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INTRODUCTION 

 

One of the most important contemporary analytical techniques is high performance liquid 

chromatography (HPLC). The applications of this separation technique are broad and its 

resolving power and versatility are nowadays highly appreciated in many scientific 

disciplines and industrial sectors. It is no wonder that the technique has largely contributed 

to the present state-of-the-art in drug discovery and in life sciences as it allows analysis of 

hydrophobic, hydrophilic and ionic solutes spanning molecular weights from the small 

molecule range up to large structures with molecular weights of millions of mass units. 

Moreover, LC cannot only be applied on an analytical scale but the separation process can 

easily be upgraded without loss in resolution power to preparative scale. As an example, 

chiral preparative LC is nowadays often replacing, and is much cheaper compared to, 

enantioselective synthesis in the pharmaceutical industry.  

One of the problems in LC is the use of relatively high quantities of organic solvents, which 

often show toxic or environmentally harmful characteristics such as the ubiquitously used 

acetonitrile, which is today the most used organic solvent in LC. In the framework of green 

chemistry
1
, more and more attention should be given to reduce solvent consumption in LC.  

The term “green analytical chemistry” was introduced by the end of the nineties by J. 

Namiesnik
2,3

 and, in our opinion, L.H. Lawrence
4
 presented the most comprehensive 

definition of green analytical chemistry : “the use of analytical chemistry techniques and 

methodologies that reduce or eliminate solvents, reagents, preservatives, and other 

chemicals that are hazardous to human health or the environment and that also may enable 

faster and more energy efficient analyses without compromising performance criteria”. 

Translating this to LC means that (i) organic solvent consumption should be reduced; (ii) 

one should switch to more benign solvents or (iii) eliminate totally the use of organic 

solvents
5
.  

A typical LC column presently used in QA/QC laboratories is 15 to 25 cm long with an 

internal diameter (ID) of 4.6 mm and packed with 3 to 5 µm particles. The column is 

operated at a flow rate of 1 mL/min. This means that, upon continuous operation, ca. 1.5 L 

solvent/day is used which is 500 L solvent/year, of which typically 50% is organic in 

nature, mostly acetonitrile. This is enormous considering that thousands of LC systems are 
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operating on a continuous basis in intense application fields such as, for example, in 

process technology.  

 

Miniaturization is the first strategy to reduce solvent consumption in LC. When the ID of 

the column is reduced, the flow rate should be down-scaled by a factor F which equals 

(4.6/IDdownscaled)
2
. Reduction of the ID is accompanied with an increase in sensitivity for 

concentration sensitive detectors. This increase is equal to the down-scaling factor F. A 

classification of LC column formats according to the ID and the impact on the flow rate, 

hence solvent consumption, and sensitivity is presented in Table 1. 

 

 

 

Another option to decrease solvent consumption is by increasing the productivity. This can 

be achieved by reducing the particle size in combination with shortening the column length.  

However, both approaches i.e. reducing ID and/or particle size require severe instrument 

adjustments. 

Temperature is another variable that can be exploited to decrease the amount of organic 

modifier in the mobile phase. The eluotropic strength of water in reversed-phase LC 

increases drastically as a function of temperature and at 200°C is close to that of 

acetonitrile at ambient temperature. In some cases, the organic modifier can be eliminated 

completely resulting in purely aqueous mobile phases. Recently the features of a new 

purely aqueous LC mode, developed in our laboratory, and called per-aqueous liquid 

chromatography (PALC) have been described in detail in the literature
6
. It should be noted 

here that supercritical fluid chromatography (SFC) using only carbon dioxide (CO2) as 

mobile phase belongs to the category of eliminating organic solvents. However, in this case 

 Column Diameter (mm) Flow Rate (mL/min) Relative Sensitivity 

Conventional  LC 4.6 1 1 

 4 0.75 1.32 

 3 0.43 2.35 

Narrow-bore LC 2.1 0.21 4.8 

 2 0.19 5.29 

Micro LC 1 0.047 21.16 

Capillary LC 0.5 0.011 84.64 

Nano LC 0.1 0.0005 2116 

Table 1 Classification of LC based on ID and the impact on flow rate, solvent consumption and 

sensitivity (reproduced from
5
). 
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only hydrocarbon type of analytes can be analysed, seriously limiting the applicability of 

this approach. This will be discussed further. 

 

According to the green solvent selection guide
7
, acetone, ethanol and methanol are 

environmentally friendly. These solvents should thus be selected over acetonitrile for LC 

applications whenever possible. In practice, replacing acetonitrile by these solvents is not 

straightforward as selectivity changes will occur for all solvents, viscosity of the mobile 

phase will drastically increase using ethanol while UV detection, is problematic for 

acetone. 

Another green alternative is using fluid CO2 as one of the mobile phase ingredients. Over 

the years two such techniques have been developed. The first one, pioneered by Klesper et 

al.
8
, is called super- and subcritical fluid chromatography (SFC). In the practice of SFC, 

CO2 is the main mobile phase ingredient. The terminology SFC has been criticized by 

Sandra et al.
9
 because supercritical conditions are hardly applied. Simplified fluid and super 

fluid chromatography have been proposed to illustrate that CO2 is in the liquid rather than 

in the supercritical state but still offers advantages over pure liquids. Olesik et al. 

introduced, nearly 30 years after SFC, enhanced fluidity liquid chromatography (EFLC)
10

. 

This is a derivative of SFC and this term should be preferably used when other solvent 

ingredients are the main constituents while CO2 is a minor constituent. 

The research group Separation Science of the Department Organic Chemistry, Ghent 

University, has contributed to the development of SFC since the nineties
11-13

. The technique 

could never compete with LC and was only applied for some niche applications e.g. chiral 

separations in the pharmaceutical industry
14

 and group type separations in the petroleum 

industry
15

. 

In the framework of the Pfizer Analytical Research Centre (PARC) and a general revival of 

SFC mainly because of the release of new instrumentation, SFC was critically re-evaluated 

in this study for analysis of achiral and chiral pharmaceuticals. In the same framework, 

EFLC was evaluated as the same instrumentation is used. Important in this evaluation is 

that ruggedness or robustness is taken into considerations because this is a prerequisite for a 

technique to recognize a breakthrough in a regulated environment such as the 

pharmaceutical industry. Evaluation in the SFC- and EFLC-mode of the recent 
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developments made in LC related to column formats (porous particles, core shell particles, 

smaller particles, etc.) is also included in this study. 
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CHAPTER 1: FUNDAMENTAL ASPECTS OF SUPERCRITICAL FLUIDS AND 

OF THEIR USE IN CHROMATOGRAPHY  

 

1.1 Summary  

In this chapter the fundamental principles of  supercritical fluid chromatography and of 

the enhanced fluidity liquid chromatography variant are outlined. 

 

1.2 Introduction 

High Performance Liquid Chromatography (HPLC) is a dominating separation 

technique routinely used in the industry due to its versatility and ensuing broad 

application range
1
. However, comparison with Gas Chromatography (GC) learns that 

typical column efficiencies in HPLC are almost order of magnitude below what can be 

obtained with GC. This disadvantage is mainly due to the slow diffusion speed of the 

analytes into the stationary phase, which in its turn results from the slower diffusion 

processes in a condensed mobile phase. Different approaches were therefore followed 

over the last decade to improve HPLC efficiency
2
. 

On the one hand there is a continuous trend to decrease diffusion distances in HPLC by 

using increasingly smaller particles to pack the columns. This strategy is followed in 

what is called ultra-high pressure liquid chromatography (UHPLC), where by now sub-2 

micron sized particles are used in combination with high inlet pressures (1000 -1300 

bar) to be able to percolate the mobile phase at the adequate linear velocity through the 

column
3
. This strategy is, however, practically limited by frictional heating effects 

occurring in these columns eventually affecting the quality of the separation
4
. Recently 

the use of core-shell particles in HPLC has also been increasingly recognized, as those 

particles allow improved column packing, and to some extent reduce the diffusional 

distances in the same way as can be achieved by using very small particles without 

suffering from drawback of the high system pressures which are generated. 

The alternate solution to address diffusional distances is to allow chromatography under 

conditions where the diffusion coefficients are greatly enhanced. Two strategies are 

thereby favored, HPLC performed at elevated temperature with conventional solvents 
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(high temperature LC) and HPLC performed at room and elevated temperatures with 

low viscosity solvents (Enhanced fluidity LC). When the used low viscosity solvent 

occurs in the supercritical state, the technique is called Supercritical Fluid 

Chromatography (SFC). SFC was already introduced several decades ago and is 

currently mainly used as a tool for chiral analysis and preparative chromatography, 

although it currently enjoys rejuvenation through the increasing use of sub-2 micron 

based columns on recently developed dedicated SFC instrumentation
5
.  

Enhanced fluidity chromatography (EFC) can be considered a variant of SFC or HPLC 

as it can be seen as modifier rich SFC or as a type HPLC whereby a liquid CO2 is added 

to the mobile phase. As a consequence comparable hardware can be used in EFC and 

SFC as in HPLC. The mobile phase pump is thereby modified (with a cooling element) 

to allow accurate pumping of liquid CO2 and pressure resistant UV flow-cells are used 

to allow the use of restrictive elements after the detector to avoid CO2 decompression in 

the detector.   

Contrary to HPLC the “solvent power” of a pure or modified supercritical fluid is also 

linked to its density (controlled by pressure and temperature) which can also be adjusted 

by further addition of modifier solvents such as water, ethanol, methanol, acetone, 

tetrahydrofuran, acetonitrile etc. to the mobile phase. Due to the lower viscosity and 

higher diffusivity of liquid CO2, compared to common solvents, higher mobile phase 

velocities can be used in the columns, leading to a higher process throughput compared 

to liquid chromatography. These fundamental chromatography aspects are discussed in 

more detail further in this chapter. 

 

1.3 Definition and characteristics of supercritical fluids 

A substance is in its supercritical state when the pressure and temperature are raised 

above a critical point as illustrated in Figure 1.1 for a pure substance. Such a diagram 

represents the relationship between temperature and pressure and the influence on the 

physical state of the substance. The phase-separation curves between the vapour (a 

vapour is defined as substance in the gas phase at temperatures lower than the critical 

temperature; in literature the gas phase is usually referred to the vapour phase) and the 
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solid phase; the solid and the liquid phase; the vapour and the liquid phase describe the 

sublimation, the melting and condensation processes, respectively. The point where the 

three phases are in equilibrium with each other is called the triple point. At this 

temperature and pressure the three phases co-exist. At temperatures below the triple 

point, the gaseous (vapour) phase is in equilibrium with the solid phase and a 

thermodynamically stable liquid cannot exist. When the temperature of a gas/liquid 

system in equilibrium increases above the triple point, the density of the liquid phase 

decreases. On the other hand, the gas density increases under the opposite influences of 

the increasing temperature (that tends to decrease the gas density) and of the increasing 

vapour pressure (that tends to increase the gas density). The effect of the increasing 

pressure is stronger than that of the increasing temperature. At the critical point, the 

densities of the gas and the liquid become equal and the interface between them 

disappears. A single fluid, the supercritical fluid, exists at higher pressures and at higher 

temperatures.  

 

 

 

 

                        

Figure 1.1 Pressure vs. Temperature phase diagram of pure substance (Line A represents the 

anomalous behaviour of water)
6
. 
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The high dissolving power and the extremely low viscosity of the supercritical phase are 

attractive properties for implementation in chromatography
7–10

. The particular interest in 

supercritical carbon dioxide for use as a mobile phase or as an extractive solvent is 

related to the facile pressure and temperature requirements involved to surpass the 

critical point of CO2. This can be seen in Table 1.1 where the critical conditions for a 

number of solutes (including a number of typical HPLC solvents) are provided. 

