retention volume for a single component perturbation peak is: 
 

0

10R
CCdC

dqVV
�

�
�
	



�
� � � ,   (8) 

 
If C0 = 0, and we make an injection of an infinitesimal amount of solute (like 
in analytical chemistry) we can now express the retention factors with the 
initial slope of the adsorption isotherms, for Langmuir adsorption isotherm 
k=���·a. 
 
The tracer peak is impossible to detect due to its combined elution with the 
deficiency zone unless the sample molecules are labeled somehow, for dif-
ferent labeling methods see Paper I and IV.  The velocity of the tracer peak 
is governed by the corresponding slope of the chord.  The retention volume 
for a single component tracer peak is: 
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Both pulse-methods could be used for any type of adsorption isotherm.  For 
n-component systems we will have n PPs and n TPs.  The retention volume 
of the PPs in a multi-component system is described as VR,i = V0·�i, where �i 
is an eigenvalue of the matrix [102-104]: 
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where q�  is the Jacobian of the competitive adsorption isotherm, I is the 
unit matrix, q and C are the stationary and mobile phase concentration vec-
tors for all compounds.  The retention volume of the TP has a much less 
complicated relationship: 
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For multi-component cases the PP method suffers from peak vanishing [104] 
and co-elution of PPs that makes it hard to handle especially at high plateau 
concentrations [103].  This is not any problem for selective detection of TP, 
because TPs could be identified; such is not the case for the PPs [104].  Eqs. 
(8) - (11) are derived assuming that the injected concentration deviation 
compared to C0, does not affect the slope or cord of the adsorption isotherm, 
respectively.  Also the TP method is derived assuming that the tracer should 
have exactly the same properties as the unlabeled compound.  For more dis-
cussion about the TP and PP method see Papers I-IV. 

2.3.3 Characteristic points methods 
It is possible to measure the adsorption isotherm from the diffusive part of a 
profile.  If the diffuse profile comes from an FA step the method is then 
called “frontal analysis by characteristic point method (FACP)”, and if it 
originates from the diffuse part of an overloaded profile it is called “elution 
by characteristic points (ECP)”.  Integrating the diffuse tail of a large over-
loaded profile (Eq. (8)) for a type I adsorption isotherm we get: 

 

� �� ���
C

dCVVCV
V

Cq
0

inj0R
a

)(1)( ,  (12) 



 30 

 
where Vinj is the injected volume and VR(C) is the elution volume corre-
sponding to mobile phase concentration C.  So the ECP method is related to 
the PP method, but now the slopes are integrated to yield raw adsorption 
isotherm data.  In Figure 5 overloaded elution profiles and their correspond-
ing PPs at different concentrations are presented for type I, type II and type 
III isotherms. 
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Figure 5. Overloaded elution profiles originated from a type I, type II and type III 
adsorption isotherm.  The gray lines are the corresponding perturbation peaks. 

From Figure 5 we further see that in the case of type I and type III adsorp-
tion isotherms, the PPs retention volumes are identical to the corresponding 
concentration retention volumes for the diffuse part of the overloaded pro-
files.  This is not the case for type II adsorption isotherms, consequently ECP 
cannot be used for the acquisition of type II adsorption isotherms.  The ex-
planation for band characteristics for peaks containing inflection points may 
be found in reference [105, 106]. 
 
FACP and ECP are derived using the ideal model and assume infinity fast 
mass transfer.  This is a rather good approximation for sufficient efficient 
system.  Analysis of Langmuir adsorption isotherms and bi-Langmuir ad-
sorption isotherms assuming rectangular injections have shown that for the 
Langmuir isotherms N = 2000 is required for a minimum error less than 3% 
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[107].  In the case of a bi-Langmuir model an N of 5000 is required for an 
error less than 5% [108].  However, the authors considered rectangular injec-
tion profiles; this is not the case in an experimental situation.  In Paper V 
the effect of true injection profiles were experimentally investigated. 

2.3.4 The inverse method 
Nowadays, optimization usually involves the inverse method to approximate 
the adsorption isotherm parameters.  The method is based on that the adsorp-
tion isotherm is iteratively estimated by solving an inverse problem of Eq. 
(2), i.e., estimating adsorption isotherms given Ci(t) at the column outlet 
[109].  In the direct method the adsorption isotherm is determined and later 
used to predict profiles.  Practically the inverse method is carried out by first 
assuming a column and adsorption isotherm model.  The simulated profiles 
are compared with experimental and an optimizing routine is used to mini-
mize the differences between experimental and predicted profiles in a least 
square sense [110].  The problem with this method is that model validation 
and optimization are based on the same criteria, namely the models ability to 
predict profiles.  This is bad for column characterization [IX] but beneficial 
for optimizing processes were the prediction of band profiles is essential.  
However, the method has been used successfully for the characterization of 
separations systems where the adsorption isotherm model was known in 
advance [46, 87, 111]. 
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3. Measurement of correct equilibrium data 

Before measurements of equilibrium data, we need to understand the system.  
Some mobile phase compounds (additives) are needed to be treated as extra 
components, e.g. TEA, because it has a strong adsorption to the stationary 
phase [68] while modifiers just affect the partitioning process [112, 113].  
Describing adsorption for an amine using TEA as additive with single com-
ponent adsorption isotherm is not correct and misleading conclusions may be 
drawn from such on approach.  Another aspect is that when we investigate 
the adsorption of protolytic solutes we must ensure that the pH is stable so 
that the ratios of charged and uncharged forms are constant dependent on the 
solute concentration.  Even a minor pH-shift could lead to dramatic changes 
in retention mechanisms.  Both these example will lead to serious errors in 
the interpretation of the adsorption mechanism.  Below, I am going to first 
present some experimental pitfalls and thereafter I will detail a systematic 
method for selecting adsorption isotherm models. 

3.1 Experimental and method considerations 
Several factors need to be considered during characterization, this includes 
such as related to solute, eluent, system or method. 
 
Before we choose a method to determine the adsorption isotherm we need to 
know if the kinetic contributions can be neglected or not.  If our separation 
system is described with concentration dependent kinetics or slow mass 
transfer, especially heterogeneous kinetics, several methods for adsorption 
isotherm acquisition could not be used without loosing accuracy in the ad-
sorption isotherm data.  Especially, the ECP and FACP methods are sensi-
tive to even slight deviations from the ideal model.  The inverse method 
needs a column model that can handle all kinetic contributions correctly to 
deliver accurate parameter estimations.  When measuring adsorption iso-
therms we usually use highly concentrated solutions.  The risk of concentra-
tion dependent kinetics increases with increasing concentration.  Usually this 
is not a problem for small solutes; however, larger solutes like proteins and 
polysaccharides could show large contributions even at low concentrations.  
In concentrated solutions, activity coefficients are needed to be considered if 
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accurate thermodynamic relationships are desired.  In this thesis I did not use 
adsorption isotherm models that consider the activity. 
 
Kinetic effects are not the biggest problem associated with determination of 
adsorption isotherms especially for small solutes on RPLC.  The main prob-
lem is usually the solubility.  In pharmacokinetic studies the equilibrium data 
for the drug-protein partitioning is many times conducted using HPLC or 
SPR-technology (surface plasmon resonance, a biosensor).  Dimethyl sulfox-
ide (DMSO) or other organic solvents are many times added to the aqueous 
buffer to increase drug solubility.  The measured equilibrium data in pure 
aqueous phase and organic mixture solvent will often be different, because 
the organic solvent could change the conformation of the protein, or at least 
act as a modifier altering the partitioning [114, VII]. 

 
The range and density of the data point is another important aspect.  The 
adsorption isotherm determination requires a broad range of concentration 
data; this is especially crucial for heterogeneous adsorption isotherms.  The 
low concentration data investigate the distribution coefficients, the medium 
concentration range is deducing the high energy sites, and finally the high 
concentration data are needed to determine low energy sites.  For adsorption 
isotherms containing inflection point(s) the collected data set should also 
cover these concentration(s).  Götmar tried to fit a Langmuir model for raw 
data originated from a bi-Langmuir model that covered low to high concen-
trations [115].  The Langmuir model fitted very badly, but by removing the 
high concentration data the Langmuir model fitted excellently.  This shows 
that a too narrow concentration interval may result in that the wrong model 
is assumed.  The use of too narrow concentration ranges with only low con-
centration data is rather common in literature, especially in biochemical ap-
plications [116, 117]. Often, and not surprisingly, homogeneous adsorption 
processes give a good description of this data set.  Even worse is that several 
times chiral drugs are investigated (in SPR) without specifying which enan-
tiomer is used [118].  Extrapolating adsorption data is always dangerous.  In 
a study by Felinger et. al. an adsorption isotherm was determined using fron-
tal analysis and the inverse method [109].  Both methods showed large errors 
in adsorption isotherm parameters, and the authors concluded that the deter-
mined saturation capacity is always more or less extrapolated.  This is also 
illustrated in Paper V, were small injection volumes, also lead to too narrow 
concentration ranges.  In another study the importance of low and high con-
centration regions for a system described by a bi-Langmuir model was ex-
perimentally investigated [119].  They found that the bi-Langmuir model 
could be fitted well to adsorption data if the surface coverage was at least 
40% up to 70% were needed for AED calculations.  Missing low concentra-
tion data points lead to larger error in the high energy site, also high energy 
AED sites may be unresolved [X].  The data density was also investigated.  
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No significant effect; down to 8 data points on the adsorption isotherm pa-
rameters were noted, if and only if the data points cover all the interesting 
concentration ranges.  However, this is impossible to know before the ad-
sorption isotherm acquisition and the required data point density is also very 
dependent on the complexity of the adsorption process as mentioned above. 
 
An error in the hold-up time (or the total column porosity) will affect the 
adsorption isotherm parameters and, in a worse case will also lead to that the 
assumption of the wrong adsorption mechanism.  For a separation described 
by the Langmuir model an underestimated hold-up time may lead to the as-
sumption of a more heterogeneous model and for an overestimated hold-up 
time will suggest different adsorption mechanisms like solute-solute interac-
tions (Moreau model) or multilayer adsorption (BET) [IX, X]. 
 
