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Abstract 
Chromatography is a widely used separation technique including many different modes, for example 
supercritical fluid chromatography (SFC) which uses a supercritical fluid as mobile phase. A 
supercritical fluid is achieved when a substance is subjected to a temperature and pressure above the 
critical point and the boundary between the liquid phase and gas phase is erased. The interest for SFC 
has increased in recent years, mainly for separation of chiral molecules in the pharmaceutical industry. 
What makes SFC interesting is that it is a quick, cost-efficient and green method. This is in part due to 
less organic solvent used in the mobile phase in SFC compared with liquid chromatography and that the 
carbon dioxide that represents the major part of the mobile phase is a by-product from other processes. 

In SFC modifiers, often small alcohols, are added to carbon dioxide based mobile phase in order to 
increase the solubility of polar compounds. In this study the adsorption of methanol to two different 
stationary phases; Kromasil-Diol and chiral Lux Cellulose-4 were studied. Adsorption is a phenomenon 
where surface interactions crate a higher density of molecules at the surface than in the bulk. 

The aim of this work has been to study the adsorption of modifier (methanol) to the stationary phase 
both to determine the extent of adsorption and the kinetics for system equilibration. These findings were 
then put into perspective of normal use of SFC for separation of molecules. 

There are a number of techniques for measuring adsorption; in this study the tracer pulse method is used. 
This is a pulse method where a concentration plateau is created and an isotope labelled molecule is 
injected. This was performed in the mobile phase composition from pure carbon dioxide to pure 
methanol. In addition to the tracer pulse experiments the isotope effect, the eluent flow, equilibration 
times for the column and retention times for a set of analytes were measured. For the Diol column no 
large isotope effect was observed, the method was also proved to be highly reproducible since several 
runs gave consistent results. Calculations based on the experimental data showed that a 6.3 Å thick layer 
was built up at a methanol fraction of 13% (v/v), corresponding to a monolayer. Changes of the 
methanol fraction below the saturation level has has greater effect on the retention factor for the analytes 
than at higher methanol fractions, when the monolayer was saturated. The conclusion of this is that SFC 
is more stable in the area where the layer has been built up. 

A preliminary study has been made for the chiral Lux Cellulose-4 column which was not as conclusive 
as for the Kromasil-Diol column. This type of column needs further studies to confirm the deviating 
observations and to investigate the cause for these. 
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Sammanfattning 
Kromatografi är en utbredd teknik för att separera molekyler i ett prov som innefattar flera olika 
metoder. En av dessa är superkritisk vätskekromatografi (SFC) där en superkritisk vätska används som 
mobilfas. Superkritisk vätska uppnås när ett ämne utsätts för en temperatur och ett tryck över den 
kritiska punkten och gränsen mellan ämnets vätskefas och gasfas suddas ut. Intresset för SFC har på 
senare år ökat och då främst för separation av kirala molekyler inom läkemedelsindustrin. Det som gör 
SFC intressant är att det är en snabb, kostnadseffektiv och grön metod. Detta beror bland annat på att 
minde organiskt lösningsmedel används i den mobila fasen i SFC jämfört med vätskekromatografi samt 
att den koldioxid som utgör den större delen av mobilfasen är en restprodukt från andra processer.  

I SFC tillsätts modifierare, ofta i form av små alkoholer, för att öka den koldioxidbaserade mobilfasens 
löslighet för polära föreningar. I detta arbete studerades metanols adsorption till två olika stationära 
faser; en Kromasil-Diol och en cellulosabaserad kiral Lux Cellulose-4. Adsorption är ett fenomen där 
ytinteraktioner gör att det blir en högre densitet av molekylerna vid ytan än i bulken.  

Målet för detta arbete har varit att studera adsorptionen av modifierare (metanol) till den stationära 
fasen, både för att bestämma omfattningen av adsorptionen och kinetiken för systemets adsorption. 
Dessa resultat sattes sedan i perspektiv till normal användning av SFC för separation av molekyler. 

Det finns ett antal olika tekniker för att mäta adsorption, i denna studie användes tracer puls-metoden. 
Detta är en pulsmetod som går ut på att en koncentrations platå skapas till vilken en märkt molekyl 
injiceras. Detta utfördes i hela intervallet av den mobila fasens komposition, från ren koldioxid till ren 
metanol. Förutom tracer puls experimenten mättes isotopeffekten, lösningsmedlets flöde, kolonnens 
jämvikts- samt retentionstider för ett antal analyter. För Diolkolonnen syntes ingen stor isotopeffekt och 
metoden visade sig vara mycket reproducerbar då alla försök gav liktydiga resultat. Beräkningar från 
experimentella data gav att ett 6,3 Å tjockt lager byggdes upp vid en metanolfraktion på 13 % (v/v), 
vilket motsvarar ett monolager. Ändringar av metanolfraktionen under nivån för mättnad har en större 
effekt på retentionsfaktorn för analyterna än högre metanolfraktioner, där monolagret var mättat. Det 
kan sammanfattas av att det är stabilare att köra SFC i området där lagret har byggts upp. 

En preliminär studie gjordes för den kirala Lux Cellulose-4 kolonnen där resultaten inte blev lika 
entydiga som för Kromasil-Diol kolonnen. Denna typ av kolonn behöver ytterligare studier för att 
bekräfta de avvikande observationerna och för att undersöka orsaken till dessa. 
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Nomenclature 
APCI  Atmospheric pressure chemical ionization 

ECP Elution by characteristic points 

ESI Electro spray ionization 

FA Frontal analysis 

FACP Frontal analysis by characteristic points 

GC Gas chromatography 

HPLC High-performance liquid chromatography 

LC Liquid chromatography 

MeOH Methanol 

MS Mass spectrometer 

PDA Photo diode array 

PP Perturbation pulse 

SFC Super critical fluid chromatography 

pSFC  Preparative supercritical fluid chromatography 

REFROP  Reference fluid thermodynamic and transport properties database 

SIM Single ion monitoring 

SQD Single-quadrupole detector 

TP Tracer pulse 
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1 Introduction 
1.1 Supercritical fluid chromatography 
1.1.1 Chromatography 
“Chromatography is a physical method of separation in which the components to be separated are 
distributed between two phases, one of which is stationary (stationary phase) while the other (the mobile 
phase) moves in a definite direction.” – IUPAC [1] 
 