 

 

Table 1.1 Critical properties of various solvents
11

. 

Solvent MW(g/mol) Pc (atm) Tc (°C) ρc (g/mL) 

     

     

Carbon dioxide (CO2) 44.01 73.8 31.1 0.469 

Ammonia (NH3) 17 112.5 132.4 0.235 

Nitrous oxide (N2O) 44 71.7 36.5 0.45 

Water (H2O) 18.015 220.64 373.95 0.322 

Methane (CH4) 16.04 46.0 -82.7 0.162 

Ethane (C2H6) 30.07 48.7 32.2 0.203 

Propane (C3H8) 44.09 42.5 96.7 0.217 

Ethylene (C2H4) 28.05 50.4 9.3 0.215 

Propylene (C3H6) 42.08 46.0 91.8 0.232 

Methanol (CH3OH) 32.04 80.9 239.5 0.272 

Ethanol (C2H5OH) 46.07 61.4 240.8 0.276 

Acetone (C3H6OH) 58.09 47.0 235.0 0.278 
     

 

Although virtually any solvent that is chemically stable at the required temperature may 

be used in SFC and related techniques
7-11

, CO2 is usually a major mobile-phase 

component. Much information is available on the phase behaviour of mixtures 

containing CO2 over narrow regions of phase diagrams
12

, but complete phase diagrams 

of binary mixtures of CO2 and common SFC mobile-phase modifiers and sample 

solvents are rare.  

It has been suggested in the chromatographic literature that the critical point of binary 

mixtures could be estimated as the arithmetic mean of the critical temperatures and 

pressures of the two components (Tc, mixture = x1Tc,1 + x2Tc,2 and Pc, mixture = x1Pc,1 + 

x2Pc,2, whereby TC corresponds to the critical temperature, x to the mole fraction and PC 
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to the critical pressure).
13

 This method gives only approximate results, with a somewhat 

better estimate for the critical temperature than for the critical pressure for binary 

mixtures of CO2 and common mobile phase modifiers, which tend to give a maximum 

critical pressure for some intermediate composition but a monotonous variation for the 

critical temperature
6
. 

Supercritical fluids have solvating properties that are intermediate between those of 

gases and liquids. Due to the compressible nature of these fluids the density and 

solvating power can be varied by changing external parameters, such as pressure and 

temperature. This feature is unique to supercritical fluids and is a valuable additional 

tool for selectivity optimization. Temperature not only affects density, but may also 

influence the vapour pressure of low molecular weight solutes, promoting some GC-like 

character to the retention mechanism. The density, viscosity and diffusion coefficients 

also determine the permeability and the achievable speed of analysis. In Table 1.2 the 

ranges in physical properties of the different fluids used in chromatography are 

provided. 

 

Table 1.2 Comparisons of physical properties of the mobile phase in three chromatographic modes
14, 15

.  

Chromatography Density  

(g cm-3) 

Viscosity  

(g cm-1 s-1) 

Diffusion coefficient  

(cm2s-1) 

Gas Chromatography 10-3 (0.5-3.5) x10- 4 0.01-1.0 

Supercritical Fluid 

Chromatography 

0.2-0.9 (0.2-1.0)x 10 -3 (0.1-3.3) x10 -4 

Enhanced Fluidity Liquid 

Chromatography 

- - Intermediate* 10-5  

Liquid Chromatography 0.8-1 (0.3-2.4) x10- 2 (0.5-2.0) x10-5 

*Intermediate between Supercritical Fluid Chromatography and Liquid Chromatography. 

 

1.4 Fundamentals of Chromatography 

A chromatogram is a concentration profile of the analytes eluting from the column as a 

function of time. The void time (t0) is the time it takes for a non-retained solute to elute 

form the column. Because the analyte molecule is not retained by the stationary phase, it 

migrates through the column at the same speed as the mobile phase. Typically in 
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reversed phase HPLC neutral polar markers such as uracil or thiourea are used for that 

purpose. In normal phase LC hydrophobic solutes such as toluene are often used for that 

purpose. Finding a suitable non retained marker in SFC can be challenging as retention 

is not only controlled by the affinity of the solute for the stationary phase but also 

strongly affected by the mobile phase density. 

The retention time, tR is the time it takes for a retained analyte to migrate through the 

column. The retention time depends on the affinity between the analyte and the 

stationary phase as well as the nature of the employed mobile phase. Equation 1.1 

allows calculation of the phase retention factor or phase retention coefficient, usually 

referred to as the retention factor k' 
16

. 

 

0

0'
t

tt
k R          Equation 1.1 

 

 

The selectivity factor, α represents the relative retention of two retained solutes. It is 

calculated based on the ratio of the retention factor of a more (k'2) over a less (k'1) 

retained analyte and is therefore equivalent to the ratio of the corresponding net 

retention times.  

 

Separation factor, α:  

02,

02,

1

2

'

'

tt

tt

k

k

R

R




       Equation 1.2 

 

The resolution characterizes the “quality” of a separation between two adjacent peaks. It 

is defined as the ratio of the distance between two peaks compared to their peak width. 

The resolution can be obtained from chromatograms by the ratio of the retention time 

difference between two peaks compared to their peak width: 

 



 

CHAPTER 1: Fundamental aspects of supercritical fluids and of their use in chromatography  11 

 

 
2

1
2,1,

1,2,

bb

RR

S

WW

tt
R






      

Equation 1.3 

Wb,1 and Wb,2 are the peak width at the base of the less and the more retained analyte 

respectively. The resolution is a measure for the overlap of two adjacent peaks. Two 

adjacent peaks are considered to be baseline separated when resolution is at least 1.5. 

The efficiency or plate count, N is just like the resolution a measure of the quality of a 

separation. The difference between the resolution and the efficiency is that N is based on 

a single peak. The plate count gives the amount of theoretical plates present in a column 

and corresponds to the minimal length of a hypothetical region in the column required 

for equilibrium to be reached. The efficiency can be obtained from the ratio of retention 

time (tr) over the different type of measurements of peak width.   

pb

r

h

rr

d

L

w

t

w

tt
N

2
1654.5

222


































   

Equation 1.4 

, Wh ,Wb thereby correspond to the standard deviation, peak width at half height and 

peak width at the base. Note that the Equation is essentially only valid for Gaussian 

peak shapes.  For packed columns in HPLC and SFC the expected column efficiency 

should approach L/2dp, whereby L and dp correspond to the length of the columns and 

the particle size respectively. By substitution of Equation 1.1, 1.2 and 1.4 in Equation 

1.3 the master equation of chromatography can be deduced 






























 


14

1

2

2

k

kN
Rs





     

Equation 1.5 

1.4.1 Peak broadening in the chromatographic process (σc) 

The problem that arises with every separation is peak dispersion or band broadening. 

When an analyte is injected onto the column, it forms a narrow band onto the top of that 

column. As the analyte migrates through the column, this band becomes broader. The 

band width increases with the square root of the migrated distance. Because the distance 

between two bands increases proportionally with the travelled length and the width of 
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the bands only increases with the square root of the travelled length, at a certain point 

the two bands will be separated. The longer the column the better the separation will be, 

although this comes at the cost of analysis time.  

 

Note that band broadening in chromatographic systems can be divided into external and 

internal column band broadening. When assembling a chromatographic system one 

should always strive toward minimizing both effects, but it is particularly important that 

the external band broadening is negligible in comparison to the band broadening 

processes taking place in the columns. External band broadening is the contribution 

from what is known as dead volume, which refers to all the volume contribution in a 

chromatographic system from the injector to the detector other than the column. 

The height equivalent of theoretical plate, H, characterizes the amount of peak spreading 

in a column. It is related to the efficiency or plate count (N) of a column. Indeed, the 

column can be divided in N segments or theoretical plates representing the equilibrium 

of the analyte between the two phases. Fast interactions between the analyte and the 

stationary phase reduce the length of a plate (the plate “height”) and in this way allow 

for a larger number plates per columns and therefore for improved separation. The 

relation between the plate height, H and the number of theoretical plates is given by  

 

H

L
N                                                                    Equation 1.6 

 

Since peak broadening is detrimental for the quality of a separation, and hence for the 

resolution, it is important to evaluate the contribution of the different peak broadening 

phenomena occurring in a chromatographic column. From a theoretical point of view it 

is, for example, interesting to relate the plate height to flow dynamics, the properties of 

the stationary phase and the properties of the sample. From a practical point of view it is 

most important to know the optimal flow rate at which an optimal resolution, hence 

minimal plate height, can be achieved. Several plate-height equations, such as the Van 

Deemter, Knox and Giddings equations have been developed to model peak broadening 
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phenomena as function of the velocity of the mobile phase. This discussion is limited to 

the Van Deemter equation, as it allows discussion of the most important phenomena 

playing a role in peak broadening processes.    

 

1.4.2 Van Deemter equation 

The Van Deemter equation is the simplest of all the plate height equations. It assumes 

that the plate height is composed of three different and independent contributions to 

band broadening 
17

: 

 

uC
u

B
AH .                                 Equation 1.7 

Where the A, B and C terms can each be linked to a physical phenomenon.  

 

A-term 

The A-term is assumed to be independent of the mobile phase velocity. This term is a 

function of the size of the particles that make up the packing of the column: 

 

A= .dp                                                              Equation 1.8 

 

Where  is a geometrical factor between 1.5 and 2 for a well packed column. In a 

packed column, the analyte molecules travel through the tortuous path formed by the 

interstices between the particles. Obviously, some analyte molecules will travel shorter 

paths than others and leave the column before most of the others. On the other hand, 

some molecules that have undergone several diversions along the way leave later. This 

multipath dispersion effect, which is a measure of the non-uniformities that are present 

in a packed bed, is also called the eddy diffusion term. Because the packing of the 

column is made up by particles, the way in which they are arranged in the column, 

hence the quality of the packing, will have a large influence on the A-term. This 

phenomenon is of no relevance in open tubular columns as no packing is present in that 

case. 
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B-term 

The B-term of longitudinal dispersion describes the dispersion caused by the molecular 

diffusion of the analyte. Molecular diffusion can be visualized by imagining a droplet of 

dye in a recipient of stagnant fluid. As time passes, the volume that is occupied by the 

dye will increase due to the diffusion of the dye into the surrounding stagnant liquid. 

This phenomenon also takes place in the column, even when the mobile phase is 

flowing. As the concentration of peaks is higher at the apex of the peak compared to the 

edges, the concentration gradient over the peak is naturally evolving towards peak 

broadening:  

 

B = 2..Dm                                                                                            Equation 1.9 

 

Where  is an obstruction factor and Dm corresponds to the diffusion coefficient of the 

analyte in the mobile phase. The obstruction factor () is introduced to account for the 

restricted diffusion in a packed bed. Note also can never be larger than 1. 

This broadening effect is more significant at low mobile phase velocity and when  larger 

diffusion coefficients (Dm) are experienced (for example, at elevated temperatures). 

 

C-term 

The C-term of the van Deemter equation represents the resistance to mass transfer. This 

includes the mass transfer from the centre of the flow-through pores (interstitial space) 

between the particles to the surface of the particle, the mass transfer through the 

stagnant mobile phase present inside the pores of the particles to the stationary phase 

coated onto the particles, adsorption/desorption kinetics and the same way back to the 

moving mobile phase outside the particles. The C-term for a packed column is given by: 
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CHAPTER 1: Fundamental aspects of supercritical fluids and of their use in chromatography  15 

 

Where Cs and Cm are constants, Ds and Dm are the diffusion coefficients in the 

stationary and the mobile phase, respectively. The df is the film thickness of the 

stationary phase. From this equation it can be seen that two contributions to the mass 

transfer resistance can be distinguished: the mass transfer resistance in the mobile phase 

(left part of the right hand side of the equation) and the mass transfer resistance in the 

stationary phase (right part of the right hand side of the equation). This equation also 

illustrates that there is a dependency of the C-term on solute retention. Under typical 

operating conditions in SFC and HPLC (2<k<10) the C-term can be simplified to:  

 

C= c.dp
2
/Dm                                                                                                Equation 1.11 

 

Where c is a coefficient between 1/10 and 1/5 in most cases. 