Felinger et. al. found that fluctuations in the column volume between dif-
ferrnt columns, due to the tolerances allowed on the inner diameter of the 
stainless steel column tube, was the primary reason for variations in the re-
tention time during column-to-column reproducibility studies [120].  The 
fluctuation in the retention factors was due to variation in the column poros-
ity. 
 
Depending on the method selected for adsorption isotherm acquisition dif-
ferent amounts of time are required to collect the full data set, e.g. for FA 
around 12 h is needed.  However, the ECP and the inverse method require 
much less time.  During this time it is very important that the mobile phase 
composition, temperature and flow rate are constant.  An error in the flow 
rate will generally only affect the determined saturation capacity or the dis-
tribution coefficient [93], and the error will be proportional to the error in the 
flow rate.  For the variation of the eluent composition the error is little more 
complex.  A generally accepted theory, used in analytical chromatography, is 
Snyder’s linear solvent strength theory (LSST) [121, 122].  The LSST shows 
that the logarithms of the retention factors have a linear relationship with the 
fraction of modifier.  For nonlinear adsorption isotherms the effect is not as 
well investigated, but some studies show that the equilibrium constants usu-
ally follow the LSST [93, 123, 124].  Finally control of the temperature is 
essential if isothermal parameters are to be measured.  Experimentally this 
could be done by using water baths.  The temperature effect on the equilib-
rium constant could be estimated using the van’t Hoff relationship and Eq. 
(4).  However, deviations from linear van’t Hoff plot are common; therefore 
caution should be taken, because a temperature increase will lead to a re-
duced back pressure that affects the enthalpy of all solutes especially those 
with large partial molar volume [66].  Generally, higher energy sites are 
more affected than those of low energy, making the adsorption process more 
homogeneous [75, 125].  This is also supported with less steric selectivity at 
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high temperature [126].  Above, constant errors were discussed.  But usually 
the parameter fluctuates or drifts in one direction with time.  Also the mobile 
phase composition and temperature has a nonlinear relationship for changes. 
Therefore this will be more complicated to handle, because the error will 
affect each data point differently. 
 
Sample – eluent mismatch is another source for errors. The reasons for sam-
ple-eluent mismatch during characterization studies are numerous e.g. the 
sample may be dissolved in a different solvent for increasing solubility, the 
organic portion may have evaporated differently in the eluent compared to 
the sample, dissolved solute cause changes in the pH or viscosity. 
 
If there is a difference in viscosity between the samples and the eluent, the 
sample band in the column may suffer from hydrodynamic instability.  The 
instability can give rise to a “fingering” structure as the low viscous solution 
fingers into a high viscous solution thereby deforming the peak [127, 128].  
Also a solvent-strength mismatch between the sample and eluent could lead 
to peak distortion or even multiple peak-split [129, 130].  In an investigation 
large volumes of linear concentrations were injected with a lower pH so that 
the solute had a stronger affinity forward the column in the sample solution 
compared to that present in the eluent.  The author believed that the sample 
solution created a pH gradient so that the solute zone got compressed [131].  
The pH mismatch has not been investigated for overloaded elution.  This 
was a main issue in Paper VI.  Unpublished results show that this could lead 
to injection volume dependent peak deformation or compression.  The sam-
ple-eluent pH mismatches could lead to large errors in the determined ad-
sorption isotherms.  However, it is generally recognized that the adsorption 
isotherms of protolytic solutes is pH dependent [87, 111, VI].  Below some 
basic concepts about pH and the modifiers’ effect on the pH is presented. 
 
In an aqueous buffer the pH is usually measured with a glass pH electrode, 
calibrated with pH standard solutions.  Classical pH definitions with activity 
are only valid in dilute solutions [132].  This is because direct thermody-
namic relationships between hydrogen ion activities do not exist in many 
solutions.  The new better definition of pH started to be adopted in the 50s 
accounting for differences in electrochemical response from a standard solu-
tion and sample, in other words the measured pH.  Dissolving an associated 
acid in a buffer with a pH larger than the solutes pKa will lead to a decreas-
ing pH in the buffer, if the dissociated form is used instead, the pH will only 
be to a minor degree affected.  For analytical concentrations this is usually 
not a problem.  However, for adsorption isotherm studies the solute concen-
tration many times exceeds the buffer capacity and this could lead to large 
pH mismatch between the sample and the eluent. 
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In RPLC organic modifiers are also added to the aqueous buffer.  The auto-
protolysis constant for pure water is around 14 (at 25oC), for pure methanol 
it is around 16.77.  The autoprotolysis constant of mixtures of methanol does 
not have a linear correlation between pure methanol and water and at 50% 
(v/v) it is 14.14.  As a consequence of this, we have to define three different 
pH scales: the first one is pH measured and calibrated in aqueous solution 

pHw
w , the second pH measured in the organic aqueous mixture and cali-
brated in aqueous solution pHs

w  and finally pHs
s  where pH is both meas-

ured and calibrated in the organic aqueous mixture.  The calibration solution 
defines the standard state.  The second difference is that the pKa values of the 
protolytic compound changes with addition of organic modifier and the 
change is compound dependent.  However, generally the pKa increases for 
weak acids (phosphate, carbonate, acetate) and decreases for weak basis 
(ammonia, amino alcohols) with increasing organic fraction.  As stated 
above, the retention time for protolytic compounds are dependent on the pH, 
but because of the factors mentioned above pHw

w  has a bad correlation with 
predicted retention time and the pHs

s  and pHs
w  have a much better correla-

tion to the predicted retention time, see Figure 1 in Paper VI.  Similar ar-
guments as for methanol hold also for acetonitrile and tetrahydrofuran [133-
135]. 
 
Many of the column stability studies conducted by scientists [136-138] and 
column manufactures [27, 139, 140] only report the pHw

w  scale.  To make a 
fair comparison even more difficult different buffer systems and modifiers 
are used in these studies.  In addition, results have shown that the mobile 
phase composition also influence the longevity of the column [136, 141].  
However, even though substantial knowledge has been gain from this re-
search caution should be taken during column stability comparison per-
formed under the same pHw

w  but using different buffers, and modifiers, or if 
the eluent is recycled [142, 143] or not [136, 144, 145] during the investiga-
tion. 

3.2 Adsorption isotherm model selection 
In earlier work adsorption isotherm models have more or less been selected 
only based on fitting to a preferred model.  The preferred model was most 
commonly the simple Langmuir model, and rival models were seldom 
tested.  More recently, a more stringent way has been proposed consisting of 
several steps for analyzing the raw data before the final model selection.  To 
have a correct model is not necessarily a requirement when we are interested 
in predicting profiles for optimizing processes; here we choose as simple a 
model as possible that could give a good prediction.  However, if our interest 
is to understand the chromatographic process we need to choose models that 
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better describe the true physical interactions.  In this section, I am going to 
guide you through a more rigorous method to decide which model is best for 
describing the system.  The method is presented as a flow sheet in Figure 6. 
 

Determine raw data

Scatchard plot Plot dq/dC vs C

AED

Fit to rival models

Predict profiles

Raw adsorption data Raw dq/dC data

 
Figure 6. Flow sheet of the adsorption isotherm selection procedures for raw data. 

At first, the adsorption isotherms are categorized as to type of adsorption 
isotherm by visual inspection of overloaded peaks, see Figure 1.  If we 
know the type of adsorption isotherm we can select a suitable adsorption 
isotherm determination method (see Section 2.3).  We distinguish between 
raw adsorption isotherm data (actual point on the adsorption isotherm) and 
raw slope data (dq/dC) derived from the PP method. 
 
After the adsorption isotherm determination, raw adsorption isotherm data is 
plotted as a Scatchard plot (i.e. q/C is plotted vs. q); the curvature in a 
Scatchard plot indicates the adsorption process, see Figure 7.  A linear 
Scatchard plot is only true for the Langmuir model and has classically been 
used to estimate the adsorption isotherm parameters; here the lines’ intercept 
with the q/C axis gives the a-value and the negative slope is the K-value.  A 
concave Scatchard plot is true for e.g. Tóth, and n-Langmuir models, and a 
convex plot is true for e.g. Moreau and Jovanovic models.  Even more com-
plicated Scatchard plots are found for adsorption isotherms containing in-
flection points.  For raw slope data we cannot make a Scatchard plot, we 
instead plot dq/dC vs C.  In this plot we could identify the type of adsorption 
isotherm, identify inflection points and also at best estimate if the adsorption 
process is heterogeneous (see Figure 4). 
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Figure 7. Scatchard plots for Langmuir, Tóth, bi-Langmuir, Jovanovic and Moreau 
in (a) and in (b) for type II and type III are plotted. 

 
The third step is to calculate the AED.  This step is most straightforward for 
type I adsorption isotherm [VI] but has also been done for type II adsorption 
isotherms [91].  The purpose is to be able to distinguish between heteroge-
neous and homogeneous adsorption models, see Figure 8.  The method has 
only been used for raw adsorption isotherm data, but unpublished result in-
dicates that Eq. (6) could also be expanded to handle PP data [XI]. 

 

ln K

q s

Langmuir
Bi−Langmuir

 
Figure 8. Adsorption energy distribution for Langmuir and bi-Langmuir models. 

The fourth step involves the actual fitting of models to raw adsorption iso-
therm data or slope data.  The previous step has hopefully narrowed the 
numbers of possible models to only a few.  Observe that after the fitting the 
raw data are presented as “parameter estimation”, because we have biased 
the data by “assuming” a model.  After the fitting, the Fisher parameters are 
calculated for all models. 
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where qfit is the stationary phase concentration predicted with the model, l 
are number of adjustable parameters in the model, and q  is the average sta-
tionary phase concentration value.  By taking the ratio of two Fisher parame-
ters and comparing the value against critical F-test values one can deduce 
which model is significantly better in describing the system.  The demand 
for the Fisher parameter to be valid is that the residuals are normally distrib-
uted, this could be tested by plotting normal plots.  As always, we need to 
inspect if the estimated adsorption isotherm parameters are physically rea-
sonable.  Finally the model is used to predict profiles.  This could be done by 
comparing the overlap between simulated and calculated profiles [102, V, 
IX]. The overlap is defined as: 
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where Csim and Cexp are simulated and calculated chromatograms, respec-
tively. If the overlap is 100% the profiles co-elute and if the overlap is zero 
the profiles do not co-elute at all. 
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4. Discussion of papers 

This section is intended to give a brief overview of the results from Paper I-
VI. 