1.1.1.1 History; from plant pigments to SFC 
The initial development of chromatographic separations is attributed to the botanist M.S. Tswett [2]. In 
the first decades of 1900 he successfully separated plant pigments by percolation through glass tubes 
packed with calcium carbonate. The various pigments were separated into coloured bands; hence the 
name chromatography from the two Greek words chroma (colour) and graphein (to write). His result 
proved that plant pigments comprises of complex mixtures of different component, instead of being only 
one component, which was not known before. In 1941 Martin and Synge developed the theory on 
partition chromatography by adsorbing water to silica and then use organic solvent as mobile phase [3]. 
This method made the separation dependent of the partition between the different liquids instead of 
differences in adsorption to the stationary phase. Chromatographic methods where the mobile phase is a 
liquid are called liquid chromatography (LC). During the 1950s chromatography where the mobile phase 
is a gas, gas chromatography (GC), was developed [2]. Development of super critical fluid 
chromatography (SFC) started in the beginning of the 1960s and was considered a form of GC according 
to Klesper et al [4]. At the same time LC was improved by invention of the modern liquid 
chromatograph in 1958, and the development of size-exclusion in 1960-1962 by J.S. Moore [5]. At this 
time GC was more efficient and to achieve the same speed in LC Giddings suggested that a higher 
pressure and smaller particles (2-20µm in diameter) would be needed. This technique is called high-
performance liquid chromatography (HPLC). The development of SFC continued in the late 60s with 
experiments using carbon dioxide as mobile phase [6], independent control of the back pressure and 
flow rate as well as development of an UV detector that worked under high pressure [7]. Even if 
instruments for SFC were more sophisticated than those for HPLC in the late 1970s, the latter method 
took over. It is first in recent years that the use of SFC has increased, and is now often used in the 
pharmaceutical industry for example in separations of enantiomers [8]. 

1.1.2 Supercritical state 
The supercritical state is best described by a phase diagram, which illustrates how the physical state of a 
compound is related to temperature and pressure, see Figure 1.1. At the triple point there is equilibrium 
between the three phases; gas, liquid and solid. Between the triple point and the critical point 
equilibrium exists between gas and liquid, illustrated by a pressure curve. Following this curve, from the 
triple point towards the critical point, the temperature increases which gives decreasing density of the 
liquid, at the same time the pressure increase, which leads to increasing density of the gas [8]. At the 
critical point the interface between the two phases disappears as the densities of the liquid and the gas 
phase becomes equal. At temperatures and pressures higher than the critical point a supercritical fluid 
exists, illustrated by the grey area in Figure 1.1. At the critical point, defined by the critical pressure, Pc, 
(73.74 bar for CO2)  and the critical temperature, Tc, (304.12 K for CO2) variations in pressure gives 
large effects for the density on the fluid [9]. 
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Supercritical fluids are rare in nature, but exist. For example the atmosphere of Venus is made of 96.5% 
CO2 has a temperature of 735 K and a pressure of 93 bar, which exceed the critical point [8]. Another 
place where supercritical state may be found is around hot plumes in deep oceans. 

1.1.3 SFC vs LC 
Even if SFC was invented almost fifty years ago it was first recently, due to development of new robust 
instrumentation, that the interest for the technique started to grow [8]. There is today a strong new trend 
towards the use of SFC instead of LC particularly in preparative chromatography The pharmaceutical 
industry has started to replace LC units with SFC, especially for chiral separations [10],[11]. The main 
reason for this is that SFC gives a much higher production rate compared to LC and is a cost effective 
approach [12]. The run times are shorter in SFC compared to HPLC, due to less efficiency loss at higher 
flow rates. Another advantage is that CO2, which usually is the main component in the mobile phase, is 
non-flammable, non-toxic and easily available [9]. It is also a green method since the CO2 used is a 
recovered by-product from other processes, and thereby gives no net emission to the atmosphere.  

Using only CO2 as the mobile phase the solvating power may not be enough to elute moderately polar 
compounds, therefore small amounts of a polar modifier can be used to increase the elution strength of 
the mobile phase [11]. Typically modifiers are small alcohols such as methanol, ethanol and iso-
propanol. As the fraction of modifier is often less than 40% the usage of organic solvent in SFC is 2-10 
times less compared with HPLC.  

1.2 Adsorption 
”Adsorption is the phenomenon marked by an increase in density of a fluid near the surface, for our 
purposes, of a solid. Adsorption is by nature a surface phenomenon, governed by the unique properties 
of bulk materials that exist only at the surface due to bonding deficiencies.” (Stadie, Nicholas P. (2013)) 

Adsorption is a phenomenon that occurs due to surface forces [13]. The surface of an adsorbent can be 
thought of as a landscape of potential energy with adsorption sites of different strength. A molecule from 
the bulk that collides with the landscape can either bounce back to the bulk or stay at the surface and 
adsorb. If adsorption occurs, it is likely to depend on an energy exchange due to interactions with the 
adsorption sites. The interactions can either be strong interactions, such as chemical bonding, where the 
molecule will need a great increase in energy to get back to the bulk, or weaker interactions, such as van 

Figure 1.1 Phase diagram for carbon dioxide 
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der Waals forces, where less energy is needed for the molecules to escape. In the latter case the 
molecules may travel between adsorption sites before it gains enough energy to return to the bulk.  

 

1.2.1 Van der Waals Forces 
A combination of Boyle’s law; PV=constant, where P is the pressure and V the volume,  and Charles’s 
law; which states the linear relationship between volume, V, and temperature, T, gives the ideal gas law 
[13]: 

𝑃𝑃𝑃𝑃 = 𝑛𝑛𝑛𝑛𝑛𝑛    (1.1) 

 where n is Avogadro’s number; the number of atoms per mole, and the relationship is linked by the gas 
constant, R. The equation describes how physical parameters for a gas are related. This law does not 
account for the volume of the particles and is only valid for an ideal gas, i.e. a gas where the molecules 
in the gas don’t interact with each other. To make the law valid for real gases over a wide range of 
pressures and temperatures van der Waal improved the equation to: 

�𝑃𝑃 + 𝑎𝑎 𝑛𝑛
2

𝑉𝑉2
� (𝑃𝑃 − 𝑛𝑛𝑛𝑛) = 𝑛𝑛𝑛𝑛𝑛𝑛   (1.2) 

This equation takes into considerations the effect intermolecular forces has on the pressure, with a as the 
attraction. The volume is effected by the finite size of real particles, b. The introduction of 
intermolecular forces led to the definition of “Van der Waal forces” as the sum of the attractive and 
repulsive forces between atoms or molecules. This includes forces between electrically neutral atoms or 
molecules, such as forces between a permanent dipole and an induced dipole (Debye forces), forces 
between two induces dipoles (London dispersion forces) and repulsive forces (Pauli). 