The C-term is proportional to the flow velocity. The physical meaning of this is that it 

takes time for the analyte to equilibrate between the mobile phase and the stationary 

phase. As this is counteracted by a moving mobile phase, the peak is broadened due to 

the combined process. 

The contribution of resistance to mass transfer to H can be reduced by using smaller 

particles and by decreasing the thickness of the stationary phase. As the former is 

unfortunately much increasing the required pressure to pump a mobile phase at the 

correct velocity through a column, and as the latter is reducing the solute retention, 

which can affect the quality of a separation when k’ becomes too low, the use of 

methodologies allowing to speed up diffusion processes, as is the case in this work, 

offer a number of new possibilities. Both the diffusional processes in the mobile and 

stationary phase can be enhanced by using, for example, low viscosity solvents such as 

supercritical fluids or by operating at elevated temperatures. 

 

Overview of the three terms 

When plotting the plate height as a function of the mobile phase velocity, a curved 

relationship is obtained (Figure 1.2). This curve is actually the sum of the different 

contributions to the plate height. As already explained, each term in the plate height 
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equation has its own dependency on the flow rate. The A-term is independent of the mobile 

phase velocity and is thus constant throughout the whole range of applied velocities. 

Therefore it offers a constant contribution to the curve (according to the Van Deemter 

Model). Since the B-term is inversely proportional to the flow rate, it is the dominant term 

in the low velocity range. The C-term increases linearly with increasing velocity and thus 

adds a linear increase to the curve with increasing mobile phase velocity. The combination 

of these three contributions leads to the typical form of the curve.  

 

 

 

 

The advantage of the Van Deemter equation is that it has a physical meaning. Every 

parameter in the equation can be linked to a phenomenon occurring in the column. It should 

be noted that the A-term in the van Deemter equation does not withstand rigorous 

theoretical examination and that experimental H-u curves depict a downward curvature at 

high velocities. Both phenomena are not addressed by the van Deemter equation. However, 

this discussion is limited to the van Deemter equation as it allows interpretation of most 

observed phenomena in HPLC and SFC. It is important to realize that the much reduced 

viscosity of supercritical phases will lead to increased diffusion coefficients and therefore 

too much increased B-term and shallower C-term contributions in SFC. Similar influences 

are expected in the enhanced fluidity variants of HPLC and SFC discussed in this thesis.  

 

Figure 1.2 Generalized Van Deemter curve for EFLC and SFC, H(µm) and u (cm/sec). 
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1.4.3 External contributions to broadening 

As mentioned, peak broadening does not only occur inside the column. In HPLC and SFC 

the sample is injected into the mobile phase outside the column and is transported to the 

column through the tubing that connects the injector to the column. When the analyte has 

passed the column, it is transported to the detector through the tubing that connects the 

column to the detector. This subjects the analyte peak to band broadening due to the 

differences in migration velocity of the flow between the wall and the centre of the tubing. 

Because the tubing is an open tube deprived of packing material, the flow at the wall of the 

tubing is stagnant. The velocity of the flow will be highest at the centre of the tube and 

hence a parabolic velocity profile will be present inside the connection pieces. Thus the 

analyte that migrates at the wall of the tubing will migrate slower. The injection process 

and the finite volume of the detector needed to sense the sample also lead to additional 

band broadening. These are all volumetric effects that add to the variance of a band. As the 

contributions are additive this leads to equation 1.12. 

 

total
2 

= column
2 

+ i
2 

+f
2 

+d
2                                  

Equation 1.12 

 

Whereby i, f,d are corresponding to the variance caused by the injector, flow path 

tubing and by the detector respectively. The extra column band broadening can in practice 

be measured by performing an injection in a system whereby the column has been removed. 

In an optimized system these external contributions to band broadening are all small 

compared to the influence of the peak broadening phenomena taking place inside the 

column. To achieve this, the volume of the detector cell, the injection volume and the 

connecting tubing between injector, column and detector should be small and related to the 

peak volumes, eluting from the column. 

 

1.5 Plate height theory for compressible fluids 

Unlike to SFC, in conventional HPLC the mobile phase is essentially incompressible
18

. 

Since the compressibility of the mobile phases used in SFC is much higher than those used 

in HPLC, the mobile phase density, hence its velocity, may significantly vary along the 

column, in spite of the often relatively small pressure gradient. The use of H-u curves, 
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plotted versus mass flow rate (instead of against volumetric flow rates) has been reported in 

this context
19

. The results were found to be comparable to those obtained in HPLC, and the 

corresponding van Deemter equation were usable for further calculations
20

. In-depth 

information about the features and plate height theory for compressible fluids can be found 

in a recent review article
13

. 

 

1.6 Supercritical fluid Chromatographic terminology: supercritical vs. subcritical 

conditions 

A supercritical fluid is defined as a fluid whereby the pressure and temperature of the 

environment exceed the critical thresholds set by the critical point. As the critical 

conditions for carbon dioxide are very low compared to the other solvents used in 

chromatography, this inevitably results in an increase of these thresholds when mixtures of 

CO2 and other solvents are involved. For example, if the critical temperature for pure CO2 

is 31°C, for a binary MeOH-CO2 18:82 (v/v) mobile phase the critical temperature is 

increased to 75°C
21

. Therefore analyses carried out with a composition gradient varying the 

percentage of modifier from 5 to 40% while maintaining the pressure and temperature 

constant often indeed start with a supercritical fluid but end up with a subcritical fluid. 

Fortunately, there are no significant changes in solvent properties when evolving from 

super- to subcritical temperatures at moderate or high inlet pressure
22, 23

 and there would be 

no reason for such significant change, as the so-called transition does not exist. 

Notwithstanding this, as the terminology is widely used in this way, the term SFC will be 

applied to chromatography carried out with both subcritical and supercritical fluids. The 

reasons, that with packed columns one often works under conditions which are sub-critical, 

are that practical SFC routinely involves the addition of organic modifiers to ensure elution 

of all solutes from the columns and that sometimes mild temperatures are favoured when 

analysing thermo-labile compounds. 

In the course of this work the term enhanced fluidity chromatography (EFC) is used for 

conditions whereby -liquid CO2 is added to the respective mobile phase used in the various 

HPLC modes (such as normal phase, reversed phase, hydrophilic interaction 

chromatography and size exclusion chromatography) as a ternary solvent. Note however, 

that when enhanced fluidity HPLC is performed under conditions where large fractions of 
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CO2 are added (>50% v/v of the mobile phase), in those cases, the conventional SFC 

terminology is arguably preferable.   

 

1.7 Density: a tuneable parameter in supercritical fluid chromatography 

The variation in solvent strength of a supercritical fluid from gas-like to liquid-like values 

may be described qualitatively in terms of the density parameter, ρ, or the solubility 

parameter, δ (square root of the cohesive energy density) calculated as equation 1.13
24.
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 2     Equation 1.13 

 

Where E is the internal energy and ν is the molar volume. Molar volume or density of 

supercritical fluids is pressure/temperature dependent and can be varied from gas-like to 

liquid-like values. The relationship between density and pressure at various 

temperatures for pure carbon dioxide is shown in Figure 1.3. 

 

 

 

Understanding the density of mixture of solutes is complex as one has to make a 

distinction between local and bulk density
26

. Comparison of solvent density at the 

Figure 1.3 Carbon dioxide-density dependence with pressure and temperature
25

. 
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molecular level and the bulk density with high pressure NMR studies of supercritical 

CO2 have shown that the local solvent density is quite sensitive to solute structure
27

. 

The local density, which also varies with pressure and temperature, has been reported to 

be much higher than the bulk density in supercritical fluids
28

. Molecular dynamic 

simulations of methanol/CO2 mixture of solvents showed that the addition of up to 60% 

carbon dioxide has a minimal impact on the hydrogen binding ability of the methanol.
29 

Further CO2 addition decreased the integrity of hydrogen bounds. 

Preferential association was illustrated between cyclohexane/CO2, acetonitrile/CO2, and 

methanol/CO2
30

. As the proportion of CO2 increased in these mixtures, concomitant 

clustering of the organic molecules increased. Therefore, like supercritical fluids, 

significant local density augmentation occurs in Enhanced Fluid Liquids (EFLs) but the 

magnitude of this, pressure and temperature dependent, augmentation is smaller than is 

the case in supercritical fluids
31

. 

As a consequence of the high variability in density in supercritical phases, the diffusion 

coefficients of enhanced fluidity liquid mobile phases are intermediate between those 

found in HPLC and in SFC, resulting in a markedly higher optimum velocity and lower 

mass transfer resistances than in HPLC
32, 33

.  

 

1.8 Thermodynamic relationship between temperature and retention 

The temperature, T, at which an analysis is carried out, has an important influence on 

the density and eluotropic strength of the mobile phase and in this way on solute 

retention. Note that at constant pressure the retention factor, k', may be either increased 

or decreased by increasing the temperature, because of the combined influences of 

solubility in the stationary and mobile phases, and on vapour pressure, so that resolution 

may be tuned by adjusting temperature. A rigorous expression which accounts for the 

variation of SFC retention with temperature at constant pressure is shown in equation 

1.14
34
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Where ϕm represents the fugacity coefficient of the solute in the mobile phase, ρ 

corresponds to the density of the supercritical fluid, c
θ 

 to the standard concentration and C 

is a constant. Hs
θ
 and Ss

θ
 are respectively the partial molar enthalpy and entropy of 

solution of the solute in the stationary phase. The left-hand side of equation 1.14 is obtained 

as follows: experimental values of k'; values of ρ/c
θ
 from the equation of state for CO2 and 

values for ϕm are calculated from the Peng-Robinson equation of state. When only one 

chromatographic separation mechanism is involved, the retention as a function of 

temperature, at constant density, can be predicted from the van't Hoff equation: 
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        Equation 1.15 

 

Under those conditions a plot of ln k’ vs. 1/T should deliver a straight line with slope =  

–H
0
/R and intercept = S

0
/R. In chromatography a decrease in retention is in the vast 

majority of cases observed when increasing the temperature
34

. A linear van't Hoff 

behaviour indicates that there are no changes in the retention mechanisms over the 

temperature range studied
35-37 

or that the changes in enthalpy for two or more mechanism 

are similar 
38,39

.  

By contrast, in SFC nonlinear behaviour is often observed 
38, 40

.  At moderate pressures 

(e.g., 150 atm), increasing the temperature from ambient to critical (Tc, 31.3°C), k' values 

decrease and reach a minimum, which results from an increase in solute solubility with 

temperature in liquid carbon dioxide. This trend was also observed in a lower temperature 

range (−40°C to Tc)
 41, 42

. Thermodynamically, an enthalpy-driven mechanism is dominant 

for the solute retention in this temperature range. After passing Tc, retention values increase 

significantly
39

. From there on the density and thus solvating power of CO2 decreases as the 

temperature increases, which results in an increase in k'. The vapour pressure of the analyte 

also increases at higher temperatures, leading to an increase in solubility and thus a 

decrease in k'. The second effect overcompensates the first around 95°C, resulting in a 

maximum in retention factor. At temperatures higher than 95°C, the second effect becomes 

more pronounced and k' values decrease with increasing temperature. In other words 

entropy is dominant for the solute retention, which is very similar to gas chromatography in 
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that temperature range and higher. At high pressure or high levels of organic modifier in the 

mobile phase, the decrease in density with increasing temperature is not as important as the 

effect of temperature on solvating power. Therefore, in those cases plots of ln k' vs. 1/T are 

usually more flat. This is for example the case in enantioselective separations where 

retention is more controlled by the inlet pressure and composition of the mobile phase
43

. 