4.1 Paper I 
In this study a “paradox” related to perturbation peaks in a system described 
by a type I adsorption isotherm was experimentally verified for the first time 
in LC.  This was first suggested in the 60s by Helfferich and Peterson [101], 
where they theoretically predicted the tracer peak.  The principal problem 
with the TP method is the experimental challenge “how to detect a few in-
jected molecules from a stream of identical but unlabeled ones”. 
 
In this investigation we first used a radioisotope labeling method.  The sys-
tem consisted of isosorbid mononitrate (ISMN) as solute on PLRP-S 
(spherical particles of polystyrene / divenylbenzene) stationary phase using 
10 % acetonitrile / water (v/v) as eluent.  The solute (ISMN) was tritium 
labeled (T-ISMN) and detected with an on-line scintillation counter coupled 
in series with a UV-detector.  The result showed that the system was de-
scribed by a Langmuir adsorption isotherm.  Figure 9 shows the eluted 
chromatogram for T-ISMN in the eluent and in the sample. 
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Figure 9. The figure shows the plateau perturbation and the perturbation peak (a) 
and the tracer peak (b). In (a) the eluent was 15mM ISMN+5.12 μM T-ISMN and a 
25-μL injection of 50 mM ISMN was done, in b) the eluent was 15 mM ISMN and a 
25-μL injection of 4.27 μM T-ISMN was done.  Thick line expresses the UV-signal 
and the thin line radioactivity signal.  For more experimental conditions see Paper I.  
Reproduced with permission from J. Samuelsson, P. Forssén, M. Stefansson, T. 
Fornstedt,. Anal. Chem. 76 (2004) 953. Fig 4b.  © 2004 American chemical society. 

In (a), we see the deficiency zone and the perturbation peak. In (b), the cor-
responding tracer peak is visualized.  Note that the deficiency zone co-elutes 
with the tracer peak.  The system noise for the radioactive approach was 
large, making it hard to use the data for profiles comparison.  However, the 
noise will generally not affect the estimation of the retention volume used 
for adsorption isotherm determination in the TP method.  Using radioactive 
materials is, however, associated with time-consuming and tedious handling 
and disposal problems.  To solve these problems, a new injection strategy 
was invented, which we called the enantiomer approach. 
 
The enantiomer approach is based on the fact that each enantiomer in an 
enantiomer pair acts identically in a non-chiral environment e.g. a alkyl-
silica column.  The experimental setup is schematically depicted in Figure 
10. 
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Figure 10. The figure shows the experimental setup for the enantiomer approach. 

In this case a C18 column was equilibrated with an eluent containing a cer-
tain concentration of D-methyl mandelate (DM) from the eluent so that a 
concentration plateau is established.  When equilibrium has been established, 
an excess of L-methyl mandelate (LM), dissolved in the actual eluent with 
DM, was injected.  Fractions were taken from the effluent of the non-chiral 
system and re-injected into a chiral column (AGP).  The molar fractions 
were calculated from the areas of the eluted DM and LM peaks in the chiral 
system and by complementing with the UV chromatogram from the non-
chiral system the molar fractions were converted to concentrations.  In Fig-
ure 11, one TP experiment is presented for concentration plateaus of 5 mM. 
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Figure 11. Results from the enantiomer approach.  On a 5 mM concentration plateau 
of DM 50-μL of 5 mM DM+5 mM LM is injected.  Solid lines, the perturbation 
peak (UV-chromatogram), dotted line the deficiency zone and the dashed dotted line 
the tracer peak. Symbols are experimental data points from the fractions. Repro-
duced with permission from J. Samuelsson, P. Forssén, M. Stefansson, T. Fornstedt. 
Anal. Chem. 76 (2004) 953. Fig 5a. © 2004 American chemical society. 

The radioactive and enantiomer approach were both used to experimentally 
for the first time prove the composition and existence of the tracer peak, the 
deficiency zone and the perturbation peak.  The newly developed enantiomer 
approach resulted in less system noise without extra disposal and handling 
problems with the solutes.  The result is of great importance for understand-
ing nonlinear chromatography, especially the pulse theory.  The paper 
showed for the very first time that the tracer pulse method could be used for 
adsorption isotherm determination in LC and that the enantiomer approach is 
a good way for characterizing tracer pulse system. 

4.2 Paper II 
The enantiomer approach developed in Paper I was used to investigate how 
fronts are evolving on an already developed concentration plateau. 
 
First, let us define the experimental system.  For a separation system de-
scribed by a Langmuir adsorption isotherm the column is equilibrated with 
enantiomer 1 with a concentration of C1. Thereafter, an abrupt excess of 
enantiomer 2 to a total concentration of C2 is introduced while keeping the 
concentration of enantiomer 1 constant.  If we now analyze the enantiomer 
composition we can determine how the originally established concentration 
plateau (plateau perturbation) is affected and where the newly introduced 
excess elutes (the mass plateau).  In Figure 12 (top) we see the eluted chro-
matogram (the sum plateau) determined with a general detector (sum of en-
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antiomer 1 and 2), (middle) the established plateau molecules of enantiomer 
1 (plateau perturbation) and (bottom) the introduced excess (mass plateau) of 
enantiomer 2. 
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Figure 12. Numerical estimates of a frontal analysis step followed by desorption.  
The column is equilibrated with 100-mM enantiomer 1, and at t = 0 min. and for 5 
min. a sudden excess of 100-mM of enantiomer 2 is introduced.  The subplots show 
the eluted chromatogram for: (top) sum of enantiomer 1 and 2, (middle) enantiomer 
1 and (bottom) enantiomer 2.  For other experimental conditions see reference II. 
Reproduced with permission from: J. Samuelsson, T. Fornstedt. J. Chromatogr. A 
1114 (2006) 53. Fig 5. © 2006 Elsevier. 

 

If we inspect Figure 12, we see that the self-sharpening front is actually 
displaced molecules from the plateau perturbation.  The front of the mass 
plateau is non-self-sharpening and elutes later than the sum plateau.  The 
reason for the non-self-sharpening characteristics is that all molecules in the 
mass plateau propagate in a zone without any concentration gradient.  The 
difference in the breakthrough volumes between mass and sum plateau is 
due to the fact that the concentration in the sum plateau is propagating with 
the velocity corresponding to the slope of the cord between C1 and C2, while 
the velocity of the molecules in the mass plateau is related to the slope of the 
cord between zero and C2.  To visualize the different velocities the ideal 
model was used to calculate at a step from C = 0 to 100 mM, and this was 
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compared to a mass plateau and a sum plateau originated from a step of 50 
mM of enantiomer 2 and 50 mM enantiomer 1 on an established concentra-
tion plateau of 50 mM enantiomer 1, see Figure 13. 
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Figure 13. The figure shows the mass front (dash-dotted line) and the sum plateau 
(solid line) from a step of 50 mM enantiomer 1 + 50 mM enantiomer 2 on an already 
established concentration plateau of 50 mM enantiomer 1.  The dashed line depicts 
an ideal profile for a 100 mM step on an empty column.  For more conditions see 
Paper II. 

As can be seen the calculated ideal model front from zero to 100 mM has the 
same breakthrough time as the mass front for a step 50 mM to 100 mM.  
This study is very important because it clearly shows that the mass velocity 
is related to the concentration in the sum plateau.  This also indicates that the 
self-sharpening of the breakthrough fronts in FA in the staircase mode is due 
to the displaced molecules, and that the injected molecules elute after the 
front and are therefore not affected by the concentration gradient constructed 
by the front of the sum plateau. 

4.3 Paper III 
This investigation is similar to that of Paper II, but now we investigate large 
perturbation peaks instead of fronts on an equilibrated concentration plateau. 
 
To understand the characteristics of the TPs, peak-shape for different plateau 
concentrations and excesses, a systematic simulation study was conducted 
by varying the concentration plateau and the injected excess see Figure 14. 
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Figure 14. Numerical calculations for 50-μL injection of an excess of 50, 100, 250, 
500, and 750 mM of enantiomer 2 on concentration plateaus of (a) 5, (b) 15, (c) 25 
and (d) 100 mM of enantiomer 1.  Black lines depict the tracer peak and gray lines 
the perturbation peak.  Other conditions see Paper III. 

Interestingly, at low plateau concentration (5 mM) the overloaded tracer 
peaks were right angled-triangular shaped while at high concentration (100 
mM) the peaks were left angled-triangular.  In between, the peaks were de-
formed (deviating from type I and type III).  The explanation is that the per-
turbation peak creates a concentration gradient.  This will result in that the 
local velocity of the injected molecules is dependent on their position in that 
concentration gradient.  For low plateau concentrations the mass zone cannot 
propagate much faster than the perturbation zone, since there are relatively 
few plateau molecules to displace in the system.  At high plateau concentra-
tions the injected mass zone can displace a lot of molecules and the velocity 
difference between the perturbation zone and the mass zone is larger.  For 
concentration plateaus in between, the concentration gradient will rapidly 
add up the injected molecules as a hump at the tail of the mass peak.  By 
following a large injection on a concentration plateau through the column we 
see that all different mass zone shapes will be present (see Figure 5 in Pa-
per III).  In Figure 14 we see that the apex (peak maximum) of the tracer 
peak is dependent on the perturbation size.  Therefore, we create tracer peaks 
without any concentration gradients.  This was experimentally done by in-
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jecting 50-μL of 10 /10, 5 /15 and 0 /20 mM (DM /LM) on a 20 mM DM 
established concentration plateau (observe that the sample concentration is 
identical to the plateau concentration), we called this “flat-line chromatogra-
phy” because no signal will be detected in the UV-detector see Figure 15. 
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Figure 15. On a concentration plateau of 20 mM DM, 50-μL of of 10 /10, 5 / 15 and 
0 /20 mM (DM /LM) is injected. (a) Sum plateau, (b) calculated mass peak, (c) ex-
perimental mass peak. For more experimental conditions see Paper III.  Repro-
duced with permission from J. Samuelsson, R. Arnell , T. Fornstedt. Anal. Chem. 78 
(2006) 2765. Fig 6 © 2006 American chemical society. 