1.2.2 Adsorption models 
In a system, with a pure solid, s, and a component, i, which could either be adsorbed, a, or in the bulk, b, 
the density of the component, ρi, will depend on the distance, r, to the surface, if the temperature and 
pressure is kept constant [13]. At greater distance from the solid phase the density will be equal to the 
density of the bulk, ρi

b. Closer to the surface the density will increase as the component adsorb, see 
Figure 1.2. The function for how the density increase with decreasing distance is unknown, but the 
higher density closest to the surfaces can be defined as the adsorbed phase. 
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Figure 1.2 The density of molecules of component i plotted as a function of r, where the dark grey molecules are adsorbed and the 
light grey are in the bulk. 

 

The adsorbed amount can be expressed as the fractional coverage θ, in terms of volume as: 

𝜃𝜃 = 𝑃𝑃/𝑃𝑃∞    (1.3) 

where V is the volume of the adsorbed phase and V∞ corresponds to the volume of adsorbed phase at 
complete monolayer coverage [14]. Studies of the adsorption at constant temperature give an adsorption 
isotherm. The simplest isotherm is the Langmuir isotherm [14], [15]: 

𝜃𝜃 = 𝐾𝐾𝐾𝐾
1+𝐾𝐾𝐾𝐾

      𝐾𝐾 = 𝑘𝑘𝑎𝑎
𝑘𝑘𝑑𝑑

   (1.4) 

The equation is based on the rate constants for adsorption, ka, and desorption, kd, for the equilibrium 
where the adsorbate A reacts with the surface S: 

𝐴𝐴 + 𝑆𝑆 ⇌ 𝐴𝐴𝑆𝑆    (1.5) 

The rate constants are proportional to the partial pressure p of A. And the equation is based on the 
assumptions that all adsorption sites are equal and that adsorbed neighbours do not affect each other. It is 
also assumed that it is only possible to form monolayer. 
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1.2.3 Gibbs Surface Excess 

 

Figure 1.3 a) reference system without adsorption. b-e) with increasing bulk density, light blue, the adsorbed amount, including 
reference molecules, dark blue, and excess molecules, dark grey, increase. f) as the bulk density reaches the same density as the 
adsorbed layer there is no longer any excess adsorption 

Adsorption measurements (see 1.3) near or above the critical point do not follow the Langmuir model of 
adsorption, see 1.2.2; increasing adsorption with increasing pressure [13]. Instead the uptake amount 
increases up to a maximum and then decreases with increasing pressures, see Figure 3.1. The reason for 
this is that even in a reference system without surface forces an amount equal to the density of the bulk 
would be present near the surface, see Figure 1.3 a), with bulk molecules in light blue. As measurements 
are not made directly at the surface it is not possible to account for these molecules and therefore is only 
the excess measurable. In Figure 1.3 b-e) the adsorbed amount is illustrated as two components; the 
molecules that correspond to the density of the bulk, shown in dark blue, and the excess molecules, dark 
grey. In Figure 1.3d) the excess quantity has reach its maximum, when there is no more room for 
molecules in the adsorbed phase. This maximum is called Gibbs excess maximum. As there is no more 
room on the surface, an increase in the bulk density will lead to a decrease of excess adsorption, Figure 
1.3 e). As the bulk density reaches the same density as the adsorbed layer there is no longer any excess 
adsorption, Figure 1.3 f). 

1.3 Different methods to determine adsorption 
1.3.1 Pulse methods 
The pulse methods; the tracer pulse (TP) and the perturbation peak (PP) method, are both performed by 
equilibrating a column, to create a concentration plateau, and then inject a small excess of the same 
molecule as in the plateau [16]. This will create three zones, the first zone consist of the displaced 
plateau molecules and is seen as a peak (the perturbation peak), the second zone consist of the injected 
molecules (the tracer peak), the mass peak created by this zone is invisible as it is eliminated by the third 
zone, consisting of a valley created by the displaced plateau molecules, see Figure 1.4 a. The retention 
time for PP is related to the tangential slope of the adsorption (Figure 1.4 b). To visualize the tracer peak 
it is necessary to use labelled molecules, with the same adsorption properties as the unlabelled molecule. 
The label could be a stable isotope, as 13C or 15N, or a radioactive isotope [8]. When applicable, it is also 

a) b) c) 

d) e) f) 
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possible to use the opposite enantiomers. To detect the enantiomers a chiral detector is needed, 
radioactive tracers are detected with a radiodetector [17] and stable isotopes with a mass spectrometer 
[18].The retention time for the TP is described in the Theory Section, 3. 

 

Figure 1.4 a) Effects of a small injection to a plateau, the mass peak corresponds to the tracer peak. b) the retention time of the 
perturbation peak is related to the tangent of the adsorption curve and the tracer peak to the cord of the isotherm. Figure from 
[19], used with permission of J. Samuelsson at Karlstad University.  

 

1.3.1.1 Mass spectrometer 
In a mass spectrometer ions are separated by their mass to charge ratios(m/z) [20]. In this study a single-
quadrupole detector (SQD) was used. A quadrupole is constructed of four metal bars and between these 
a voltages is applied. The magnitude of this voltage specifies which ions that is able to pass between the 
bars. Before the sample can enter the mass spectrometer it has to be ionized. This can be done with 
several different techniques. In this study electrospray-ionisation (ESI) and atmospheric pressure 
chemical ionisation (APCI) was used. In ESI the sample is dissolved in a polar solvent and pumped 
through a capillary and is subjected to a voltage [21]. As it exits the capillary, at atmospheric pressure, it 
aerosolizes, induced by electrostatic attraction the droplets send ions in to the mass spectrometer. In 
APCI the analyte is transferred neutrally into the gas phase by vaporizing in a heated gas stream. The 
gas is then introduced to a reagent ion and a charge is transferred to the analyte. As reagent ions form in 
excess, APCI is capable of forming a greater number of ions than ESI.  