 

1.9 Pressure and temperature modulation to control chromatographic retention 

The pressure density curves in Figure 1.3 can further be extended over the entire range of 

reachable experimental conditions shown in Figure 1.4. This information can be used to 

control chromatographic retention. SFC chromatographs usually have software to calculate 

the pressure necessary to achieve a given density at a given temperature from polynomials 

fitted to the pressure/density isotherm. Programmed elution is achieved by changing the 

pressure during the run - the analogue of temperature programming in gas chromatography 

(GC) and gradient elution in high performance liquid chromatography (HPLC). 

 

 

 

 

Figure 1.4 Density variation of carbon dioxide as a function of temperature and pressure. The bold line 

shows the saturated liquid line (left) and the saturated vapour line (right). The dashed line represents the 

density at the critical temperature, i.e., 30.9788°C (304.128 K)
25

. 
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It is noteworthy that, as the density increases, the diffusion coefficient of the solute 

decreases with a concomitant increase of the plate height and a possible loss of 

resolution. To offset this, the column temperature may be increased during density 

programming. However, since increasing temperature increases solutes vapour pressure 

and hence solubility, the above approach does not hold when density and temperature 

programming are combined. 

 

1.10 Mobile phase modulation in SFC to control chromatographic retention 

Even high densities of CO2 may be insufficient to permit migration of certain solutes, 

and the addition of polar modifiers may be necessary. Chromatographic (HPLC and 

SFC) retention is well expressed by a second order profile:  

 

cbxaxk  2 . 

 

Where a, b and c are constants and x is the mole fraction of organic modifier. As the 

constant a is often small, the retention often decreases almost linearly as a function of 

the mole fraction of the strong eluent in the mobile phase. 

A second approach models SFC retention in terms of solute solubility in the mobile 

phase via the Hildebrand solubility parameter: δs for the stationary phase, δm for the 

mobile phase and δi for the solute. The retention variation is represented here by: 
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Where Vi is the molar volume of the solute, ns the total number of moles of the 

stationary phase and nm the total number of moles of mobile phase. This approach 

predicts a decrease in retention with increasing modifier content if δm < δi, a retention 

minimum when δm = δi, and a retention increase when δm > δi. Such correlations are not 
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always observed, and the dielectric constant has also been invoked as a predictor of 

retention
44

.  

The dependency of the retention factor in SFC on the mobile phase composition has 

been studied quite extensively. Strubinger et al. measured the retention factors of n-

hexane and benzene on silica and on C18-bonded silica over relatively wide ranges of 

temperatures, pressures, and methanol concentrations. These factors decrease with 

increasing mobile phase density and temperature when CO2/MeOH based mobile phases 

are used
45

. 

On the other hand additives affect the retention and the separation of sample 

components by adsorption on the particle surface. Additives thereby compete with 

sample components and reduce the polarity of the stationary phase and in doing so; they 

reduce the retention factors of the sample components. In SFC, additives, which are 

typically polar solutes, increase the polarity of the mobile phase and in this way affect 

its solvating power and its elutropic strength. Additives may also affect the degree of 

ionization of analytes and form ion-pairs with them.  
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CHAPTER 2: PRACTICAL CONSIDERATIONS IN SUPERCRITICAL FLUID 

AND IN ENHANCED FLUIDITY CHROMATOGRAPHY 

 

2.1 Summary  

In this chapter the practical considerations related supercritical fluid chromatography 

and of enhanced fluidity liquid chromatography variant are discussed in detail. 

 

2.2 Instrumental aspects of SFC 

Historically supercritical fluid chromatography (SFC) evolved on two parallel pathways; 

namely capillary SFC (cSFC), whereby GC-type open tubular columns are used and the 

packed column SFC (pSFC) approach reminiscent of HPLC analyses. Therefore it is not 

surprising that the instrumentation for cSFC is based on GC equipment and that, in 

general, pSFC instrumentation is modelled on HPLC instrumentation. Note that the 

former technique is typically used without organic modifier solvent, and that density 

control is thereby essential to ensure elution of all solutes form the column. In the past 

this SFC approach has also been named high pressure GC as essentially it depicts a lot 

of similarity with this separation technique. In the packed column SFC approach organic 

modifiers are almost always used to ensure elution of the more retained solutes. 

However, the specific needs in instrumentation for cSFC and pSFC are the same: (1) 

there is a need for a chilled CO2 pump and (2) pressure regulation is needed to maintain 

the pressure in the column (In case a UV-VIS detector is used, pressure regulation is 

behind the detector) and (3) slight modifications may be needed to convert the existing 

GC and HPLC detectors to SFC detectors. Because of the obvious similarities between 

EFLC and SFC the same instrumentation is thereby used. In this chapter, the main 

characteristics of typical SFC instrumentation relevant to this study are outlined and 

briefly discussed. An overview on the present state-of-the-art pSFC instruments is 

provided at the end of the instrumental section. 
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2.2.1 Mobile phase delivery pump 

cSFC instruments are generally equipped with syringe pumps; see Figure 2.1 (Left) for a 

schematic drawing. Prior to analysis, the syringe pump cylinder is therefore filled with 

liquid CO2. Subsequently, the CO2 is pumped at a set pressure or flow by moving the 

piston in the cylinder. A major advantage is the pulse free action of mobilizing the 

solvent. A disadvantage is the need to refill when the cylinder is empty, resulting in a 

rapid depressurisation of the system if no valve is present to isolate the pump delivery 

and the column. This also limits the analysis time.  

When columns with internal diameters exceeding 0.5 mm are used or when binary or 

ternary mobile phases are required, reciprocating pumps are the better choice. The same 

type of pump is generally used in HPLC. It can be seen that contemporary reciprocating 

pumps contain two pistons, see Figure 2.1 (Right) for a schematic drawing. The first one 

is used to fill while the other is used for delivery. Because of the constant movement 

back and forth of the pistons in the cylinders, a relative constant but pulsed flow is 

generated. Pulse dampeners are further averaging the pulsations out which are relevant 

to minimize detector noise when using, for example, UV-VIS detection. A pump used 

for compressible fluids like CO2 has to be able to compensate for the fluid’s 

compressibility. Because this property changes with the flow rate, it’s important that the 

pump can compensate for the whole compressibility range that can appear. In order to 

minimize this range, the pump heads need to be cooled down far below the critical 

temperature of the fluid (between 0°C and -10°C). The most precise cooler is a 

cryogenic cooler (Peltier cooler) mounted directly on the pump’s head. As a result of 

temperature fluctuations the flow isn’t accurately controllable when no proper 

compressibility factor is taken into account and when the pump isn’t chilled. 

pSFC instrumentations are also equipped with one (or multiple) HPLC pumps next to 

the CO2 pump in order to provide the modifier(s). The CO2 and modifier are then mixed 

by using a T-piece in combination with a mixing chamber, which is placed in front of 

the injector. This mixing chamber is a short packed column
1
. Note that short-term 

variations in flow or composition accuracy are expressed in baseline noise, long-term 

variations in retention time reproducibility. 
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Figure 2.1 (Left): Schematics of a syringe pump used in SFC. (Right): Schematics of a dual piston 

reciprocating pump used in chromatography. 

 

2.2.2 Injectors and auto samplers    

Packed columns have similar sample capacity in both LC and SFC. In SFC, it is 

common to use standard LC fixed loop injection valves with either internal or external 

loops
2
. 

Like in HPLC, in SFC the injector is used to introduce the sample to the column under 

high pressure. A common injector, for example Rheodyne model 7125 injector, which 

consists of a six-port valve with a rotor, a sample loop, and a needle port (Figure 2.2a) 

can be used. For manual injection, a syringe with a standard blunt-tip needle is used to 

introduce a precise sample aliquot into the sample loop at the LOAD position (Figure 

2.2b). The sample is delivered into the column by switching the valve to the INJECT 

position (Figure 2.2c). 
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Figure 2.2 (a) A diagram of a manual injector valve. A schematic of a Rheodyne 7125 injector valve 

during the LOAD (b) and INJECT (c) cycle during injection operation. 

 

Fast operation (up to 3 injections/min) and sampling from 96-well microplates are 

desirable for high-throughput screening in pharmaceutical and bioanalytical 

applications.  An auto sampler allows the automatic sample injection from sample vials 

or 96-well microplates. A typical “XYZ” autosampler consisting of a motorized 

injection valve and a moving sample needle is used. The sampling needle assembly is 

mounted in a platform allowing movement in the “XY” directions to the samples or the 

injection valve and up and down in the “Z” direction. 

 

2.2.3 Back-pressure control 

As mentioned before, the pressure at the end of the column needs to be maintained 

above the critical pressure for SFC. The term back pressure control is used here, can be 

divided into two types: (1) passive pressure control and (2) active pressure control. The 

first type is mostly used in combination with the syringe pumps and thus used in cSFC.  

Passive pressure control is achieved by leading the flow through a capillary (stainless 
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steel or fused silica) between column and detector that works as a restrictor. This is the 

fixed restrictor. However, this type of restriction can also be used in combination with a 

reciprocating pump when performing pSFC. In that case, the fixed restrictor is placed 

behind the UV-VIS detector. The advantage of using fixed restrictors is that there is no 

noise produced by the pressure control device. This is not the case when active pressure 

control is used. The disadvantage is that there is no active control of the outlet pressure. 

Fixed restrictors can be used in different morphologies (explained below). 

In pSFC the active pressure control is usually applied in combination with the flow 

delivering reciprocating pumps. Pressure control is achieved by a back pressure 

regulator (BPR). This is an electronically controlled post-column device that restricts 

the quantity of fluid that can pass through a tiny opening. When used in combination 

with the reciprocating pump, the flow and pressure can be controlled independently: the 

pump sets the flow and the outlet pressure is set by the BPR. By controlling the outlet 

pressure, it’s certain that the pressure in the whole system is above the desired value at 

the outlet. Some basic characteristics of BPRs are described below, followed by a short 

overview of the different types of fixed restrictors. Back pressure regulators and 

restrictors can’t be compared to each other, the usage of the term “variable restrictor” 

for a BPR isn’t correct as these approaches operate according to different principles.  

 

2.2.3.1 Back pressure regulators  

A back pressure regulator consists out of a pressure sensor and a needle valve; opening 

or closing the valve sets the pressure at the end of the column. These devices are mostly 

used in combination with conventional packed columns. To avoid band broadening 

when using micro bore column (0.5-1 mm ID) the external system volumes added by the 

back pressure regulator need to be very small. As this is hard to realize in practice this 

type of column dimension have thus barely been used in packed column SFC. Finally 

heating the body of the regulator is needed to avoid icing as a result of the 

depressurizing mobile phase. Suppression of this phenomenon is important as it leads to 

flow and pressure fluctuations. 
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2.2.3.2 Different types of fixed restrictors 

On the other hand fixed restrictors are passive devices that restrict mass flow at a given 

pressure by the pump. Restrictors offer no easy way to change the flow at a constant 

pressure and temperature. The -four most used fixed restrictors are: the linear restrictor, 

tapered restrictor, short-tapered restrictor, and the porous frit restrictor, see Figure 2.3 A, 

B, C and D respectively. 

 The frit restrictor is porous ceramic material deposited and fixed in the end of a fused 

silica tube; changing the length of the frit changes the flow in the column.  

 Stretching the end of a fused silica tube to an I.D. around 2-4 μm with a taper length of 

1-2 cm makes the tapered restrictor. The protecting polyamide coating is burned off 

during this process thus the tapered restrictor has to be handled with care. 