 

This clearly shows that the eluted tracer peak will be Gaussian with identical 
peak apex independent on the size of the mass peak as long as no PP is pre-
sent, see Figure 15c. 
 
Several important applications exist for large perturbations on plateaus.  
They have been used in the new so called inverse method on a plateau (IMP) 
to determine adsorption isotherms [146].  IMP has also recently been used to 
determine an excess adsorption isotherm for an additive in a NPLC system 
[147].  In RPLC the eluent could also contain organic ions, with opposite 
(counter-ions) or same (co-ions) charge as the solute.  Counter-ions are 
added to increase the retention of polar charged compounds on an RPLC; the 
mechanism is believed to be ion-pairing [148] and additions of co-ions make 
the retention volumes decrease due to competitive adsorption [68].  Another 
application is that analytical-sized solute peaks could be compressed at a 
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combined elution with a large perturbation peak of a co- or counter-ion. [6-
9]. Several fundamental studies have been done for large perturbation peaks 
created by finite injections of a solute on a column equilibrated with eluents 
containing an additive that results in peak shapes deviating from type I [152, 
153], even if the solute adsorption is described with a Langmuir adsorption 
isotherm.  Later a rule of thumb was developed for such binary systems to be 
able to tune the peak shape from being right angled-triangular to left angled-
triangular etcetera [152, 153].  The prerequisite was that the additive should 
have stronger affinity to the phase than the solutes.  This was proven to be 
incorrect in this paper because peak deformation exists in single component 
system with identical affinity. 
 
The most important result in this paper was the formulation of a perfect in-
jection strategy for the TP method and that we from a fundamental point of 
view reported for the very first time invisible peak deformations in a single 
component case. 

4.4 Paper IV 
In Paper I we investigated the radiochemical approach to label solutes.  The 
radiochemical approach had several disadvantages e.g. large system noise, as 
well as problems with disposal and handling of radioactive material. In addi-
tion, the solute could break down due to self-radiolysis.  The enantiomer 
approach showed to be superior for peak shape analysis.  However, the 
method is tedious and not applicable for analysis of chiral systems.  There-
fore, this approach is not likely to be used for adsorption isotherm determi-
nation in practical applications.  In the enantiomer approach, fractions are 
taken each 6 s (0.17 Hz).  It is recommended that at least 10-20 data points 
per peak are recorded.  Therefore, the enantiomer approach, as presented 
here, could not be used for highly efficient systems with peak widths less 
than 1 min..  In this paper we instead use stable isotopes and detect them 
with an MS detector.  The radioactive labeling is also general, but the detec-
tor is not as selective as the MS.  Several new problems arise using the MS 
including saturation of the detector, MS-incompatibility with the column 
effluent, and long-term stability of the ion source.  These problems were 
solved by dilution of the column effluent, see Figure 16.  But as a conse-
quence of the effluent dilution larger injection excesses were needed to be 
able to detect the tracer peak. 
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Figure 16. Illustration of the flow-splits and the makeup flows between the column 
and the mass spectrometer. Flow-split: (1) splits the flow 1:350 times, (2) 1:950 
times, and (3) 1:10 times.  For experimental conditions see Paper IV. 

The influence on the determined adsorption isotherm of different level of 
excess was first investigated, see Figure 17.  In the figure the error in the 
relative retention time is plotted against plateau concentration assuming 
Langmuir model in a) for the TP and in b) is for the PP. 
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Figure 17. The relative retention time error is plotted vs. plateau concentration, for 
a) tracer peak and b) the perturbation peak. Reproduced with permission from J. 
Samuelsson, R. Arnell, J. S. Diesen, J. Tibbelin, A. Paptchikhine, T. Fornstedt, and 
P. J. R. Sjöberg. Anal. Chem. doi: 10.1031/ac70239. Fig 2b and c. © 2008 American 
chemical society. 

Figure 17 shows that the error decreases much faster for the TP than for the 
PP.  The reason is that as the concentration in the plateau increases, the 
tracer molecules spend shorter and shorter times in the concentration gradi-
ent of the perturbation zone, and end up earlier in a zone without any con-
centration gradient.  The smaller relative retention time errors for the TP 
method as compared with the PP method leads to higher accuracy in the 
determined adsorption isotherm parameters (see Table 1 in Paper IV). 
 
In this study deuterium labeled methyl mandelate (MM) and ethyl mandelate 
(EM) were synthesized to methyl-d3-mandelate (MM*) and ethyl-d5-
mandelate (EM*).  While injecting both labeled and unlabeled MM and EM, 
MM* eluted 0.06 minutes before MM whereas EM* eluted 0.19 minutes 
before EM, on a C8 silica column.  Isotopic fractionation in chromatography 
has several times been reported for deuterium labeled compounds, and usu-
ally the retention times are slightly lower in RPLC while the opposite trend 
is usually noted in NPLC [154].  By substituting protons with deuterium, the 
vibration frequency and its amplitude (bond length) will be shorter for C-D 
compared to C-H.  This will result in slightly lower volumes and polariza-
bilities [155], phenomenon generally called secondary isotope effects [154].  
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Tritium will generally have the largest labeling effects due to large mass 
change of the nuclei while smaller effects are usually noted for 13C and 15N.  
The TP theory is based on the tracer having identical properties as the unla-
beled solute.  In this paper we investigated how the labeling effect will influ-
ence the determined adsorption isotherm. The determined equilibrium con-
stant was shown to be unaffected but the distribution coefficient was identi-
cal to those found for the labeled.  The determined labeling effect is in line 
with theoretical prediction for the indirect detection method, were the reten-
tion time for the sample is described by the probe’s (in this case the plateau 
molecules) equilibrium constant and the solute’s (in this case the tracer) 
distribution coefficient [156].  The adsorption isotherm for EM and MM 
using the TP method were determinate for 0/1, 1/0 and 1/1 (MM / EM) con-
centration ratios using a total of 36 concentration plateaus; see Figure 5 in 
Paper IV.  To determine the goodness of the determined adsorption iso-
therm for predicting profiles, simulated and experimental profiles for 900-μL 
injections of 50 / 50 mM EM/MM (a) and 100 /100 mM EM /MM are com-
pared, see Figure 18. 
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Figure 18. Simulated and experimental profiles for 900-μL injections of 50 / 50 mM 
EM/MM (a) and 100 /100 mM EM /MM (b) are compared, solid lines simulations 
and symbols experimental data. For more experimental condition see Paper IV. 
Reproduced with permission from J. Samuelsson, R. Arnell, J. S. Diesen, J. Tibbe-
lin, A. Paptchikhine, T. Fornstedt, and P. J. R. Sjöberg. Anal. Chem. doi: 
10.1031/ac70239. Fig 6. © 2008 American chemical society. 
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The profiles overlap convincingly, but the diffuse tail of the experimental 
EM profile ends earlier than the simulated, probably because the secondary 
isotope effect causes an underestimation of the distribution coefficient. 

4.5 Paper V 
The elution by characteristic point is a fast and precise method for determi-
nation of the adsorption isotherms.  As mentioned in Section 2.3.3, some 
constraints must be made using the method: (i) the adsorption isotherm 
needs to be a type I or type III adsorption isotherm, (ii) the column effi-
ciency needs to be high, because the model is derived from the ideal model 
and finally (iii) there is a need for close to rectangular injection-profiles. The 
latter requirement has surprisingly never been mentioned in the literature 
before, as far as I know.  In this study, we investigated the effect of true in-
jection-profiles and also experimentally produced close to rectangular injec-
tion-profiles. 
 
In a separation system, the total dead-volume will contribute to band broad-
ening and result in a lowering of the efficiency.  Not only the column con-
tains dead volumes, but so do also the connections between the injector and 
the detector.  The dead-volumes between the column and the detector and 
between the injection-loop and the column are rather easy minimized.  The 
loop itself is a mixing chamber but acts somewhat differently as compared to 
other dead-volumes.  During an injection the first portion leaving the loop 
will have experienced less time in the system compared with the last portion. 
This will lead to a most heterogeneous injection profile distribution.  In Fig-
ure 19 experimental injection profiles are presented for different injection 
volumes. 
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Figure 19.  (a) Experimental injection-profiles for 50 to 900 μL aliquots and (b) the 
CUT-injection and 4980μL full-loop injection.  For more experimental conditions 
see Paper V. 

It is easy to see that the tail of the injection-profile gets worse as the injec-
tion volume increases and that a stable concentration plateau is only estab-
lished for very large injection volumes.  The problems with large injection 
volumes is that the disperse tail of the injection-profile is larger.  The front 
of the injection-profile is not as dispersed as the tail since it has experienced 
lower mixing volumes.  To improve the injection profile we stopped the 
injection before the dispersed tail have entered the column by bypassing the 
loop; this is depicted in Figure 20. 



 54 

 
Figure 20. Schematic picture of a normal and a CUT-injection. (a) the sample is 
loaded in the loop, (b) the injection have recently started. Observe that the in the end 
of the sample plug has started to become dispersed.  (c1) Normal injection stops 
when all the sample is washed out of the loop.  (c2) The CUT-injection is stopped by 
putting the sample-valve in load position before the disperse end of the sample plug 
has been introduced to the column. 

In Figure 19 the cut-injection profile is presented in an overlaid fashion with 
the full-loop injection of 4980-μL.  As can be seen from the figure the injec-
tion-profile is much more like the rectangular injection-profile.  To validate 
the effect of the injection-profile an experimental chromatogram for 4980-
μL full-loop injection and CUT-injection are compared with corresponding 
simulated elution profiles using rectangular injection-profiles, see Figure 21. 
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Figure 21. Chromatograms for 100 mM methyl mandelate after (a) 4980-μL full-
loop injection and (b) a CUT-injection compared with corresponding calculated 
elution profiles using rectangular injection-profiles.  Lines are calculated profiles 
and open circlers are experimental data.  For more experimental data see Paper V. 

The results in Figure 21 clearly show that using normal full-loop injection 
leads too much more diffuse peak tail and that the result from the CUT-
injection has a convincing overlap with elution profiles that are obtained 
with a rectangular injection-profile.  This is a good indication that adsorption 
isotherms determined using the CUT-injection strategy should yield much 
more reliable adsorption data.  To investigate this hypothesis, the adsorption 
isotherms were determined for MM and propranolol-HCl ( pHs

w 5.46) with 
ECP for injection volumes measured at 50, 100, 250, 500, 900 and 4980 μL 
and CUT-injection.  The ECP adsorption isotherms were compared with 
isotherms acquired using FA and PP as reference methods.  The adsorption 
isotherms for propranolol are presented in Figure 22. 