1.3.2 Frontal Analysis (FA) 
In the frontal analysis method the retention times for break through fronts are studied [8]. The method 
can be performed in two ways, the staircase, where the concentration is raised periodically, or as a plug, 
where a plug of the solute is used and the experiment is repeated with increasing plug concentration, and 
each experiment starting at a concentration of 0. The breakthrough volume can be determined in three 
ways; by the half-height, the inflection point or the centre of mass method [16].  

a) 

b) 
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1.3.3 Characteristic points methods 
These methods are based on the diffuse boundary of either an overloaded band profile (elution by 
characteristic points, ECP) or a breakthrough curve (the FACP method) [8]. Adsorption isotherm data is 
retrieved by integrating the diffuse tail of a large overloaded profile: 

𝑞𝑞(𝐶𝐶) = 1
𝑉𝑉𝑎𝑎
∫ �𝑃𝑃𝑅𝑅(𝐶𝐶) −  𝑃𝑃0 − 𝑃𝑃𝑖𝑖𝑛𝑛𝑖𝑖�𝑑𝑑𝐶𝐶
𝐶𝐶
0     (1.6) 

where VR(C) is the retention volume at mobile phase concentration C, Vinj is the injected volume, V0 the 
column holdup volume and Va the stationary phase volume. 

1.3.4 The inverse method 
In this method assumed isotherm models are used to minimize the difference between profiles calculated 
for a compound and the experimental band profiles [8]. This method is helpful for optimizing processes 
but not very good for characterization of the column [16]. 

1.4 Adsorption isotherms in SFC 
Adsorption isotherms over a wide range of solute concentration can be used to create models to facilitate 
optimization of large scale chromatography. This could lead to higher production rates, less costs and 
less impact on the environment. It could also give guidelines to more robust and safer chromatography. 
Extensive studies on adsorption isotherms are made in GC and LC but they are scares in SFC. Many of 
the studies in SFC are limited to specific applications or are not systematic. Some work is done on the 
adsorption of CO2 but the studies of modifier adsorption are limited. In LC it is determined that 
concentration plateau methods such as FA, PP and TP gives more accurate adsorption isotherms then 
methods based on elution profiles [22], [23]. Kamarei showed that for measurements with the FA 
method instrumental modifications are necessary [24]. Vajda et al. performed studies on the adsorption 
of ethanol on silica with the PP method [25], [26]. Attempt to replicate this on other columns was made, 
but this resulted in multiple and inconclusive results. It was also shown by Enmark et al. that neither PP 
or FA gave reliable isotherms in SFC [10], [23]. An alternative for the perturbation method is the tracer 
top method. Only a few studies are found that uses TP in SFC, and they have only studied adsorption of 
CO2 [27], [28].  

 

2 Aim 
SFC is more complex than LC, due to the physical properties of the supercritical mobile phase. 
Furthermore is the fundamental understanding of SFC limited compared with LC [23]. The aim of this 
study is to, by excess adsorption studies, provide deeper understanding of how and to what extent the 
modifier, in this case methanol, adsorbs to the stationary phase in SFC. Further to relate these results to 
practical chromatography by comparing the adsorption isotherm with equilibration times for the 
stationary phases and retention times for analytes. 
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3 Theory 

With the tracer pulse method, (1.3.1), an isotope labelled tracer 𝑃𝑃𝑅𝑅,𝑖𝑖
∗ , is injected. The basis for adsorption 

isotherm determination is the retention volume for this tracer, which is proportional to the ratio between 
the total amount of component i in the column, 𝑛𝑛𝑖𝑖, and the fraction of i in the mobile phase, 𝜃𝜃𝑖𝑖𝑀𝑀 [29]: 

𝑃𝑃𝑅𝑅,𝑖𝑖
∗ ~ 𝑛𝑛𝑖𝑖

𝜃𝜃𝑖𝑖
𝑀𝑀     (2.1) 

Gibbs composed a method to express the amount of component adsorbed as [30]: 

𝑛𝑛𝑖𝑖𝑆𝑆 =  𝑛𝑛𝑖𝑖 − 𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃𝑀𝑀     (2.2) 

where 𝑛𝑛𝑖𝑖𝑆𝑆  is the total amount of component i in the stationary phase and 𝑃𝑃𝑀𝑀  is the volume of the mobile 
phase. In a liquid-solid system it is impossible to directly determine the volume of the adsorbed phase 
due to difficulties in determining the volumes of the mobile and the stationary phase. This is based on 
the problem of determining the boundary between these phases, as the interface of the stationary phase is 
composed of the solid surface, bonded organic species and immobilized eluent. This composition makes 
the interface between the phases dependent on the composition of the eluent as well as temperature and 
pressure. To solve this problem Knox and Kaliszan [31] defined two types of void volumes. The kinetic 
void volume, VM, was defined as the total volume of the mobile phase, and the thermodynamic void 
volume, V0, was defined as the total volume of the eluent in the system. V0 can be expressed as: 

𝑃𝑃0 = 𝑃𝑃𝑆𝑆 + 𝑃𝑃𝑀𝑀     (2.3) 

where VS is the volume of the eluent in the stationary phase. This gives that Equation 2.2 can be 
rearranged as: 

𝑛𝑛𝑖𝑖 − 𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃0 = 𝑛𝑛𝑖𝑖𝑆𝑆 − 𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃𝑆𝑆     (2.4) 

From the left hand side of this equation it is now possible to create a new definition of adsorption, 
excess adsorption, which only consist of experimentally measurable quantities: 

𝑛𝑛𝑖𝑖𝑥𝑥𝑥𝑥 = 𝑛𝑛𝑖𝑖 − 𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃0    (2.5) 

where 𝑛𝑛𝑖𝑖𝑥𝑥𝑥𝑥  is the excess of component i adsorbed, which can be defined as the total amount of component 
i minus the amount that would be present in the same system assuming no adsorption (see Figure 1.3). If 
Equation 2.1 and 2.5 is combined it is possible to express the retention time for the tracer pulse in terms 
of excess adsorption as: 