 Abruptly sealing the end of a fused-silica tube with a microtorch and then grinding 

away the end until a small opening develops, creates the short-tapered restrictor. 

 A linear restrictor consists out of a fused silica tubing or stainless steel tube with a 

constant I.D. Different lengths and I.D. have an influence on the restriction. Stainless 

steel tubing is used throughout this work to supress phase expansion in the column and 

in the UV detector.  

Fixed restrictors can clog or partially clog after some time, the latter can give rise to flow 

changes during an analysis which results in less reproducible retention times. The tapered 

and the frit restrictor tend to clog relatively fast, while the use of narrow bore tubing, 

whereby the end is submerged in water at ambient temperature to avoid clogging due to 

temperature drops in the restrictor, has proven sufficiently robust for broad implementation. 

 

Figure 2.3 (A) linear restrictor, (B) tapered restrictor, (C) short-tapered restrictor and (D) frit restrictor 

(Reproduced from reference
2
). 
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2.2.4 Detection in SFC and EFC 

Almost all detectors that can be used in GC and HPLC can also be used for SFC, 

depending on the application and the mobile phase composition
3
. The next overview is 

therefore limited to the detectors which are most used with SFC. These are the flame 

ionization detector (mostly for cSFC and small bore packed columns), the ultraviolet-

visible absorbance (UV-Vis) detector (mostly in pSFC), and the mass spectrometer. 

Other detectors of interest include: the nitrogen phosphorus detector (NPD), the flame 

photometric detector (FPD), the photo ionization detector (PID), evaporative light 

scattering detector (ELSD), the charged aerosol detector (CAD)
3
, and etc. Detectors 

used in this study are the UV-Vis/DAD, ELSD and mass spectrometry. The discussion 

in this part is therefore limited to these detectors. 

 

2.2.4.1 UV-Vis absorption detector 

UV-Vis absorption detection is the most common detector in combination with HPLC 

but can easily be used together with SFC as well: the detector is thereby inserted in-

between the flow path of the column outlet and the back pressure regulator or linear 

restrictor. The restrictor is placed behind the detector in order to prevent phase transition 

of the mobile phase. The only significant adaptation for SFC applications is the need for 

a detector flow cell capable of withstanding the outlet pressure of the column (high 

pressure flow cell). 

Many analytes absorb in the UV spectrum, whereas carbon dioxide and most used 

modifiers have very low UV cut-off wavelengths. The principle is based on the 

difference of incident light intensity (I0) and the light intensity (I) after passing through 

the solution (see Figure 2.4). 

 

Figure 2.4 Simplified schematics of the UV-VIS absorbance detector. Adapted from ref.
4
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The absorbance (A) is given by a logarithmic function from the inverse of the transmittance 

(T): 

 

0I

I
T   and 
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The absorbance is directly proportional to the concentration (c) of the absorbing analyte 

if the length, d of the measuring cell is held constant. Lambert’s law states that log (T) is 

proportional to the length d, while beer’s law states that log (1/T) is proportional with 

the concentration. Combination of both laws gives us the Lambert-Beer law (Equation 

2.1): 

 

dcA ..
      

Equation 2.2
 

 

Whereby ε is the molar absorptivity (L/mol.cm).
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Figure 2.5 Schematics of variable wavelength UV-VIS detector in contemporary HPLC and SFC systems. 

Adapted from ref.4
  

 

Note that this law is only valid for monochromatic light because ε depends on the used 

wavelength. A deuterium lamp emits a continuous spectrum from less than 190 nm up 

to about 700 nm. In order to cover the whole UV-Vis-range, a tungsten-halogen lamp 
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(900 nm) is added. Figure 2.5 gives a schematic of a typical variable in wavelength UV-

Vis detector used in chromatography. Light from the lamp gets thereby diffracted and 

dispersed according to the wavelengths; the angle of the diffraction grating is adjusted to 

obtain the desired wavelength.  

 

2.2.4.2 Flame Ionization Detector (FID) 

Using pure CO2 as the mobile phase in SFC presents the advantage that the robust, easy to 

operate but destructive FID can be used
5
. The FID uses a hydrogen-air flame, which ionize 

the solutes present in the mobile phase. Solutes ionized in this way include most carbon-

containing solutes (some exceptions, such as CS2 and CH2Cl2 are not easily ionized and 

hence result in a low FID responds). This ionization process results in a current that varies 

in proportion to the amount of the solutes present; it is therefore a mass sensitive detector. 

An ion formed inside the detector is attracted by an electric potential towards an electrode, 

producing a small current in the order of picoamperes. This current is converted into a 

voltage, filtered and amplified as required. Noise is produced by instabilities in the flux of 

ionisable solutes in the carrier gas, by the flame itself, by the electronic circuit (e.g. 

mechanical vibrations) and by induction of stray electromagnetic fields. 

 

 

Figure 2.6 Schematics of a flame ionisation detector (FID). 

 

A schematic view of a typical FID is given in Figure 2.6. At the bottom of the detector the 

carrier gas (for SFC this is carbon dioxide) enters the detector and is mixed with hydrogen 

combustion gas in the area below the flame jet. Sometimes a makeup gas is mixed with the 
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carrier gas and the hydrogen. Just above the flame jet tip the mixture is combined with air 

and combusted. Between the collector electrode and the jet tip a negative polarizing voltage 

is applied, this electric field accelerates the formed electrons and sends them to an 

electrometer. Depending upon the FID design, either the collector or the flame jet tip is 

kept at ground potential. The exhaust gases: air, carbon dioxide and water are vented from 

the top of the FID. 

Using an FID in pSFC can raise some problems when higher flow rates are used, especially 

when using a conventional packed column. This can result in quenching of the flame or in 

an unstable flame producing high background noise. Using a post-column flow split 

through a T-piece resolves this problem. The flow can be split by using a T-piece. A 

restrictor from the T-piece is connected to the FID while the other outlet of the T-piece is 

connected to a linear restrictor. Depending on the used restrictors different split ratios can 

be obtained.  Splitting worsens the detection limit by the value of the split ratio. Another 

problem with split-flows is quantitative analysis; the spit ratio may not stay the same when 

using pressure or temperature gradients. Miniaturization of column I.D. has the advantage 

of requiring lower flow-rates and thus direct coupling with the FID. 

 

2.2.4.3 Mass spectrometry 

The development of robust and sensitive coupling of MS to LC has been a main 

breakthrough in the last decades. LC-MS has now evolved into a stable routine technique 

and is being used extensively in different fields. MS detection with packed column SFC is 

today performed in a comparable way. In mass spectrometry, the analytes are always 

converted into gas-phase ions in the ion source, which are then separated according to their 

mass to charge ratio (m/z) in the mass analyser and then typically detected by an electron 

multiplier. This allows elucidation of the molecular weight of the analyte and if further 

fragmented, to obtain structural information. This is often performed by tandem mass 

spectrometry (MS/MS), which involves the serial coupling of two mass analysers, via a 

collision induced dissociation cell.  

Various ion sources can be hyphenated to LC (and therefore to SFC); electrospray 

ionization (ESI), atmospheric pressure chemical ionization (APCI) and atmospheric 
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pressure photon ionization (APPI). The choice depends on the size and polarity of the 

analyte molecules. 

 

Electrospray Ionization (ESI) 

In Electrospray ionization (ESI) the sample is dissolved in a polar, volatile solvent, and 

transported through a needle placed at high positive or negative potential (relative to a 

nozzle surface)
-6-8

. The high electric potential (1 to 4 kV) between the needle and nozzle 

causes the fluid to form a Taylor cone, which is enriched with positive or negative ions at 

the tip. A spray of charged droplets is ejected from the Taylor cone by the electric field. 

The droplets shrink through evaporation, assisted by a warm flow of nitrogen gas passing 

across the front of the ionization source. Ions are formed at atmospheric pressure and pass 

through a cone shaped orifice, into an intermediate vacuum region, and from there through 

a small aperture into the high vacuum of the mass analyser. 

ESI, in contrast to APCI, produces fewer ion fragments for most polar compounds
8
. 

However, ESI works best with ionisable buffers, which is why it is a favourite for reversed 

phase LC-MS and less popular with SFC, as the mobile phases in SFC tend to be more non-

aqueous in nature. 

 

Figure 2.7 Droplet production in the electrospray interface. 
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Atmospheric Pressure Chemical Ionization (APCI) 

In the APCI process, the first step is the nebulization of the column effluent, followed by 

evaporation of the droplets. Nebulization in this case occurs within a vaporisation chamber, 

which is kept at elevated temperature (typically 250-500ºC) to assist in the evaporation of 

the nebulized droplets. A corona discharge needle is then used to ionise the resultant gas 

phase analyte molecules. This occurs in a process similar to that used in chemical ionisation 

in GC, with charge transfer occurring from ionised solvent reagent molecules to analyte 

molecules. The charged analyte molecules are then electrostatically extracted to the transfer 

capillary 
9
.   

The APCI is the often used in combination with supercritical fluid chromatography as this 

interface is most suitable for the ionisation of semi-polar and hydrophobic solutes. As 

CO2/methanol based mobile phases are not well suitable for dissolving polar or ionic 

solutes, SFC is a natural analogue of normal phase LC and best combined with this 

ionisation source. Due the fast decompression of the CO2 assisting in the desolvation of the 

organic solvent, much higher flow rates can be used in comparison with the aqueous ESI 

source where in most cases aqueous solvents are used. The cooling phenomenon due to 

adiabatic expansion of the CO2 is counteracted by powerful heating elements in the APCI 

source. It is a mass dependent source, which means the greater the amount sample, the 

better the sensitivity. It is also less affected by ion pairing agents, than its electrospray 

counterpart, which also translates into being less affected by ion suppression phenomena 

than ESI.  
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Figure 2.8 Schematic drawing of an APCI (left) and an APPI interface (right). 

 

Atmospheric Pressure Photoionization (APPI) 

For analysis of compounds that ionize poorly by ESI and APCI, the atmospheric pressure 

photoionization (APPI) source provides a useful alternative. A krypton lamp thereby emits 

photons at energy levels high enough to ionize many large classes of compounds, but low 

enough to minimize the ionization of air and common HPLC solvents. Relatively low 

ionization energy means the APPI source causes minimal fragmentation and generates 

mostly molecular ions and protonated molecules
10

. As is the case with ESI and APCI both 

positive and negative ions can be analysed. Two types of APPI are being practiced, direct 

ionization
11

 and ionization through a photo ionisable dopant, such as acetone or toluene
12

, 

which is added in amounts greatly exceeding that of the analyte
13,14

. Ionization of analyte 

molecules in LC-APPI-MS is quite inefficient since the solvent tends to deplete the emitted 

photons. The dopant increases the efficiency by first becoming photo ionized itself and then 

transferring the charge to the analyte
11

. APPI can be more sensitive than APCI or ESI, as 

the common solvents used in SFC do not ionize well under APPI conditions. This leads to 

lower background ionization and noise. 
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Mass analysers and detection 

After a charged solute has been obtained in the gas phase they need to be separated before 

reaching a detection device in such a way that a mass spectral scan can be generate. There 

are a number of mass analysers to choose from, with different sensitivity and mass 

resolution. An in depth discussion of mass analysers is beyond the scope of this text. This 

discussion is limited to the quadrupole (Q) and to the time-of-flight (TOF) mass 

spectrometers as these are the analysers used in this work. 