 56 

0 0.1 0.2 0.3
0

0.5

1

1.5

2

2.5

3

3.5

C [mM]
0 2 4 6 8

0

5

10

15

20

25

30

35

C [mM]

q 
[m

M
]

4980 μL
Reference
CUT
50 μL
250 μL
900 μL

 
Figure 22.  Experimentally determined adsorption isotherms for propranolol-HCl 
using ECP measured with 50, 250, 900, 4980 μL and CUT injections compared with 
FA data used as reference method.  Other experimental conditions see Paper V. 

The small injection volumes suffer from the ability to reach high enough 
column saturation and therefore the low energy sites and saturation capaci-
ties were extensively extrapolated.  As the injection volume increases, so 
does the also the concentration at peak apex and thus the extrapolation error 
decreases.  However, as seen from Figure 19 the deviation from the rectan-
gular injection-profile increases leading to larger error in the diffuse rear of 
the eluted profile.  The adsorption isotherm for the CUT-injection is nearly 
identical to the reference method (Figure 22).  The other advantage is that 
the concentration used in the FACP is nearly as high as the concentration in 
the samples. 

4.6 Paper VI 
Many pharmaceuticals are heterocyclical amines and are classically associ-
ated with severe peak tailing at neutral or acidic pH.  Neutral compounds are 
much easier to separate and are classically associated with high capacity and 
“Gaussian” analytical peaks.  If the separation could be conducted at a pH 
well above the solute’s pKa, the amide would be uncharged and would act as 
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a neutral compound.  The aim of this investigation is an in-depth study of the 
fundamental reasons behind the large improvement in separation perform-
ance for basic solutes under alkaline conditions. 

 
Four different C18 silica or hybrid silica/organic columns were investigated 
that according to the manufacturer were stable under alkaline conditions: 
Zorbax-Extend (pH 2 to 11.5), Gemini (pH 1 to 12), Hypersil GOLD (pH 2 
to 10.6) and XBridge (pH 1 to 12).  Three different probes were selected: a 
neutral 3-phenyl-1-propanol (PPR), an acidic 2-phenylbutyric acid (PB) and 
a basic metoprolol (ME).  A linear investigation was conducted with pHs

w  
between 4 and 12.  The investigation showed (see Figure 1 in Paper VI) 
that the retention time and asymmetry of the neutral probe PPR is unaffected 
by the pH, and that the asymmetry for ME was maximal at pHs

w  9.1 that is 
probably very close to the apKs

w  of ME.  A nonlinear investigation was also 
conducted at pHw

w  of 3, 7 and 11.  The data were collected and analyzed in 
the following way: (i) adsorption isotherm acquisition using FACP with the 
CUT-injection strategies developed in Paper V; (ii) raw data analysis with 
Scatchard plots and AED calculations; (iii) model fitting and comparison of 
models using the F-test, and finally (iv) analysis of overloaded injections. 
 
Like the retention times, the adsorption isotherms of PPR were unaffected by 
the pH (see Figure 3 in Paper VI).  This is good because for the interactions 
with the neutral probe we could conclude that the columns had not under-
gone any energetic change in the chromatographic process, at least from a 
neutral probes perspective.  This was not the case for PB and ME.  Conduct-
ing adsorption isotherm investigations at different pH values using protolytic 
solutes we could get a sample-eluent pH mismatch if the solute affected the 
pH see Section 3.1.  As a consequence, the ME-tartrate had to be prepared as 
a base form for pHw

w  11 and as hydrochloride salt for pHw
w  3.  Similar 

problems were encountered for PB at pHw
w  7 and 11, promoting of the con-

version of PB to its sodium salt.  The pHs
w  was measured in all solution 

before use to ensure that no sample-eluent pH mismatch was present.  In 
case of PB we found that for all columns at pHw

w  3 adsorption was de-
scribed with a Langmuir adsorption isotherm and at pHw

w  7 and 11 it was 
describe with a bi-Langmuir adsorption isotherm, for all different columns.  
The second site at pHw

w  7 and 11 has approximately 2-5% of the total ca-
pacity; and the equilibrium constant is on average 70 times larger compared 
to the low energy site.  This is the explanation for more severe peak tailing 
in case of charged acids.  At pHw

w  7, ME elution profiles looked like those 
originating from a type II adsorption isotherm, see Figure 23.  Because 
FACP can not be used for type II adsorption isotherms pHw

w  7 were ex-
cluded from the study, see Section 2.3.3.  Bi-Langmuir isotherm described 
MEs adsorption at pHw

w  3 and 11.  However, at pHw
w 11 the eluted peaks 
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were much more compact right angled-triangular peaks as compared with 
those at pHw

w  3 see Figure 23. 
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Figure 23. 100 μL injection of 0.25 to 20 mM metoprolol on XBridge column.  Top 
figure pH 3, middle figure pH 7, and bottom figure pH 11.  For more experimental 
conditions see paper VI. 

The main reason was that the capacity of the high energy site was approxi-
mately 2-5% at pHw

w 3, while at pHw
w 11 it was 20%.  The high energy sites 

equilibrium constants are 55-100 times larger at pHw
w  3 and only 6-7 times 

larger at pHw
w  11 compared with the low energy equilibrium constant.  This 

is the reason for increased performance at alkaline pH for ME. 
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5. Concluding remarks and future perspectives 

Fundamental studies of invisible so-called “tracer zones” were investigated 
in order to fill in some “white spots” in the theoretical map [I-III].  A so-
called “paradox”, previously only predicted, was for the first time experi-
mentally proved and systematically investigated [I].  Moreover, also other 
remarkable phenomena in the single-component case such as invisible peak 
deformation [III] and deformed (invisible) frontal chromatograms [II] were 
reported, investigated, and explained; these studies have a great didactic 
value.  The tracer pulse (TP) method was analyzed [II, III] and developed 
for LC [I].  To improve the accuracy of the TP method a new injection 
method was developed called “flat-line chromatography”, the method is 
theoretically ideal since no concentration gradients are generated in the sys-
tem that could affect the apex of the TP [III].  The flat-line chromatographic 
injection approach has to be validated, and because it is more tedious than 
other injection techniques guidelines it is needed to be outlined where the 
use of the method are required.  Some initial TP method validation work 
detailing the size of the excess and the label effect was performed [IV] but 
still several different aspects are needed to be analyzed concerning the TP 
method.  Examples of these are robustness as well as the effects of slow or 
heterogeneous kinetics.  To increase the selectivity, generality and speed of 
the TP method, a MS approach with stable isotopes was developed [IV].  
New challenges appeared, the first being that labeled and unlabeled solutes 
have different adsorption properties.  Right now indirect detection theory 
was used to deduce how this could affect the error.  However, experimental 
results showing how labeling affects the adsorption isotherm are still lack-
ing. 
 
Several factors affect the accuracy of the determined adsorption isotherm 
and many nonlinear methods are very tedious processes.  ECP has the great 
advantage of being rapid and having a great potential high-throughput 
nonlinear column characterization but, suffering from bad accuracy.  The 
accuracy of ECP was investigated and improved by developing a new injec-
tion strategy in Paper V called the CUT-injection.  The CUT-injections 
were used to investigate the adsorption process on modern alkaline stable 
C18 “silica” columns for a better understanding of the retention mechanism 
[VI]. 
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7. Swedish Summary 

Utveckling av nya metoder för karakterisering av 
moderna kromatografiska system 
Kromatografi är ett samlingsnamn för separationstekniker för kemiska äm-
nen som bygger på att ämnena fördelas olika mellan en rörlig och en stilla-
stående fas. Kromatografi används mycket inom såväl produktion av kemi-
kalier och läkemedel (preparativ kromatografi) som vid analys av renheten 
hos ett läkemedel i en tablett eller i ett biologiskt prov från människa eller 
djur (analytisk kromatografi).  Tekniken har vissa likheter med extraktion 
som bygger på att olika molekyler fördelar sig olika mellan två stillastående 
faser; en polär molekyl vill exempelvis hellre fördelas till en vattenliknande 
fas än till en organisk (opolär) fas.  På samma sätt fungerar kromatografi 
men nu är den ena fasen rörlig och flödar hela tiden över den stillastående 
fasen.  Liknelsen med extraktionen blir då att man utför massor med extrak-
tioner kontinuerligt efter varandra.  En molekyl som fastnar hårt (adsorberar) 
på den stillastående fasens yta tar lång tid att tvätta ut med den rörliga fasen 
medan en molekyl som inte trivs i den stillastående fasen snabbt tvättas ut.  
 
Det finns många olika typer av kromatografiska metoder; de olika varianter-
na brukar kategoriseras utifrån den rörliga fasen fysikaliska tillstånd. I detta 
arbete har jag studerat vätskekromatografi men även gas och överkritisk 
vätska förekommer som förliga faser. Den stillastående fasen består ofta av 
mikrometerstora kiselgelspartiklar nedpackade i ett rör (s.k. kolonn) av stål 
eller glas.  Dessa partiklar är mycket porösa och vilket ger en väldigt stor 
yta. Den rörliga fasen pumpas genom kolonnen med högt tryck och en detek-
tor registrerar när de separerade molekylerna flödar ut ur kolonnen. Separa-
tionen är lyckad om man kan registrera en normalfördelad (klockformad) 
topp för varje substans som ska separeras. Då kan de ingående substanserna 
haltbestämmas, vilket görs vid analytisk kromatografi där syftet är att få 
kvantitativ information, se Bild 1a. Vid preparativ kromatografi vill man 
istället isolera en substans och då samlas de olika topparna (ämnena) upp i 
olika fraktionsrör. Trenden går idag mot ännu mindre storlek hos de porösa 
pärlorna (1-2 mikrometer). Det innebär att den mobila fasen måste pressas 
genom kolonnen med ett högre tryck än normalt vid högtryckskromatografi.  
Fördelen med att packa kolonnen med partiklar av mindre storlek är att de 
klockformade topparna blir smalare, man säger att systemet får högre effek-
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tivitet.  Med högre effektivitet kan man separera flera olika molekyler under 
samma tid, eftersom flera toppar får plats i tidsfönstret för separationen.  I 
Bild 1a visas en analytisk separation av ett prov på ett separationssystem 
med låg effektivitet, resulterande i tre klockformade toppar,.  Om man inji-
cerar samma prov i ett system med mycket högre effektivitet (t.ex. mindre 
partiklar), så ser vi att den sista toppen består av minst tre olika substanser, 
se Bild 1b. 
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Bild 1: Bilden föreställer en analytisk separation av samma prov på två olika kolon-
ner.  I bild 1a har kolonnen låg effektivitet medan bild 1b visar samma separation i 
ett system med hög effektivitet. 