𝑃𝑃𝑅𝑅,𝑖𝑖
∗ = 𝑃𝑃0 + 𝑛𝑛𝑖𝑖

𝑥𝑥𝑥𝑥

𝜃𝜃𝑖𝑖
𝑀𝑀      (2.6) 

This can be expressed in terms of excess volume, 𝑃𝑃𝑖𝑖𝑥𝑥𝑥𝑥 [32]: 

𝑃𝑃𝑖𝑖𝑥𝑥𝑥𝑥 = (𝑃𝑃𝑅𝑅,𝑖𝑖
∗ − 𝑃𝑃0)𝜃𝜃𝑖𝑖𝑀𝑀    (2.7) 

To obtain the surface specific excess adsorption isotherm, Γ, this has to be divided by the surface 
specific area of the pacing material, S.  
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From chromatographic retention measurements of all the components in the eluent, V0 can be determined 
as a function of the eluent composition:  

𝑃𝑃0 = ∑𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃𝑅𝑅,𝑖𝑖
∗     (2.8) 

It is also possible to get a single value for V0from retention data for an isotope in pure eluent. 

The excess adsorption isotherm, Γ, follows a characteristic shape, see Figure 3.1, which includes a linear 
decrease. From the slope of this decrease it is possible to calculate the total amount in the adsorbed 
layer, atot. In this region the slope the of adsorbed amount is assumed not to increase with increasing 
bulk concentration due to the progressive saturation of the adsorbed phase [29]. The region can, with this 
assumption, be described as [25]: 

Γ = 𝑞𝑞𝑥𝑥,𝑖𝑖 −  𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃𝑎𝑎 = 𝑞𝑞𝑥𝑥,𝑖𝑖 −  𝜃𝜃𝑖𝑖𝑀𝑀
𝑑𝑑Γ
𝑑𝑑𝜃𝜃𝑖𝑖

𝑀𝑀    (2.9) 

where the surface specific volume of the adsorbed phase, Va, is equal to the slope, and the specific 
monolayer saturation capacity, 𝑞𝑞𝑥𝑥,𝑖𝑖, correspond to the intercept. From this the total amount, atot can be 
calculated as [29]: 

𝑎𝑎𝑡𝑡𝑡𝑡𝑡𝑡 =  Γ +  𝜃𝜃𝑖𝑖𝑀𝑀𝑃𝑃𝑎𝑎   (2.10) 

If Equation 2.9 is arranged in terms of densities: 

Γ�ρb� = 𝑃𝑃𝑎𝑎 ( ρa − ρb)   (2.11) 

where ρa is the density of the adsorbed layer and ρb is the density of the bulk, this can explain the 
characteristic shape of the excess adsorption isotherm (Figure 3.1) [9]. At low bulk densities the density 
of the adsorbed layer increases (see Figure 1.3 b-c), this characterizes the initial increase of the excess 
adsorption. The excess adsorption will then reach its maximum, where there is no further increase in the 
density for the adsorbed layers (Figure 1.3 d). As the surface get saturated with the adsorbed layer the 
adsorbed density will keep constant as the bulk density increase, as there is no more room on the surface, 
this will lead to an decrease of excess adsorption (Figure 1.3 e-f).  

 

Figure 3.1 The excess adsorption isotherm (-) consist of an initial increase as the number of adsorbed layers build up in the total 
amount of adsorption (--). The slope of the excess adsorption is equal to the surface specific volume of the adsorbed phase, Va (-.-). 
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4 Experimental 

4.1 Instrument 
All experiments were carried out using a Waters UPC2 system (Waters Corporation, Milford, MA, USA) 
equipped with a photo diode array (PDA) detector and Waters SQ Detector, a single-quadrupole mass 
spectrometer, operated in either APCI or ESI mode. In APCI mode the detector was tuned manually for 
positive single ion monitoring (SIM) at 37 m/z, corresponding to MeOH-d4. Optimal conditions were 
obtained with a probe temperature of 350 °C, a cone voltage of 30 V and the corona needle set to 15 uA. 
The mobile phase flow was split before entering the mass spectrometer using a passive splitter and 
diluted with 0.2 ml/min MeOH for APCI mode and 0.45 ml/min with a mixture of 95/5 % (v/v) 
MeOH/10mM NH4FA for ESI mode, respectively. All retention volumes were corrected by subtraction 
of the extra column volume which was calculated by measuring the retention time for MeOH-d4 injected 
in triplicate applying different fractions of modifier and without a column connected. The extra column 
volume was determined to 0.109 cm3 from the injection loop to the MS detector and 0.074 cm3 from the 
injection loop to the PDA detector. All post column void volumes were minimized before starting any 
experiments. For injections of ≥2µl the injection loop was changed from a 10 µl loop to a 2 µl loop. 

4.2 Columns 
Three different columns were used in this study. Two Kromasil-Diol (Diol) columns (Akzo Nobel, 
Bohus, Sweden) and one Lux Cellulose – 4 (Lux C-4) column (Phenomenenx Inc., Torrance, CA, USA). 
The Kromasil-Diol columns (150 mm L x 4.6 mm I.D) were packed with the same batch 5µm particle 
size with pore diameter of 60 Å; the columns contained 1.32 g 60-5-Diol, which corresponds to 0.992 g 
pure silica and had a surface area of 530 m2/ g. The Lux Cellulose – 4 column (250 mm L x 4.6 mm I.D) 
contained 5µm particle with pore diameter 1000Å.  

4.3 Chemicals 
Carbon dioxide, nitrogen gas (AGA Gas AB), HPLC graded MeOH (>99.9%, Sigma-Aldrich) and 
methanol-d4 (99.8 atom %D, Sigma-Aldrich) were used in this study. As enrichments of water on the 
column can affect the retention times [33], [34], [35] the methanol used as modifier was changed every 
day and an overpressure was created, with N2 bubbled through the MeOH, in order to prevent water 
uptake from the air.  