The quadrupole separator is made out of four parallel rods, placed in the corners of a 

square, as shown in Figure 2.9. It is effectively a mass filter, filtering out ions with a 

specific mass to charge ratio, as only these ions will have a stable trajectory through the 

analyser. The analyte ions travel through the rods, parallel to their axes. Opposing rods are 

pairwise connected and a radio frequency voltage is applied. Using the correct voltages, 

most ions will collide with the rods and only ions with a specific mass to charge ratio travel 

through the quadrupole. An inherent disadvantage of the quadrupole is its lack of sensitivity 

when used in scanning mode. Due to the fact that it is a filter, rather than a separation 

device, only a small amount of ions will reach the detector. If one is only interested in one 

or a few specific molecules, the quadrupole can be used to detect only a small number of 

mass to charge ratio’s, allowing for much higher sensitivity. The main advantage of the 

quadrupole is its price, as it is relatively cheap compared to other instruments.  

 

A

B

 

Figure 2.9 The principle of a quadrupole mass selector. A: During every time segment only one type of ion 

with a specific mass to charge ratio is allowed to pass to the detecting element. B: Ions are separated in a 

quadrupole based on the stability of their trajectories in the oscillating electric fields that are applied to the 

rods.    
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In a time-of-flight analyser, ions are accelerated by an electric field and travel through a 

vacuum tube, which has the detector at the end (detailed in Figure 2.10). The time an 

ion needs to fly through the tube is used to calculate it’s mass to charge ratio, using the 

potential energy given by the electric field and the length of the tube. The resolution of a 

time-of-flight mass spectrometer is further enhanced by the use of a reflectron, a device 

that reflects the ions in the flight tube using a constant electric field. This has two 

advantages: it lengthens the flight distance, creating a larger time gap between ions of 

different mass to charge ratio, and it allows focusing of ions with the same mass to 

charge ratio but a slightly different initial speed (because of the position in the source or 

the initial velocity before acceleration). Higher energetic ions will penetrate the electric 

field further and ions with the same mass to charge ratio will reach the detector 

simultaneously. Another technique to enhance the resolution of the time-of-flight mass 

analyser is the use of an orthogonal acceleration, meaning the ions are accelerated by the 

electric field in a direction orthogonal to the direction they arrive in the field. Using this 

technique, the speed of the ions in the direction of the flight tube is almost zero for all 

ions. As all ions reach the detector in time-of-flight, it has a significantly higher 

sensitivity than the quadrupole. 

 

 

Figure 2.10 A Schematic of a Time-of-Flight mass spectrometer operating in reflectron mode. 
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2.2.4.4 Evaporative light- scattering detector 

The evaporative light-scattering detector (ELSD) was originally developed for use with 

high-performance liquid chromatography (HPLC) to detect non-volatile compounds by 

mass rather than ultraviolet (UV) absorbance detection. The three separate regions of an 

ELSD include a nebulization, a desolvation, and a detection section of the instrument. In all 

ELSDs, these three regions are positioned such that the chromatographic effluent is 

nebulized and mobile phase is evaporated, leading to dry aerosol solute particles, consisting 

only of non-volatile analytes, reach the light source for scattering. 

Because of the nebulization process required, coupling supercritical fluid chromatography 

(SFC) with ELSD is relatively natural combination
15,16

. When using supercritical CO2 as a 

mobile phase with ELSD after the back-pressure regulator or restrictor, CO2 returns back to 

a gaseous state, thus favouring aerosol formation in the nebulizer chamber (see Figure 

2.11). However, this carbon dioxide depressurization cools the outlet capillary, which can 

induce dry-ice formation and possibly plug the capillary. Heating, provided either by the 

back-pressure regulator or by an additional transfer line, effectively addresses this issue.  

 

Figure 2.11 Representative nebulization region and drift tube. 

 

2.3 Present state-of-the-art in pSFC instrumentation 

It has long been accepted that the practice of combining packed column SFC with UV 

detection inevitably leads to a significant loss in sensitivity due to the much noisier baseline 

in comparison to conventional HPLC-UV
17

. This is associated to the dynamic nature of the 

back pressure regulators (BPR) used in commercial pSFC systems. In order to keep the CO2 

from expanding in the column or detector a restriction is necessary required. However, 

depending on the type of solvent mixture used at a certain point in time the degree of 

applied restriction needs to be adjusted such that the flow rate can be controlled in a 

reproducible way. The BPRs are considered the main cause of the UV detector noise 
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observed in SFC. In this section the recently developed analytical SFC systems are 

discussed. 

 

2.3.1 SFC-Fusion A5 

Aurora A5 system converts an Agilent binary pumping HPLC into an analytical SFC 

system. The technique features a booster pump to manage fluid compressibility and a built-

in condenser, which allows the use of vapour phase CO2 at room temperature. The back 

pressure regulator from the Aurora only shows pressure oscillation (and thus noise in the 

detector due to fluctuation refraction index) of ±0.5 bar, this is a 10-fold improvement back 

pressure regulator pressure noise, implying a 10-fold improvement in UV detector 

refraction index fluctuations compared to traditional back pressure regulators. In earlier 

types of SFC instrumentation there was also no temperature control of the mobile phase 

after the column, leading to refractive index fluctuations and to increased detector noise. By 

inclusion of an additional heat exchanger (Figure 2.12) before the detector and by operating 

the BPR at 150 bar, significantly lower noise generation and up to 100 times more sensitive 

detection can be obtained on this system, compared to earlier generation SFC’s. 

A B

 

Figure 2.12 Schematic representation of the main elements of the Aurora system (A). Picture of the 

combined Aurora – Agilent HPLC system (B).  

 

2.3.2 SF-2000 

A few years ago JASCO introduced the SF-2000 system (Figure 

2.13), on which part of the work in this thesis has been performed. 

This system is characterized by a CO2-pump (max 400 bar) 

generating low pulsation when pumping, thereby enables more 

sensitive and reproducible analysis while allowing the use of a 
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broad dynamic flow rate range. A dedicated flow-switching valve (FSV) mechanism in the 

back pressure regulator regulates the pressure by controlling the channel opening while a 

needle vibrates at a high rate of speed. This prevents blockages due to high-viscosity 

elution samples and solidified samples, which can be a problem with static pressure 

regulators. This feature also allows reduction of the detector noise compared to earlier SFC 

systems. 

 

2.3.3 SFC 5000, Selerity Technologies 

The SFC 5000 system from Selerity Technologies is one of the instruments used in this 

study. This system comprises all elements that can be expected in an SFC system, with the 

main difference that the back pressure is generated by a static fixed restrictor in contrast to 

dynamic types of restriction used above. The BPR is thereby replaced by narrow stainless 

steel tubing with an internal diameter of 50 to 75 µm and with a length of 1 to 3 meters to 

ensure that enough restriction is generated to keep the supercritical CO2 from expanding in 

the column or UV detector. The simplicity of the design allows much more facile coupling 

to nebulization type of detectors such as evaporative light scattering detection (ELSD) or 

(ESI, APCI or APPI) mass spectrometry as depicted in Figure 2.14. Much of the BPR’s 

based systems in the past were generating too large extra column void volumes and were 

therefore leading to  (arguably unacceptably) high degrees of peak broadening. The natural 

CO2 expansion process in the restrictor and nebulizer allows for the most efficient 

combinations of SFC and with ELSD or API based MS detection.  

 

Figure 2.14 Schematic representation of the modular Selerity based system with fixed restrictor based 

back pressure generation. The system can easily be coupled to ELSD and or MS detection
18

. 

 

Figure 2.13 photograph 

of the Jasco SF-2000 

system. 
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2.2.4 ACQUITY UPSFC 

Waters recently introduced a system for named Ultra Performance 

Convergence Chromatography (UPC
2
). In principle the system is not 

different from any other SFC system but it is characterised by 

significantly miniaturized dead volumes, much improved temperature 

and pressure control over the various relevant parts of the system and the 

availability of 600 bar inlet pumping pressure (in comparison to 400 bar 

on most other commercial systems). As the optimal velocity in SFC is 

about 3-5 times faster compared to HPLC, it is already a fast technique 

today. The improved design of the UPC
2
, however, allows speeding up 

the analysis time further as it allows the almost void free use of the 2 

mm sub-2 micron columns.  

In the same way as the use of these small particles allowed faster HPLC analysis, the 

lower and A-term and the flatter C-term regime depicted by these columns allows 

operation at much higher linear velocities in comparison to “conventional” HPLC.  The 

improved design of the system also allows for shorter column regeneration times and 

more effective usage of the instrument time. The system ensures improved gradient 

accuracy and retention time reproducibility
19

. Reports also show that the UPC
2
 has lower 

system dispersion (also in the BPR) and permits the use of smaller diameter and shorter 

length columns resulting, in higher reachable efficiency
20

. 

 

 

2.4 Considerations on Stationary Phases in Supercritical fluid and enhanced 

fluidity chromatography 

In the following section, an overview is presented of the stationary phases available for 

SFC and EFLC and on the retention mechanisms which are thereby involved.  

 

2.4.1 Open tubular SFC 

As mentioned earlier in this chapter, SFC developed in both a GC type direction, whereby 

open tubular columns are used, and as an extension of HPLC based on the implementation 

Figure 2.15 photo-

graph of the 

Waters UPC
2
 

system. 



 

CHAPTER 2: Practical considerations in supercritical fluid and in enhanced fluidity chromatography 46 

 

of high pressure pumps, mixed mobile phases and packed particle columns. The 

applications of the open tubular format are limited to petrochemical analyses such as the 

determination of the olefin content in gasoline by SFC, the determination of aromatic 

solutes in diesels and aviation fuels, or the analysis of fluorinated polymers because of their 

insolubility in HPLC type solvents
21

. As the use of the open tubular format includes only a 

limited number of these niche applications and as enhanced fluidity chromatography is 

based on the packed column approach, emphasis in this section is placed on the diversity of 

columns available in this pSFC mode.  

 

2.4.2 Packed column SFC 

The evolution of the packed column strategy in the last two decades has almost exclusively 

been driven by the needs of pharmaceutical analysis. Packed SFC is especially attractive for 

the pharmaceutical industry because therapeutic molecules are mostly polar molecules, 

80% of which have basic character. The main separation modes that developed in the 

packed column format are normal and reversed phase SFC and chiral analysis. 

 

2.4.2.1 Normal and reversed phase SFC 

The terms normal phase (NP) and reversed phase (RP) columns in pSFC are based on the 

classification of stationary phases for HPLC columns. However in HPLC the difference 

between the two modes is very distinct. In pSFC this situation is more blurred as identical 

solvent mixtures used in both pSFC modes (typically CO2 and methanol). In conventional 

NP-HPLC a polar stationary phase (such as underivatised silica) and a non-polar mobile 

phase (e.g. hexane) are used. Polar analytes are thereby more retained than nonpolar 

analytes, based on the like-like principle. The mechanism is also known as a type of 

adsorption chromatography based on direct interactions with the surface of the stationary 

phase. The retention not only depends on the functional group but also on sterical 

hindrance. Adding polar solvents to the mobile phase results in a reduction of retention 

times, and transition to partitioning chromatography. By contrast, in RP-HPLC a non-polar 

stationary phase and an aqueous polar mobile phase are used. The retention mechanism is 

based on partitioning into the hydrophobic stationary phase, which depicts liquid like 

behavior. The addition of more hydrophobic solvents (compared to water), such as 
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methanol or acetonitrile, decreases the retention of analytes. Today the use of RP-HPLC 

exceeds the applications of NP-HPLC. Note that in NP-HPLC the elution order of the 

analytes is reversed compared to RP-HPLC. Hence, in HPLC there is a clear difference 

between both modes. However, the use of CO2 in pSFC can be seen as either a normal or as 

a reversed type of separation. This is because in pSFC polar stationary phases improve the 

retention of polar analytes and non-polar stationary phases improve the retention of 

hydrophobic analytes. Hence, the same mobile phase can be used together with polar and 

non-polar columns. In reversed phase HPLC, retention is dominated by the percentage of 

water in the mobile phase and by the hydrophobicity of the stationary phase whereas for 

pSFC performed with the same type of column, the interaction of the analyte with the 

stationary phase is dominant
22

.  