Partiklarna har oftast modifierats genom att olika ligander har bundits upp 
till pärlornas ytor. När långa kolvätekedjor binds upp blir ytan hydrofob och 
då kan den stillastående fasen kombineras med en vattenbaserad rörlig fas 
för att uppnå den nödvändiga polaritetskillnaden. Den tekniken kallas Rever-
sed Phase Liquid Chromatography (RPLC) och innebär att man kan injicera 
prover direkt från vattenlösningar vilket är en stor fördel då de flesta prover 
på läkemedel från människa och djur befinner sig i en vattenbaserad lösning 
av något slag (blod, plasma eller urin). Genom att ändra på den rörliga fasens 
sammansättningen kan man styra fördelningen av molekylerna så att de bin-
der starkare eller svagare till den stillastående fasen. Sambandet mellan ad-
sorberad koncentration av ett kemiskt ämne (på den stillastående fasens yta) 
och icke adsorberad koncentration av ämnet (i den rörliga fasen) under ett 
stort koncentrationsområde och vid konstant temperatur, ges av ett uttryck 
som kallas adsorptionsisoterm. En adsorptionsisoterm kan presenteras som 
en graf och visar då sambandet mellan koncentrationen i rörliga fasen (x-
axeln, C) och adsorberad mängd på den stillastående fasens yta (y-axeln, q), 
se Bild 2a. Den vanligaste typen av adsorptionsisoterm visar en adsorption 
som ökar med koncentrationen av ämnet i den rörliga fasen; vid låg koncent-
ration är ökningen linjär därefter icke-linjär och till slut närmar sig adsorp-
tionen asymptotiskt ett konstant värde. Fenomenet beror på att antalet ad-
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sorptionsställen, d v s ställen som molekylerna kan ”fastna” på i kolonnens 
stillastående fas är begränsade. Vid en väldigt hög koncentration i den rörli-
ga fasen är den stillastående fasens yta mättad med ett monomolekylärt skikt 
molekyler. 
 
Vid analytisk kromatografi injiceras låga koncentrationer och vanligtvis blir 
topparna normalfördelade; sådana förhållanden motsvarande adsorptionsiso-
termens linjära område (initiala lutningen av den svarta linjen i Bild 2a). Det 
är en helt annan sak vid preparativ kromatografi där syftet är renframställ-
ning. Då injiceras stora mängder substanser som sedan samlas upp i frak-
tionsrör. Vid höga koncentrationer blir substansernas kromatografiska toppar 
överladdade; d v s den högre koncentrationen som finns i toppen strävar 
efter att komma ut snabbare vilket medför att toppens framsida blir skarp 
medan baksidan tar formen av en skidbacke, se Bild 2b. Fenomenet kallas 
”svansning” och beror på att antalet adsorptionsställen i den stillastående 
fasen är begränsade. Under sådana förhållanden befinner sig den motsvaran-
de adsorptionsisotermen naturligtvis inom sitt icke-linjära område (se Bild 
2a). 
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Bild 2: I bild 2a svarta linjen visar en typisk adsorptionsisoterm, den grå linjen re-
presenterar kordan.  I bild 2b visas en topp som är överladdad (preparativ). 

Jag har fokuserat på grundläggande forskning om molekylära interaktioner 
och mer specifikt hur provmolekylerna rent mekanistiskt adsorberar till den 
stillastående fasen under olika sammansättningar av den rörliga fasen. Min 
forskning har också syftat till att förfina metoder för att få bättre kvantitativ 
kunskap om molekylära interaktioner med separationsmediet. Vanligtvis 
studerar man enbart hur topparnas så kallade ”fördröjningstider” förändras 
när den mobila fasen ändras. Då får man endast en slags hopslagen informa-
tion. I verkligheten är adsorptionen av en substans sammansatt av flera olika 
adsorptionsställen med olika kapaciteter och adsorptionsenergier. Ur en ad-
sorptionsisoterm får man kvantitativ information om hur komponenten in-
teragerar med den stillastående fasen under alla olika koncentrationsnivåer 
av komponenten. Genom att jag studerat hur adsorptionsisotermerna föränd-
ras när den mobila fasen ändras får jag en mycket mer komplett bild av ad-
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sorptionen än genom att bara studera toppars fördröjningstider. Jag har också 
utvecklat verktyg med såväl fysikalisk-kemisk som statistisk grund för att 
bearbeta och validera rådatan. I det arbetet har jag fokuserat på att förfina de 
metoder jag anser har potential för att få så riktiga data om adsorptionen som 
möjligt.  

 
Informationen som fås ur adsorptionisotermer är även essentiell för att kunna 
förutsäga utseendet hos preparativa överladdade toppar.  Om man kan be-
räkna de profilerna kan man förutse utfallen av olika experiment och därige-
nom spara både miljö, pengar och tid.  Men även har stora möjligheter att 
kunna optimera processer samt testa robusthet.  FDA har i ett nytt initiativ 
(Process Analytical Technology, PAT) rekommenderat processindustrin att 
satsa på att införskaffa ökad mekanistisk och teoretisk förståelse om sina 
processer; ett verktyg i det syftet och som nämns är matematisk modellering. 
Om man ”känner” sin process på djupet kan man bättre förutsäga hur en 
störning av processen påverkar utfallet vilket leder till billigare och mer ro-
bust produktion samt ökad kvalité för slutanvändaren. 

 
Mitt arbete har även resulterat i nya fundamentala observationer. Jag har 
exempelvis experimentellt visat att när man injicerar ett överskott av mole-
kyler i en kromatografisk kolonn igenom vilken en konstant koncentration 
av identiska molekyler pumpats, så kommer de injicerade molekylerna inte 
att återfinnas i den detekterade toppen. Istället finns de i en ”osynlig” topp 
en bra stund efter den detekterade toppen. Den detekterade toppen är en puls 
som rör sig med hastigheten hos en våg på väg in mot stranden medan den 
osynliga toppen rör sig med vattenmassans hastighet och vi kallade den där-
för ”masstoppen”. Masstoppens hastighet är direkt relaterad till lutningen på 
den linje man kan dra mellan adsorptionsisotermens origo och punkten som 
utgörs av koordinaterna för den aktuella platåkoncentrationen av ämnet (Bild 
1a), denna linje kallas för kordan. Mitt arbete har syftat både till en funda-
mental förståelse av det här fenomenet och att använda det för utveckling av 
en ny praktisk metod för att ta fram adsorptionsisotermer, som bygger på 
synliggörandet av masstoppar. En stor del av arbetet i den här delstudien har 
av nödvändighet fokuserat på metoder för att synliggöra masstopparna. Jag 
utvecklade tre olika sådana metoder: (i) radioaktiv märkning, (ii) tekniker 
baserade på optiska isomerer samt (iii) användning av stabila isotoper detek-
terade med masspektrometri. Titeln på den första artikeln i delstudien publi-
cerades på omslaget av Analytical chemistry i deras februari nummer 2004.  
Därefter, har även ”osynliga” toppdeformeringar och frontdeformeringar 
påvisats, studerats och förklarats. Mitt arbete har också resulterat i riktlinjer 
för ideala provsammansättningar för att tracer pulse metoden skall ge så 
korrekt data som möjligt. 
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Mot slutfasen utvecklade jag en ny metod kallad ”CUT-ECP”.  Denna stra-
tegi ger nästintill rektangulära injektionsprofiler vilket är ett krav för den 
snabbaste metoden för bestämning av adsorptionsisotermer, kallad ECP.  
Normalt är metoder för att ta fram adsorptionsisotermer extremt tidsödande 
eftersom varje punkt på kurvan är ett kromatografiskt experiment. ECP är 
den snabbaste metoden och därför mycket lovande; man bestämmer adsorp-
tionsisotermen direkt ur skidbacken på baksidan av toppen. Metoden har 
dock en extremt allvarlig nackdel, skidbacken är behäftat med ett inneboen-
de fel. Detta råder jag bot på genom att lura systemet via en speciell injek-
tionsteknik som jag kallar ”CUT-injektion”. 
 
Slutligen använde jag min CUT-ECP metod för att karakterisera moderna 
kolonner avsedda för separation av basiska komponenter vid mycket höga 
pH.  Karakterisering är extremt viktigt för att man skall kunna öka förståel-
sen av processer. Vid analytisk kromatografi vill man vid metodutveckling 
kunna finna kolonner med dels så lika och dels så olika selektivitet som möj-
ligt, för att enkelt kunna ersätta kolonner vid analys av produktion eller änd-
ra separationen.  I denna delstudie avslöjade jag bland annat rent mekanis-
tiskt varför basiska komponenter (betablockerare) separeras bäst vid alka-
liskt pH.  Detta beror på att partitioneringen är mindre starkt heterogen än 
vid surt pH.  Dock var adsorptionen fortfarande heterogen vid alkaliskt pH 
vilket hade varit omöjligt att bevisa med traditionella studier av toppars för-
dröjningstider. Tack vare CUT-ECP metoden kunde den sista studien omfat-
ta ett större antal provkomponenter, moderna kolonner och sammansättning-
ar av rörliga faser än vad som hade varit möjligt med någon annan existerade 
metod. Jag gav också riktlinjer för hur man skall arbeta med protolytiska 
komponenter vid olika pH i den rörliga fasen, för att den upptagna adsorp-
tionsdatan skall vara så noggrann som möjligt. 