4.4 Experimental Procedures 
All experiments were performed with a pressure set to 120 bar, a column temperature of 40.0 ˚C and the 
flow rate set to 1.0 ml/min (if nothing else is stated). The flow rate was monitored using a Bronkhorst 
mini CORI-FLOW model M12 (Bronkhorst High-TechB.V., Ruurlo, Netherlands). The CORI-FLOW 
was connected directly after the mobile phase mixer to measure the total flow, and between the solvent 
pump and the vent valve to measure the flow of the modifier. The total flow was measured as a mean of 
three runs where each plateau was monitored during 30 minutes; the modifier flow was recorded for 
each experiment. For modifier fractions below 0.5 % (v/v), the flow rates were determined by weighing 
the amount of MeOH pumped for 15 hours. This was performed for 0.1, 0.3 and 0.5 % (v/v) modifier. 
To compensate for evaporation the weight of a reference flask was used with the same MeOH amount 
placed next to the mobile phase bottle. Both flasks where sealed using parafilm. The densities for the 
mobile phase compositions were calculated using the NIST Reference Fluid Thermodynamic and 
Transport Properties Database version 9.1 (REFROP) [36].  
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4.4.1 Labeling effect 
The labeling effect was determined, for both the Diol and the Lux C-4 column, by triplicate injections of 
MeOH respective MeOH-d4 having pure CO2 as eluent. The peaks were detected at 196nm.  

4.4.2 Excess adsorption isotherm 
The excess adsorption isotherm was measured with the tracer peak method, described in 1.3.1. 
Experiments were carried out over the full range of eluent compositions from 0 to 100 % (v/v) of 
MeOH. After equilibration, 1 µl of the isotope labeled tracer was injected in triplicate at each 
composition. The retention volumes were calculated using average retention times for the tracer pulses. 
The experiments were performed on both Diol columns and the Lux C-4 column and they were repeated 
in reverse directions with 100-0 % (v/v) modifier for one of the Diol columns and for the Lux C-4 
column. Before each experiment starting at pure CO2 the column was equilibrated with pure CO2 at a 
column temperature of 60 °C for approximately 65 hours to wash out all residues of Methanol.  

4.4.3 Equilibration times 
The retention times were recorded by consecutive injections at methanol fraction of 1, 5, 10, 20, 50, 99 
and 100 % (v/v), until a stable retention time had been reached, with RSD less than 0.5 %.  

4.4.3.1 Relation between analytes retention times and adsorption 
Eight different small and neutral analytes, see Table I, with retention times at intervals corresponding to 
the increase, the maximum or the decrease in the curve of the excess adsorption isotherm was used, see 
Figure 3.1. The analytes were diluted to stock solutions of 10 mg/ml in MeOH and mixed together to a 
final concentration of 2 mg/ml. Each mixture contained 4-5 substances according to Table I. Mixture M1 
was injected after equilibration with 1, 2, 3, 4, 5, 10, 15 and 20 % (v/v) MeOH, M2 after equilibration 
with 5, 10, 15 and 20 % (v/v) MeOH and M3 after 20, 30, 40, 50 and 60 % (v/v) MeOH. At each 
equilibration level 10µl of the mixture was injected in triplicate. The peaks were detected using UV and 
MS in ESI mode, retention times were determined at 220 nm.  

Table I Structures for the used analytes. 

Adenine Caffeine Theophylline Deoxyadenosine 

M3 M1, M2 and M3 M2 and M3 M3 

    
MW : 135.1 194.2 180.2 251.2 

Theobromine Antipyrine Toluene Bromacil 

M1, M2 and M3 M2 M1 M1 

    
MW : 180.2 188.2 92.1 261.2 
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5 Results and discussion 
In this study the conditions for the system was defined by measurements of the labelling effect and the 
system flow. The adsorption isotherm was determined by measuring of the retention time for injections 
of methanol-d4 in eluent compositions over the whole range from 0-100 % modifier and the total 
amount of adsorbed methanol was calculated from the obtained results. Followed by discussion of how 
the findings can be related to every day chromatography by comparison of equilibration times at 
different eluent compositions and the retention times for a set of analytes with the given adsorption 
isotherm. Initial measurements were also made on cellulose based chiral stationary phase, and the excess 
adsorption isotherm was calculated. 

5.1 System definitions for the Diol columns 

 

Figure 5.1Overlaid peaks for methanol (blue) and methanol-d4 (green) show the labelling effect. 

Injections of both methanol and methanol-d4 were made with pure CO2 as eluent. Figure 5.1 shows that 
injections of either labelled or unlabelled methanol result in a visually equivalent retention time. 
Calculations shows that there is a minor labelling effect where the labelled methanol elute 0.3 minutes 
before the unlabelled molecule, which is 1.12 % of the total retention time for methanol. This effect is 
most likely due to the differences in the molecules, where four hydrogen atoms are exchanged for 
deuterium in the labelled molecule, see Figure 5.2. It is possible to decrease the labelling effect if less 
hydrogen molecules are exchanged to deuterium.  

H

O

H H

H

D

O

D D

D

 

Figure 5.2 The molecule structures of a)methanol and b) methanol-d4. 

a) b) 
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Figure 5.3 Measured flow at a set flow of 1ml/min at different fractions of methanol for the four different experiments, methanol 
fraction changed from  0 to 100 % (v/v) with the fist Diol column, D1, (black and green), the second Diol column, D2, (red) and 
methanol fraction changed from  100 to 0 % (v/v) for D1 (blue).  