On the other hand when performing NP-HPLC and pSFC with polar stationary phases, 

similar retention behavior is obtained. This leads to the conclusion that retention behavior 

in pSFC mainly depends on the properties of the stationary phase. Although pSFC is often 

considered as an alternative to NP-HPLC, numerous applications have shown that the use 

of reversed phase columns can also be of interest. A number of representative stationary 

phases used in normal and reversed phase SFC are represented in Table 2.1 and Figure 

2.16. 

Table 2.1 Representative list of currently commercially available achiral stationary phases.  

Abbreviation Stationary phase Commercial name Manufacturer 

C18 Octadecylsiloxane-bonded silica Gemini C18 110A Phenomenex 

C18 Octadecylsiloxane-bonded silica ODS Hypercil Thermo Scientific 

Kinetex HILIC HILIC phase: unbonded silica phase Kinetex Core-shell Phenomenex 

SIL Bare silica Zorbax Rx-SIL Agilent Technologies 

LUNA HILIC silica surface covered with cross-linked 

diol groups 

LUNA  Phenomenex 

CN Cyanopropyl-bonded silica Cyano Nacalai Tesque 

EP 2-Ethylpyridine-bonded silica Ethylpyridine Princeton Chromatography 

NAP Naphtyl-ethyl-bonded silica Cosmosil π-NAP Nacalai Tesque 

Triazole Triazole COSMOSIL HILIC Nacalai Tesque 

Diol Diol DIOL Princeton 

BEH Bridged ethyl silica phase  BEH Waters 

HSS High strength Silica  HSS Waters 

PFF Fluorinated aromatic phase PFF Waters 
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Figure 2.16 Chemical structures of the achiral stationary phases used in this study: silica and modified 

silica columns. 

 

2.4.2.2 Chiral analysis  

Supercritical fluid analysis on analytical (for screening) and (semi-)preparative scale 

developed towards becoming the technique of choice for chiral separations in a 

pharmaceutical environment. The reasons for this are to be found in the combined benefits 

of an about 4 to 5 times decreased analysis time compared to the HPLC equivalent, the 

effortless removal of the mobile phase by controlled decompression and the low cost of 

CO2 based mobile phases. Essentially all chiral stationary phases developed over the last 

decades for HPLC can and are used in the SFC format. An overview of the types of chiral 

selectors and of the most used chiral phases in pSFC and in HPLC, is provided in Table 2.2 

and Table 2.3, respectively.   

 

Table 2.2 Selected applications of chiral SFC to pharmaceutical compounds 
a
. 

Chiral stationary phases Compounds resolved 

Cellulose derivatives β-Blockers, benzodiazepines, NSIDs, barbiturates 

Amylose derivatives bNSIDs, protease inhibitors, β-Blockers, benzodiazepines 

Brush-type Anti-malarial medication, NSIDs, β-Blockers, benzodiazepines 

Cyclodextrine and derivatives Phosphine oxides, NSIDs, anticonvulsants 

Macrocyclic antibiotics Bronchodilators, β-Blockers 

a For more comprehensive listing, see ref.5.  bNon-steroidal inflammatory drugs (NSIDs). 

 

Table 2.3 Representation of some of the most applied commercially available chiral stationary phases 

Stationary phase Commercial name Manufacturer 

3,5-dimethylphenylcarbamate LUX Cellulose 1 Phenomenex 
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3-chloro-4-methylphenylcarbamate LUX Cellulose 2 Phenomenex 

4-methylbenzoate LUX Cellulose 3 Phenomenex 

4-chloro-3-methylphenylcarbamate LUX Cellulose 4 Phenomenex 

Amylose-tris(5-chloro-2methylphenyl-carbamate) LUX Amylose 2 Phenomenex 

-ONH3-5diMePh Chiralpak AD Chiral Technologies 

-ONH(CH3)CPh Chiralpak AS Chiral Technologies 

-OCH3 Chiralpak OA Chiral Technologies 

-OCH3 Chiralpak CA-1 Chiral Technologies 

-OPh Chiralpak OB Chiral Technologies 

-ONHPh Chiralpak OC Chiral Technologies 

-ONH3-5diMePh Chiralcel OD Chiral Technologies 

-OC=CPh Chiralpak OK Chiral Technologies 

-ONHpara-ClPh Chiralpak OF Chiral Technologies 

-ONHparaMePh Chiralpak OG Chiral Technologies 

-OparaMePh Chiralcel OJ Chiral Technologies 

 Whelk-O 1 Regis Technologies 

 

The separation of chiral compounds (enantiomers) is not self-evident. A specific chiral 

selectivity has to be present in order to separate chiral compounds. The main strategy in 

chiral LC to create enantiomer selectivity is the formation of diastereomers due to the 

presence of a chiral compound in the mobile phase or on the stationary phase. The 

mechanism relies on the fact that one enantiomer of an analyte has a larger affinity for this 

chiral compound than the other enantiomer. This difference in affinity results in a 

difference in retention and thus selectivity. Technically, this strategy can be carried out in 

two ways: the use of a chiral mobile phase with a non-chiral stationary phase or the use of a 

non-chiral mobile phase with a chiral stationary phase. This second option is the 

conventional approach due to the versatility in different types of stationary phases. 

Herewith, complex and rare chiral mobile phases can be avoided. 

Chiral HPLC columns are made by immobilizing single chiral compounds on a stationary 

phase. Separation relies on the formation of transient diastereomers on the surface of the 

column packing. The enantiomeric analyte which forms the most stable diastereomer will 

be most retained. The opposite enantiomeric analyte will form a less stable diastereoisomer 

and will elute first. 

The effect of temperature is important in chiral HPLC. Lower temperature will increase 

chiral recognition, but as it alters the kinetics of the mass transfer, it may actually make the 
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chromatography worse by broadening peaks. There is often an optimal trade-off 

temperature for a separation. An overview and inventory of chiral stationary phases can be 

made according to the chemical nature. 

 

1) Pirkle stationary phases 

The brush-type (Pirkle-type) chiral stationary phases (CSPs) have been used 

predominantly under normal phase conditions in LC. These stationary phases are 

designed to give a strong three-point interaction with one of an enantiomeric pair. There are 

two main types of stationary phases: pi-donor (Figure 2.17) and pi-acceptor (Figure 2.18) 

phases. pi-donor phases (typically naphthyl-amino-acid derivatives, covalently bonded to 

silica) require the analyte to contain a pi-acceptor group such as the dinitrobenzoyl group. 

The dinitrobenzoyl group can easily be added to a wide range of compounds such as 

alcohols, amines, carboxylic acids etc. 

 

Si O Si CH2 CH2 CH2 NH C CH

O CH

CH3 CH3

NH C NH

O

CH CH3

* *

 

Figure 2.17 representative example of a pi-donor type of chiral Pirkle phase. 

 

The most common pi-acceptor phase is N-(3,5-dinitrobenzoyl) -phenylglycine bonded to 

aminopropylsilica. This stationary phase is capable of separating a large range of 

compounds which include a pi-donor aromatic group 
23

.  

 

Si O Si CH2 CH2 CH2NH3 O   OC CH NH C

NO2

NO2O

*

 

Figure 2.18 representative example of a pi-acceptor type of chiral Pirkle phase. 

 

2) Protein stationary phases 
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Several types of proteins have been used as chiral stationary phases. Currently available 

phases are human a-Acid glycoprotein (AGP), human serum albumin (HSA), bovine serum 

albumin (BSA) and ovomucoid protein (OV). Separations rely on a combination of 

hydrophobic and polar interactions. 

 

3) Ligand exchange stationary phases 

Ligand exchange stationary phases separate enantiomers by formation of diastereomeric 

metal complexes. These phases have been used for the separation of amino acids. 

 

4) Chiral cavity phases 

Another category of stationary phases offers chiral selectivity due to the presence of chiral 

cavities, in which stereo selective guest-host interactions lead to retention and separation. 

The first important consideration for retention and chiral recognition in such stationary 

phases is the proper fit of an analyte molecule to the chiral cavity in terms of size and 

shape.  This category of stationary phases includes crown ethers, imprinted polymers 

and cyclodextrins (see also Table 2.2). 

 

5) Polysaccharide coated Chiral stationary phases  

Polysaccharides-based CSPs incorporate derivatives of cellulose and amylose adsorbed on 

silica gel. The selectivity of these CSPs depends upon the nature of the substituents 

introduced during the derivatization process. The secondary structure of the modified 

polysaccharide is believed to play a role in selectivity, but the chiral recognition 

mechanisms have not been fully elucidated
24

. It has been established that the main chiral 

sites of bonding on these chiral selectors are polar carbonyl groups of esters, which can 

interact with racemic compounds through hydrogen bonding and dipole–dipole interactions 

for chiral discrimination
25

.  

Most chiral selectors are complex molecules making it extremely difficult to predict a 

chiral recognition mechanism. Let’s consider quinine as chiral selector for which the chiral 

recognition mechanism could be fully established in case of N-3,5-dinitrobenzoyl (DNB) 

derivatized amino acid enantiomer separation. The strongest interaction is the ionic 

attraction between charges of opposite signs. DNB-D-valine is more retained by the quinine 
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CSP than its L-enantiomer. DNB-L-valine is more retained by the quinidine CSP. All three 

interactions occur between three different substituents of the quinine selector (see Figure 

2.19). 

 

Figure 2.19 Top: the quinine and quinidine selectors. Bottom: Chiral recognition mechanism by a 

quinine-based chiral stationary phase (CSP)
 26

. 

 

2.4.2.3 The influence of additives on stationary phase characteristics 

Next to the column parameters described above, the selectivity in pSFC is also very much 

controlled by the addition of additives to the mobile phase
27

. In order to improve both the 

chiral and achiral separation of polar compounds, Berger and Deye suggested that the 

stationary phase should be more polar than the solutes
28,29

. The elution of polar analytes 

appears more favorable with the use of more polar stationary phases, modifiers, and 

additives. Adding acids or bases to the modifier flow allows increase of the apparent 

polarity of the stationary phases, significantly altering the physical characteristics of the 

original stationary phase
28

. The maximum film thickness of the thin adsorbed layer of 

mobile phase on the stationary phase is observed when P = Pc and T = Tc. When increasing 

temperature and pressure, this film thickness is reduced
26

. Also the adsorption of modifier 

to the stationary phase changes the most in the range of 0 - 2% modifier added to the CO2. 

When adding 2% of methanol to the mobile phase, the adsorbed film can contain up to 40% 

of methanol
5
. At higher concentrations, adsorption of the modifier onto the stationary phase 

won’t change so drastically anymore. 
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2.6 Conclusions 

The instrumental innovations in SFC described in this chapter illustrate that the 

technique has come a long way since the early developments 4 decades ago. Packed 

column SFC is by now an established technique which managed to impose itself 

successfully for a growing number of niche applications. It can be expected that a 

continued parallel evolution of SFC with the developments in UHPLC, will further 

improve both the column and instrumental performances of SFC in the near future.  
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CHAPTER 3: ON THE ROBUSTNESS OF STATE-OF-THE-ART SFC FOR 

PHARMACEUTICAL ANALYSIS 

 

3.1 Summary 

In this chapter the figures of merit of SFC methods using mobile phases containing an 

aqueous fraction and volatile salts are evaluated. The potential of this unconventional 

approach is assessed on bare silica, cyanopropyl and ethyl pyridine columns and on the 

more recently developed triazole and hydroxyphenyl bonded stationary phases, in SFC. 