 66 

8. Reference list 

 
1. Compendium of Analytical Nomenclature, Definitive rules 1997, 

http://www.iupac.org/publications/analytical_compendium/ (2008 jan 24) 
2. G. Götmar, R. N. Albareda, T. Fornstedt, Anal. Chem. 74 (2002) 2950. 
3. J. C. Giddings. Unified separation science. Wiley-interscience, NY, USA 
4. U. D. Neue, J. Chromatogr. A 1184 (2008) 107. 
5. M. Lönnberg, J. Carlsson. J. Chromatogr. A 1127 (2006) 175. 
6. K. K. Unger, B. Anspach. Trends in analytical chemistry 6 (1987) 121. 
7. C, Migliorini, M. Mazzotti, M. Morbidelli, J. Chromatogr. A 827 (1998) 161. 
8. C. M. Grill, J. Chromatogr. A 796 (1998) 101. 
9. Guidance for Industry PAT-A Framework for Innovative Pharmaceutical Develop-

ment., Manufacturing, and Quality Assurance. U.S. Department of Health and Hu-
man Services, FDA, CDER, CVM, ORA, Pharmaceutical CGMPs September 2004. 

10. Douglas A. Skoog, Donald M. West, F. James Holler. Fundamentals of analytical 
chemistry, 7:th edition. Sunders college publishing, PA, USA. 

11. R. Majors, Current Trends in HPLC Column Usage 
http://chromatographyonline.findpharma.com/lcgc/ .(2008 jan 24) 

12. H. Poppe, J. Chromatogr. A 778 (1997) 3. 
13. P. A. Bistrow, J. H. Knox, Chromatographia 10 (1977) 279. 
14. H. G. Menet, P. C. Gareil, R. H. Rosset Anal. Chem. 56 (1984) 1770. 
15. A. L. Crego, A. González, M. L. Marina, Crit. Rev. Anal. Chem. 26 (1996) 261. 
16. C.G. Horváth, B.A. Preiss, R.S. Lipsky, Anal. Chem. 39 (1967) 1422. 
17. G. Guiochon. J. Chromatogr. A 1168 (2007) 101. 
18. N. Vervoort, P. Gzil, G. V. Baron, G. Desmet, J. Chromatogr. A 1030 (2004) 177. 
19. H. Minakuchi, K. Nakanishi, N. Soga, N. Ishizuka, N. Tanaka, J. Chromatogr. A 

762 (1997) 135. 
20. D. C. Hoth, J. G. Rivera, L. A. Colón, J. Chromatogr. A 1079 (2005) 392. 
21. S. Hjertén, J. L. Liao, R. Zhang, J. Chromatogr. 473 (1989) 273. 
22. J. Nawrocki. Chromatographia 31 (1991) 177. 
23. K. Nawrocki, J. Chromatogr. A 779 (1997) 29. 
24. A. Berthod, J. Chromatogr. 549 (1991) 1. 
25. K. K. Unger N. Becker, P. Roumelites, J. Chromatogr. 125 (1976) 115. 
26. K. D. Wyndham, J. E. O’Gara, T. H. Walter, K. H. Glose, N. L. Lawrence, B. A. 

Alden, G. S. Izzo, C. J. Hudalla, P. C. Iraneta, Anal. Chem. 75 (2003) 6781. 
27. Gemini HPLC Mystery Solved Phenomenex 2005, booklet from Phenomenex. 
28. A. B. Scholten, J. W. de Haan, H. A. Claessens, L. J. M. van de Ven, C. A. 

Cramers, J. Chromatogr. A 688 (1994) 25. 
29. J. J Kirkland, J. L. Glajch, R. D. Farell, Anal. Chem. 70 (1989) 4344. 
30. J. J. Kirkland J. Chromatogr. A 1060 (2004) 9. 
31. J. Nawrocki, C. Dunlap, J. Li, C. V. McNeff, A. McCormick, P. W. Carr. J. Chro-

matogr. A 1028 (2004) 31. 
32. J. Nawrocki, C. Dunlap, A. McCormick, P. W. Carr. J. Chromatogr. A 1028 (2004) 

1. 
33. J. Bowermasterm H. M. McNair J. Chromatogr. Sci. 22 (1984) 165. 
34. H. M. Chen, C. Horváth, J. Chromatogr. A 788 (1997) 51. 



 67

35. Y. Yang Anal. Chim. Acta 558 (2006) 7. 
36. P. Hemström, K. Irgum, J. Sep. Sci. 29 (2006) 1784. 
37. J. P. Alpert, J. Chromatogr. 499 (1990) 177. 
38. H. Kim, K. Kaczmarski, G. Guiochon, Chem. Eng. Sci. 61 (2006) 1122. 
39.  http://www.miptechnology.com (2008 jan 24). 
40. M. Kele, G. Guiochon, J. Chromatogr. A 830 (1999) 41. 
41. M. Kele, G. Guiochon, J. Chromatogr. A 830 (1999) 55. 
42. M. Kele, G. Guiochon, J. Chromatogr. A 855 (1999) 423. 
43. M. Kele, G. Guiochon, J. Chromatogr. A 869 (2000) 181. 
44. M. Kele, G. Guiochon, J. Chromatogr. A 913 (2001) 89. 
45. F. Gritti, G. Guiochon, J. Chromatogr. A 1003 (2003) 43. 
46. A. Felinger, G. Gritti. G. Guiochon, J. Chromatogr. A 1024 (2004) 21. 
47. L. R. Snyder, P. W. Carr, R. C. Rutan, J. Chromatogr. A 656 (1993) 537. 
48. H. A. Claessens, M. A. van Straten, M. Jezierska, B. Buszewski. J. Chromatogr. A 

826 (1998) 135. 
49. D. Avnir, J. Am. Chem. Soc. 109 (1987) 2931. 
50. D. Farin, D. Avnir, J. Chromatogr. 406 (1987) 317. 
51. K. A. Lippa, L. C. Sander, J. Chromatogr. A 1128 (2006) 79. 
52. K. K. Unger. Packing and Stationary Phases in Chromatographic Techniques. 

Chromatographic Science Series Vol. 47. Marcel Dekker inc., NY, USA. 
53. C. Stella, S. Heinisch, X. Liu c, P.-A. Carrupt, G. Cazorla ,J.-Y. Gauvrit, P. Lantéri, 

K. Le Mapihan, J. Vial, S. Héron ,A. Tchapla, J.-L. Rocca, J.-L. Veuthey, S. Rudaz, 
J. Pharm. Biomed. Anal. 39 (2005) 104. 

54. H. Engelhardt, M. Jungheim. Chromatographia 29 (1990) 59. 
55. K. Kimata, K. Iwaguchi, S. Onishi, K. Jinno, R. Eksteen, K. Hosoya, M. Araki, N. 

Tanaka, J. Chromatgr. Sci. 27 (1989) 721. 
56. M. J. Walter, J. Assoc. Off. Anal. Chem. 70 (1987) 465. 
57. S. V. Galushko, Chromatographia 46 (1993) 39. 
58. H. A. Claessens, M. A. van Straten, M. Jezierska, B. Buszewski. J. Chromatogr. A 

826 (1998) 135. 
59. M. Vitha, P. W. Carr J. Chromatogr. A 1126 (2006) 143. 
60. L. R. Snyder, J. W. Dolan, P. W. Carr, J. Chromatogr. A 1060 (2004) 77. 
61. J. C. Giddings, H. Eyring, J. Phys. Chem. 59 (1955) 416. 
62. J. C. Giddings, Anal. Chem. 35 (1963) 1999. 
63. A. Felinger, A. Cavazzini, F. Dondi, J. Chromatogr. A 1043 (2004) 149. 
64. A. Felinger, J. Chromatogr. A 1184 (2008) 20. 
65. D. V. McCalley, Anal. Chem. 78 (2006) 2532. 
66. T. Greibrokk, T. Andersen, J. Chromatorgr. A 1000 (2003) 743. 
67. P. Jandera, J. Chromatogr. A 1126 (2006) 195. 
68. G. Guiochon, A. Felinger, D. G. Shirazi, A. M. Katti. Fundamentals of preparative 

and nonlinear chromatography, second edition. Academic press. Netherlands. 
69. F.Gritti, G. Guiochon J. Chromatogr. A 1099 (2005) 1. 
70. S. Jacobsen, S. Golshan-Shirazi, G. Guiochon, J. Chromatogr. 522 (1990) 23. 
71. A. Seidel-Morgenstern, G. Guiochon, J. Chromatogr. 631 (1993) 37. 
72. T. Fornstedt, P. Sajonz, G. Guiochon, J. Am. Chem. Soc. 119(1997) 1254. 
73. T. Fornstedt, G. Zhong, G. Guiochon, J. Chromatogr. A 741 (1996) 1. 
74. T. Fornstedt, G. Zhong, G. Guiochon, J. Chromatogr. A 742 (1996) 55. 
75. A. Felinger, J. Chromatogr. A 1126 (2006) 120. 
76. P. Rouchon, M. Schönauer, P. Valentin, G. Guiochon, Sep. Sci. Technol. 22 (1987) 

1793. 
77. S. Golshan-Shirazi, G. Guiochon, J. Chromatogr. 603 (1992) 1. 
78. I. Häglund, J. Ståhlberg, J. Chromatogr. A 761 (1997) 3. 
79. P. Szabelski, K. Kaczmarski, J. Chromatogr. A 1113 (2006) 74. 
80. K. Kaczmarski, D. Antos, J. Chromatogr. A 862 (1999) 1. 



 68 

81. K. S. W. Sing, D. H. Everett, R. A. W. Haul, L. Moscou, R. A. Pierotti, J. 
Rouquérol, S. Siemieniewska, Pure & Apple. Chem. 57 (1985) 603. 