To accurately calculate the adsorption isotherm it is necessary to know the precise volumetric flow of 
the system. These calculations were done using the measured mass flow and the density of the eluent, 
according to Enmark, et al. [10]. The mass flow was measured with a Corolis mass flow meter. The total 
flow rate was determined as a mean from three replicates, measured at each eluent composition during 
30 minutes. The modifier flow was measured at each experiment. The density for each eluent 
composition was calculated with REFPROP [36], using a set temperature of 40 °C in the column oven, 
and the mean pressure for the column calculated by the back pressure and the system pressure. In Figure 
5.3 the calculated flow volumes for the total flow is plotted as a function of the methanol fraction in the 
eluent. The flow is consistent for all the four experiments with variation between 1.28 ml/min for pure 
CO2 to 1.01 ml/min for pure methanol. These results deviate from the set flow of 1ml/min with the 
largest deviation for pure CO2. The deviation decreases the closer to pure methanol the eluent 
composition gets. A reason for this is that the pumps of the instrument are calibrated for CO2 at 14°C 
and the calculations are made for a system with a column temperature of 40 °C. Similar results was seen 
by both Enmark et al. [10], who calculated a flow of 1.07 ml/min at a eluent composition of 10 % (v/v) 
methanol, a set temperature of 35 °C and pressure of 150 bar, as well as Vajda and Guiochon [25], who 
showed that, at a set pressure of 104 bar, the flow varied with temperature from 1 ml/min at 15 °C to 
near 2.0 ml/min at 50 °C. All calculations of the adsorption isotherm were performed with the calculated 
flow values. When the volumetric flow was calculated it was also noted that the fraction of modifier in 
the eluent deviated slightly from the defined, these deviations was also corrected for in the calculations. 
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5.2 Calculations of the adsorption isotherm 

 

Figure 5.4Retention volumes for methanol-d4 at different fractions of methanol for the four different experiments, methanol 
fraction changed from 0 to 100 % (v/v) with D1, (black and green), and D2, (red) and methanol fraction changed from 100 to 0 % 
(v/v) for D1 (blue) 

 

Measurements were made with small injections of methanol-d4 at different eluent compositions, the 
fraction of methanol in the eluent varying from 0-100 % (v/v). The retention volumes, in Figure 5.4, 
were calculated as a mean from the retention time of three repetitive injections and were corrected for 
the extra column volume in the system and the void volume in the column. For eluent compositions with 
a methanol fraction above 20 % (v/v) there are only small changes in the retention volume and the 
volume is approximately the same as the void volume. Smaller fraction of methanol in the eluent results 
in a larger retention volume. With pure CO2 as eluent the retention volumes are around 30 ml. 
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Figure 5.5  Excess adsorption in black, blue, red and green. Brown line shows the extrapolated negative linear slope in the excess 
adsorption and the magenta line illustrates the calculated total adsorption. 

The excess adsorption isotherms calculated from the retention volumes are shown in Figure 5.5 as the 
blue, green, red and black line. The black, blue and green lines are calculated from experiments 
performed on the same Diol column, while the red line corresponds to experiments performed on 
another column with particles from the same batch. The experiments for the blue line are done with the 
modifier fraction varied from pure methanol to pure CO2. All other experiments started with pure CO2 

and then the methanol fraction was increased up to 100 %. The excess adsorption isotherm follows the 
typical characteristics, for a type I adsorption isotherm, with an increasing part at low factions of 
modifier up to 13 % (v/v) methanol. At 13 % the excess reaches its maximum and then starts to 
decrease. The maximum linear decrease is found for fractions between 15 and 40 %. This area was fitted 
with linear regression to Equation 2.9 and the surface specific volume of the adsorbed phase, Va, could 
be calculated to 626 µl/m2 which corresponds to a layer thickness of 6.3 Å. The surface specific 
monolayer saturation capacity, qs,i, was calculated to 460 µl/m2. The ratio of Va/ qs,i is 1.4, which 
indicates monolayer saturations. In similar studies, performed with LC on silica particles bound with 
carbon chains of different length, methanol formed a layer of 2.5-3 Å, which was estimated to be in the 
order of one monolayer [32], [37], [38]. At a methanol fraction of 90-95 % (v/v) an increase in the 
excess creates a bump for two of the runs. An explanation for this might be that water that is strongly 
adsorbed to the column is displaced [29].  
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SFC screening is commonly done using a gradient elution at 5-40 % modifier while the preparative 
separations are mostly performed in isocratic mode with typically 10-40 % modifier. These conditions 
lie mainly in the area where the monolayer is saturated. 

5.2.1 Equilibration 
 

 

 

Figure 5.6  Peaks at 20 % (v/v) methanol where the first injection (blue) elutes later then the second and third injections (green and 
red) whose peaks coincide. 

Equilibration times for the different eluent compositions were evaluated, by comparison of consecutive 
injections. The evaluation was done by both visual comparison of the chromatographic peaks and by 
statistical evaluations of the retention times. When the peak both visually seamed to coincide and the 
RSD value was below 0.5 % the column was assumed to be equilibrated. An example of two peaks that 
coincide and two that does not is shown in Figure 5.6. At a methanol fraction of 20 % (v/v) the 
equilibration time is approximately equivalent to the run time, see Table II. At higher fractions of 
methanol the equilibration is reached during the first injection. For the low fractions of 1 and 5 % 
methanol the retention times continued to decrease even after equilibration was reached, at the second 
injection, based on the RSD value, as seen in Figure 5.7. 

Table II Equilibration and runtimes for different 
fractions of methanol 
 Fraction 
methanol 
[v/v %] 

Equilibration 
time [min] 

Run 
time 
[min] 

1 10 10 
5 6 6 

10 5 5 
20 4 4 
50 <3 3 
99 <3 3 

100 <3 3 
 

 Figure 5.7 Retention times for elution with 5 % (v/v) methanol 
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Using a 150 x 4.6 mm column it is common to use an analysis method with a 2 minutes equilibration 
step, with 5 % modifier, before running a 5 minute gradient from 5-30 %. After that the modifier in the 
mobile phase is changed. The results in this study indicate that equilibration is not reach after this time 
and that it can be questioned if the modifier from the previous run is still on the column when the new 
gradient is started. 