82. I. Langmuir, J. Am. Chem. Soc. 38 (1916) 2221. 
83. D. Graham, J. Phys. Chem. 57 (1953) 665. 
84. S. Khattabi, D. E. Cherrak, J. Fischer,P. Jandera, G. Guiochon, J. Chromatogr. 877 

(2000) 95. 
85. M. C. Stone, G. Carta, J. Chromatogr. A 1146 (2007) 202. 
86. G. Götmar, T. Fornstedt, G. Guiochon, Chirality 12 (2000) 558. 
87. F. Gritti, G. Guiochon J. Chromatogr. A 1038 (2004) 53. 
88. J. Lindholm, T. Fornstedt, J. Chromatogr. A 1095 (2005) 50. 
89. F. Gritti, G. Götmar, B. J. Stanley, G. Guiochon, J. Chromatogr. A 988 (2003) 185. 
90. M. Moreau, P. Valentin, C. Vidal-Madjar, B. C. Lin. G. Guiochon, J. Colloid Inter-

face Sci. 141 (1991) 127. 
91. F. Gritti, G. Guiochon, J. Colloid Interface Sci. 264 (2003) 43. 
92. B.J. Stanley, J. Krance, J. Chromatogr. A 1011 (2003) 11. 
93. F. Gritti, G. Guiochon, J. Chromatogr. A 1043 (2004) 159. 
94. B. J. Stanley, S. E. Bialkowski, D. B. Marshall, Anal. Chem. 65 (1993) 259. 
95. B. J. Stanley, G. Guiochon, J. Phys. Chem. 97 (1993) 8098. 
96. I. Quiñones, G. Guiochon, J. Colloid Interface Sci. 183 (1996) 57. 
97. A. Seidel-Morgenstern, J. Chromatogr. A 1037 (2004) 255. 
98. T. Herrmann, M. Schröder, J. Hubbuch, Biotechnol. Prog. 22 (2006) 914. 
99. P. Sajonz, G. Zhong, G. Guiochon, J. Chromatogr. A 731 (1996) 1. 
100. O. Lisec, P. Hugo, A. Seidel-Morgenstern, J. Chromatogr. A 908 (2001) 19. 
101. F. Helfferich, D. L. Peterson, Science 142 (1963) 661. 
102. J. Lindholm, P. Forssén, T. Fornstedt, Anal. Chem. 76 (2004) 4856. 
103. J. Lindholm, P. Forssén, T. Fornstedt, Anal. Chem. 76 (2004) 5472. 
104. P. Forssén, J. Lindholm, T. Fornstedt, J. Chromatogr. A 991 (2003) 21. 
105. F. G. Helfferich, P. W. Carr, J. Chromatogr. 629 (1993) 97. 
106. W. Zang, Y. Shan, A. Seidel-Morgenstern, J. Chromatogr. A 1107 (2006) 216. 
107. H. Guan, B. J. Stanley, G. Guiochon, J. Chromatogr. 659 (1994) 27. 
108. L. Ravald, T. Fornstedt, J. Chromatogr. A 908 (2001) 111. 
109. A. Felinger, A. Cavazzzini, G. Guiochon, J. Chromatogr. A 986 (2003) 207. 
110. P. Forssén, R. Arnell, T. Fornstedt, Computers & Chemical Engineering 30 (2006) 

1381. 
111. F. Gritti, G. Guiochon, J. Chromatogr. A 1041 (2004) 63. 
112. L. R. Snyder, J. W. Dolan, J. R. Gant. J. Chromatogr. 165 (1979) 3. 
113. F. D. Antia, C. Horváth, J. Chromatogr. 484 (1989) 1. 
114. R. Arnell, N. Ferraz, T. Fornstedt, Anal. Chem. 78 (2006) 1682. 
115. G. Götmar. Heterogeneous Adsorption in Chiral LC. PhD thesis, Faculty of Phar-

macy No 267,Uppsala University, Sweden 2002. 
116. C. L. Baird, E. S. Courtenay, and D. G. Myszka. Anal. Biochem. 310 (2002) 93. 
117. H. Xuan, D. S. Hage, Anal. Biochem. 346 (2005) 300. 
118. R. L. Rich, Y. S. N. Day, T. A. Morton, D. G. Myszka. Anal. Biochem. 296 (2001) 

197. 
119. F. Gritti, G. Guiochon, J. Chromatogr. A 1097 (2005) 98. 
120. A. Felinger, M. Kele, G. Guiochon, J. Chromatogr. A 913 (2001) 23. 
121. L. S. Snyder, J. Chromatogr. 13 (1964) 415. 
122. P. Jandera, J. Chromatogr. A 1126 (2006) 195. 
123. F. Gritti, A. Felinger, G. Guiochon, J. Chromatogr. A 1017 (2003) 45. 
124. N. Marchetti, F. Dondi, A. Felinger, R. Guerrini, S. Salvadori, A. Cavazzini, J. 

Chromatogr. A 1079 (2005) 162. 
125. F. Gritti and G. Guiochon Anal. Chem. 78 (2006) 4642. 
126. L. C. Sander, S. A. Wise, J. Sep. Sci. 24 (2001) 910. 
127. K. J. Mayfield, R. A. Shalliker, H. J. Catchpoole, A. P. Sweeney, V. Wong, G. 

Guiochon. J. Chromatogr A 1091 (2005) 124. 



 69

128. S. Keunchkarian, M. Reta, L. Romero, C. Castells, J. Chromatogr A 1119 (2006) 
20. 

129. F. Khachkik, G. R. Beecher, J. T. Vanderslice, G. Furrow, Anal. Chem. 60 (1988) 
807. 

130. P. Jandera, G. Guiochon. J. Chromatogr. 588 (1991) 1. 
131. B. Streel, A. Ceccato, P. Chiap, Ph. Hubert, J. Crommen, Biomedical chromatogr. 9 

(1995) 254. 
132. IUPAC Gold book http://www.iupac.org , (2008 feb 12). 
133. J. Barbosa and V. Sanz-Nebot Anulytica Chimica Acta 283 (1993) 320. 
134. J. Barbosa, D. Barrón, S. Butí, Anal. Chim. Acta 389 (1999) 31. 
135. M. Rosés, E. Bosch, J. Chromatogr. A 982 (2002) 1. 
136. J. J Kirkland, M.A. van Straten, H. A. Claessens J. Chromatogr. A 691 (1995) 3. 
137. J. A. Lippert, T. M. Johnson, J. B. Lioyd, J. P. Smith, B. T. Johnson, J. Furlow, A. 

Proctor, S. J. Marin, J. Sep. Sci. 30 (2007)1141. 
138. D. A. Fonseca, H. R. Gutiérrez, K. E. Collins, C. H. Collins, J. Chromatogr. A 1030 

(2004) 149. 
139. XBridge HPLC Columns, booklet, Waters 2005. 
140. HypersilTM GOLD Technical Guide Volume 2, Thermo electron corporation 2005. 
141. H. A. Claessens, M.A. van Straten, J. J Kirkland. J. Chromatogr. A 728 (1996) 259. 
142. M. J. J. Hetem, J. W. de Haan, H. A. Cleassens, L. J. M. vab de Ven, C. A. 

Cramers, J. N. Kinkel, Anal. Chem. 62 (1990) 2288. 
143. M. J. J. Hetem, J. W. de Haan, H. A. Cleassens, L. J. M. vab de Ven, C. A. 

Cramers, P. W. J. G. Wijen, J. N. Kinkel, Anal. Chem. 62 (1990) 2296. 
144. J. J Kirkland, M.A. van Straten, H. A. Claessens J. Chromatogr. A 797 (1998) 111. 
145. J. J Kirkland, J. W. Henderson, J. J. DeStefano, M.A. van Straten, H. A. Claessens 

J. Chromatogr. A 762 (1997) 97. 
146. R. Arnell, P. Forssén, T. Fornstedt, Anal. Chem. 79 (2007) 5838. 
147. A. Cavazzini, G. Nadalini, V. Malanchin, V. Costa, F. Dondi, F. Gasparrini, Anal. 

Chem.79 (2007) 3802. 
148. M. T. W. Hearn. Ion-pair Chromatography. Theory and biological and pharmaceuti-

cal application. Chromatographic science series volume 31, Marcel Dekker, New 
York, USA, 1985. 

149. T. Fornstedt, D. Westerlund, A. Sokolowski, J. Liq. Chromatogr.11 (1988) 2645. 
150. T. Fornstedt, D. Westerlund, A. Sokolowski, J. Chromatogr. 506 (1990) 61. 
151. T. Fornstedt, D. Westerlund, A. Sokolowski, J. Chromatogr. 535 (1990) 93. 
152. T. Fornstedt, G. Guiochon, Anal. Chem. 66 (1994) 2116. 
153. T. Fornstedt, G. Guiochon, Anal. Chem. 66 (1994) 2686. 
154. C. N. Filer, J. Labelled Cpd. Radiopharm. 42 (1999) 169. 
155. M. Turowski, N. Yamakawa, J. Meller, K. Kimata, T. Ikegami, K. Hosaya, N. Ta-

naka, E. R. Thornton, J. Am. Chem. Soc. 125 (2003) 13836. 
156. P. Forssén, T. Fornstedt, J. Chromatogr. A 1126 (2006) 268. 

 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 416

Editor: The Dean of the Faculty of Science and Technology

A doctoral dissertation from the Faculty of Science and
Technology, Uppsala University, is usually a summary of a
number of papers. A few copies of the complete dissertation
are kept at major Swedish research libraries, while the
summary alone is distributed internationally through the
series Digital Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Science and Technology.
(Prior to January, 2005, the series was published under the
title “Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-8597

ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2008


	Abstract
	List of Papers
	Contents
	Abbreviations
	1. Introduction
	1.1. Modern trends in LC
	1.1.1 The efficiency trend
	1.1.2 The permeability trend
	1.1.3 Selectivity and new column materials

	1.2. Phase system characterization
	1.3. Aim of study

	2. Theory and Methodology
	2.1 Modeling Chromatographic separation
	2.2. Thermodynamic description of adsorption
	2.2.1. Single component adsorption isotherms
	2.2.2. Multi-component adsorption isotherms
	2.2.3. Adsorption energy distribution (AED)

	2.3 Determination of adsorption isotherms
	2.3.1 Frontal analysis (FA)
	2.3.2 Pulse methods
	2.3.3 Characteristic points methods
	2.3.4 The inverse method


	3. Measurement of correct equilibrium data
	3.1 Experimental and method considerations
	3.2 Adsorption isotherm model selection

	4. Discussion of papers
	4.1 Paper I
	4.2 Paper II
	4.3 Paper III
	4.4 Paper IV
	4.5 Paper V
	4.6 Paper VI

	5. Concluding remarks and future perspectives
	6. Acknowledgement
	7. Swedish Summary
	Utveckling av nya metoder för karakterisering av moderna kromatografiska system

	8. Reference list
	Acta Universitatis Upsaliensis