 

5.3 Analyte retention in relation to the excess adsorption isotherm 

 

Figure 5.8 The natural logarithm of the retention factors for Coffeine, Antipyrin, Toluene, Bromacil, Theopylline, Theobromine, 
Adenine and Deoxyadenosine at different fractions of methanol  

 

To investigate how the adsorption affects retention eight different analytes were injected to different 
mobile phase compositions in the range of 1-60 % (v/v) methanol. This range was selected to include the 
increase, the maximum and the negative slope of the excess adsorption isotherm. The analytes were all 
small, with molar mass below 300 g/mol, neutral and with structural similarities. The retention factors 
for these analytes are shown in Figure 5.8. At modifier fractions lower than 13 % (v/v), which 
corresponds to the maximum of the excess adsorption, the total adsorption is building the monolayer. 
Here the change in retention factor, related to the fraction, is more pronounced than with mobile phases 
with higher modifier fractions, where the monolayer is saturated. This is even more clear in Figure 5.9 
where only Coffeine, Antipyrine, Bromacil, Adenine and Deoxyadenosine is plotted in the range where 
they have a retention factor between 0 and 3. Coffeine, Antipyrine, Bromacil elute between a methanol 
fraction of 1-20 % (v/v) and have a calculated negative slope between -0.25 and -0.16. Adenine and 
Deoxyadenosine elute at methanol fractions of 15-50 % (v/v) and have slopes of -0.06 and -0.08. This 
means that at fractions lower than the maximum of the excess adsorption the retention factor will be 
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more sensitive to changes in the eluent composition. This might also affect the resolution. To get 
separations with low dependence to the solvent it would be preferable to use eluent compositions with 
over 13 % (v/v) methanol. In this study small neutral compounds were chosen as they have a uniform 
behaviour. This type of compound gives a less complex interpretation than charged and protic 
compounds, which might cause ion-exchange and changes in pH. In further studies it would also be 
interesting to expand the study and investigate larger druglike compounds with varied physical and 
chemical properties. 

 

Figure 5.9  Comparison of the change of retention factor at different fractions of methanol. 
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5.4 Preliminary studies on a cellulose based chiral column 

 

Figure 5.10 Excess adsorption for Lux C-4 with the fraction of methanol changed from 0-100 % (v/v) (red) and from 100-0 % 
(green) 

Experiments to measure the excess adsorption on a cellulose based chiral stationary phase (CSP) were 
performed in the same manner as for the Diol columns. The calculated excess adsorption isotherm 
curves for these measurements are shown in Figure 5.10.The red line corresponds to experiments 
performed with modifier fractions ranging from 0-100 % (v/v) methanol, and the green corresponds to 
experiments with modifier fractions ranging from 100-0 % (v/v). The surface of the silica particles in 
this column is coated with polysaccharides, this coating represents 15-25% of the mass of the media, see 
Figure 5.11. The surface area is only measured before the coating and is therefore not relevant to the 
total media. It is very difficult to measure the surface area after coating, as the solvent used affects the 
measurements. The calculations of the excess adsorption isotherm are therefore not related to the surface 
area in this case. In both the excess adsorption isotherm curves a “bump” is formed at a modifier fraction 
of 50 % (v/v). The “bump” is larger going from pure methanol than from pure CO2. This might indicate 
the there is some transformation of the surface. One theory might be that the polymers on the surface 
stretches, giving a larger surface area. Rajendran [9] showed that a “bump”, which appeared in the 
descending part of the excess adsorption isotherm at near critical 
conditions, could be calculated with a lattice model built on the 
pore-size distribution. This showed that the distribution of pore 
size is an important factor for supercritical adsorption.  

 

When the excess was measured going from pure methanol 
towards pure CO2 the mean pressure over the column deviated 

Figure 5.11 The structure of the surface 
of the Lux column. 
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from the experiments going from pure CO2 at methanol fraction of 50 % (v/v), see Figure 5.12. This 
change in pressure might indicate a change in the surface. The two runs on the Lux C-4 column deviates 
more than the runs made on the Diol columns, where all four runs are almost identical with exception for 
the measurement close to pure methanol. The reason why the measurements on the chiral column vary 
more might be that this surface is more complex. This deviation of pressure is accounted for in the 
calculations of the volumetric flow. 

 

Figure 5.12 Mean pressures over the column for experiments performed on the Lux C-4 column. 

The experiments on the Lux C-4 column are only performed once in either directions and further studies 
are needed to verify if the deviations between the runs and the “bump” at 50 % (v/v) methanol is a result 
of a change in the surface or is an affect from other factors. One way to proceed might be to repeat the 
experiments using LC, which is a less complex technique, a technique where the super critical element is 
excluded. With LC it would also be easier to study both components in the mobile phase since a labelled 
sample of heptane or hexane is easier to handle then a labelled CO2. Labelled samples of both 
components give the possibility to calculate the void volume for each eluent composition with Equation 
2.8. Variations in the void volume might give an indication if there is change in size of the surface. In 
further studies it would also be interesting to measure the pressure more closely with sensors placed 
right before and after the column, to study the actual pressure drop over the column. 
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Figure 5.13 Peaks that overlie of methanol (blue) and methanol-d4 (green) 

For the Lux C-4 column the same labelling effect experiments were performed as on the Diol column. 
There are no calculations done on this data but the peaks overlie, which indicate that there is not a large 
isotope effect, Figure 5.13. 
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6 Conclusions 

The initial experiments with the Kromasil-Diol columns give consistent results which show that the 
method is reproducible and valid. Further the labelling effect from methanol-d4 was negligible giving 
representative results from the studies of methanol. 

The adsorbed volume thickness of methanol was 6.3 Å, corresponding to a monolayer. The excess 
adsorption isotherm followed the typical characteristics with an increasing part at low factions of 
modifier up to the maximum excess adsorption at 13 % (v/v) methanol, equivalent to a point where the 
monolayer is formed and a linear decrease between 15 and 40 %(v/v) methanol. 

 Studies of the equilibration time and with several analytes show how the adsorption isotherm can be 
related to practical work with chromatography. In the region below the maximum of excess adsorption, 
longer equilibration times are required compared to mobile phase compositions in or above the linear 
region where equilibrium is reached quickly. Further the retention factor was increasingly affected with 
changes in methanol fraction at low compared to high modifier concentrations concluding that to 
achieve stable methods it is preferable to operate with methanol fractions larger than the point where the 
monolayer is built. However this is only valid for this system and to gain further knowledge of how 
different modifiers affect the retention in SFC, different kinds of modifiers and stationary phases should 
be studied. This would be helpful in method development to achieve stable analytical as well as 
preparative methods. It would also be interesting to extend this study with a larger set of druglike 
compounds with varied chemical and physical properties.  

The initial experiments on the chiral Lux C-4 column were less consistent than for the Diol columns. 
This type of stationary phase is more complex, due to the polymeric surface and needs to be studied 
further. 
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