The 3-hydroxyphenyl column appears to perform optimally for the analysis of acidic 

compounds and the performance of the triazole based columns was very similar to the 2-

ethylpyridine column. Column to column reproducibility is best for triazole and silica 

columns. Retention time repeatability was somewhat improved with the mobile phase 

containing MeOH, H2O and NH4OAc for all columns. 

 

3.2 Introduction 

In pharmaceutical applications, SFC has already to a large extent substituted chiral 

normal-phase LC because the SFC approach is cheap, offers faster separations, higher 

efficiencies, improved resolution and fast column re-equilibration
1-6

. In most 

pharmaceutical companies, Open Access Laboratories (OALs) are equipped with 

“Chiral Analysers” composed of instrumentation for SFC, RP-LC and capillary 

electrophoresis (CE). Unfortunately, SFC is not yet accepted as a routine tool for achiral 

analysis. The technique is confronted with a perceived lack of ruggedness or 

reproducibility of the thereupon developed methods. A possible cause is that similar 

phenomena take place in SFC, as in conventional normal phase LC analyses where 

method reproducibility is detrimentally affected by irreproducible absorption of 

moisture in the stationary phase depending on the humidity of the atmosphere. 

However, although the saturation of the mobile phases with water is common practice in 

NPLC when this problem occurs, this is not the case for the addition of water to 

supercritical CO2 based mobile phases. The main reason therefore is the very low 

solubility of water in CO2 (1500 and 4500 ppm at 25 and 75°C, respectively). As pSFC 
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is, however, almost always performed with binary mobile phases containing methanol, 

the solubility of water in the mobile phase is, under those conditions, much increased 

and can therefore be used as a viable additive in SFC.  

As this approach has not become common practice yet as there is uncertainty of the 

influence of water and salt addition on the figures of merit of SFC methods, in this 

chapter the influence of the addition of both water and salts to isocratic and gradient 

SFC separations of pharmaceutical solutes is therefore investigated. Particular interest is 

thereby set onto retention time reproducibility and on the evaluation of the performance 

of a number of innovative stationary phases in SFC, such as native silica, triazole silica 

and hydrodroxyphenyl derivatised phases. As also evaluations on earlier SFC 

instrumentation were not sufficiently satisfactory in terms of retention time 

reproducibility from column to column and from system to system, recent commercial 

SFC systems, and identical columns from different batches, are re-evaluated in this 

work. A test mixture of composed out representative pharmaceutical solutes is 

composed for this purpose. All these aspects are evaluated in the framework of 

improving method reproducibility in SFC for future pharmaceutical validation and 

subsequent implementation
7-24

. 

 

3.3 Experimental 

3.3.1 Chemicals and reagents 

Water and methanol were of LC-MS grade supplied by Biosolve, Valkenswaard, The 

Netherlands. Carbon dioxide (CO2) of N45 quality was from Air Liquide (Liège, 

Belgium). Ammonium formate and the analytical grade standards caffeine, ibuprofen, 

theophylline, theobromine, fenoprofen, flurbiprofen, cortisone, hydrocortisone, 

prednisolone, sulfamerazine, sulfaquinoxaline were from Sigma Aldrich, Diegem, 

Belgium. The standards were dissolved in MeOH. The injection volume was 2.2. µL if 

not otherwise specified. 
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Table 3.1 Chemical compound classes  and classes and molecular masses of the compounds used in this 

study. 

N° Compound Structure Molecular Mass 

(g/mol) 

1 Caffeine 

 

194.19 

2 Ibuprofen 

 

206.29 

3 Theophylline 

 

180.16 

4 Theobromine 

 

180.16 

5 Fenoprofen 

 

242.26 

6 Flurbiprofen 

 

244.26 

7 Cortisone 

 

360.44 

8 Hydrocortisone 

 

362.46 
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9 Prednisolone 

 

360.44 

10 Sulfamerazine 

 

264.30 

11 Sulfaquinoxaline 

 

300.36 

 

3.3.2 Instrumentation 

The SFC experiments were performed on an in-house assembled Selerity system, a 

commercial Agilent 1260 SFC instrument and on a JASCO SFC system. The modular 

“Selerity” SFC system was composed out of an Agilent Technologies (Agilent 

Technologies, Waldbronn, Germany) 1100 series LC system equipped with a DAD 

detector (with a high pressure 5 µL semi-micro flow-cell) a Selerity 5000 SFC pump 

(Salt Lake City, UT, USA) and a Gerstel MPS autosampler. This system was controlled 

by Agilent ChemStation B.04.03 software. The Agilent Infinity 1260 Analytical SFC 

System contained a binary SFC pump, a thermo-stated column compartment and a DAD 

detector (equipped with a high pressure flow cell). The JASCO SFC system (Jasco 

Corporation,Tokyo,Japan) contained a UV-2070 plus intelligent uv/vis detector, an BP-

2080 plus automatic back-pressure regulator, an AS-2059-SF plus auto-sampler (max 

injection volume 2.4 µL),  a PU-2080 plus intelligent HPLC pump and a PU-2080-CO2 

plus CO2 delivery pump. All columns were thermostatted at 45°C during operation.  

 

3.3.3 Column Selection  

Five types of stationary phases were evaluated in this work. COSMOSIL HILIC triazole 

silica and hydroxyphenyl silica columns (5 µm, 150 x 4.6 mm) were purchased from 

Nacalai Tesque (Gentaur, Belgium). Native silica (3µm, 150 x 3 mm) and 

cyanopropylsilica columns (3µm, 150 x 3 mm) were obtained from ACE (Achrom, 



 

CHAPTER 3: On the robustness of state-of-the-art SFC for pharmaceutical analysis 59 

 

Belgium). ProntoSIL ethylpyridine column were procured from Princeton 

Chromatography (Cranbury, NJ, USA)
25

.  

 

3.3.4 Selection of the experimental conditions 

Columns performance was studied with pharmaceutical test mixtures. Each column was 

subjected to mobile phases composed of liquid-CO2 modified with A) MeOH, B) 

MeOH/ H2O (3%), C) MeOH/ H2O (3%) and 20 mM  NH4HCO2. The study was 

deliberately performed in the subcritical state, but using sufficiently large amounts of 

organic modifiers in all cases to minimize density gradients along the column to 

strongly impact on diffusion coefficients
26

. All the data presented and discussed in this 

study were acquired using the conditions indicated in Table 3.2. 
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Table 3.2 Experimental conditions on four analytical columns using SFC. 

 

 *OV: Oven; PH; preheater; EF: effluent, %A: modifier pump 1 of 2 and %B: modifier pump 2 of 2 of Agilent LC system used to upgrade to SFC.  

 

SFC conditions Column/ 

stationary phase 

Column 

dimensions 

and particle size 

 Modifier    

Time      % A         % B           Technique 

(min)  

Run time 

(min) 

No. of  

runs 

Modifiers Temp. 

(C) 

Inlet               

pressure 

(bar) 

Flow rate 

(mL/min) 

CO2 / total 

 

- 

6 

- 10 to 30 gradient 12 54 A) MeOH 

B) MeOH/ H2O (3%) 

C) MeOH/ H2O (3%) and 20 mM  

NH4HCO2 

OV 45 

PH 45 

EF 25 

 

160 

 

1.8 / 2.0  to  

2.6 

COSMOSIL HILIC / 

Triazole silica 

150 × 4.6 mm, 

5 m 

- 

- 

13.5 - isocratic 5 54 A) MeOH 

B) MeOH/ H2O (3%) 

C) MeOH/ H2O (3%) and 20 mM  

NH4HCO2 

OV 45 

PH 45 

EF 25 

 

176 

 

1.6 / 1.85 

ACE 3 SIL/ 

Silica 

150 × 3 mm, 

3 m 

- 

- 

7 - isocratic 5 54 A) MeOH 

B) MeOH/ H2O (3%) 

C) MeOH/ H2O (3%) and 20 mM  

NH4HCO2 

OV 45 

PH 45 

EF 25 

 

204 

 

2.0 / 2.15 

ACE 3 CN/ 

Cyanopropyl silica 

150 × 3 mm, 

3 m 

6 - 11.11 to 23 gradient 10 54 A) MeOH 

B) MeOH/ H2O (3%) 

C) MeOH/ H2O (3%) and 20 mM  

NH4HCO2 

OV 45 

PH 45 

EF 25 

 

205 

 

2.0 / 2.25  to 

2.6 

ProntoSIL/ 

Ethyl pyridine silica 

250 × 4.6 mm, 

3 m 

 

6 - 10-30 gradient 10 54 A) MeOH 

B) MeOH/ H2O (3%) 

C) MeOH/ H2O (3%) and 20 mM  

NH4HCO2 

 

 

OV 45 

PH 45 

EF 25 

150 - 180 1.8 / 2.0  to  

2.6 

COSMOSIL/ 

Hydroxyphenyl silica 

150 × 4.6 mm, 

5 µm 

Re-evaluation of  four Triazole columns   

- 

6 

- 10 to 30 gradient 12 24 MeOH/ H2O (3%) and 20 mM  

NH4HCO2 

OV 45 

PH 45 

EF 25 

 

160 

 

1.8 / 2.0  to  

2.6 

COSMOSIL HILIC/ 

Triazole 

150 × 4.6 mm, 

5 m 
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3.4 Results and discussion 

3.4.1 Comparison of the influence of the mobile phase additives on retention and 

separation performance in SFC 

Much work has been published on the effects of methanol as a secondary mobile phase 

component, especially with respect to retention characteristics, selectivity and peak 

shapes of various test samples
26,27

. While common binary mobile phases significantly 

improve the elution of polar analytes in SFC, in general highly polar or ionic 

compounds are still not eluted because the organic modifiers that are miscible with 

liquid carbon dioxide are also only moderately polar co-solvents. The effects of adding a 

modifier to carbon dioxide are diverse. An important consequence is that by adsorption 

on the stationary phase surface, the added fraction of organic modifier changes the 

polarity, and possibly the three-dimensional structure, of the stationary phase. According 

to Strubinger et al. the percentage of adsorbed layer was nearly 25% methanol when the 

mobile phase contained only 2% methanol
28

.  

When the methanol is additionally mixed with even more polar additives such as water 

one can expect that solute retention will be much affected. In Figure 3.1A, the analysis 

of a pharmaceutical test mixture on a silica column (ACE, 3 µm) with an isocratic 

mobile phase containing CO2 (1.85 mL/min) and methanol (0.25 mL/min~13.5% v/v) is 

represented. The test mixtures was selected such as to cover an as wide as possible 

range in hydrophobicity of pharmaceutical solutes. Elution of the more polar “sulfa-

drugs” is for example not possible when only unmodified CO2 is used as mobile 

phase
29

. All solutes are separated with the exception of caffeine (1) and theophylline (3). 

When the same analysis is subsequently performed with a modifier phase composed out 

of 97% methanol and 3% water the chromatogram shown in Figure 3.1B is obtained. An 

overall increase in retention is observed and all solutes are now separated. This can be 

attributed to a “HILIC-like” retention mechanism taking place in SFC under those 

conditions. A fraction of the water is hereby transferred to the stationary phase, raising 

the polarity and retention of the latter. Subsequent addition of ammonium formate to the 

aqueous fraction leads to further increase of the retention due to the increased polarity of 

the water fraction as can be seen in Figure 3.1C. Where under the two prior conditions 
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baseline separation of all solutes was not, or only just, achieved when the salt is added 

more robust “over-resolution” is obtained for most solutes except for theophylline and 

fenoprofen, which now overlap due to concomitant selectivity changes. Note that these 

relatively fast analyses did not require the use of excessive inlet pressures. The 

experiment in Figure 3.1A, for example depicted an inlet pressure of 176 bar. This value 

only slightly increased when adding the water and salts to the mobile phase.      
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Figure 3.1 Separation of  a test sample on the ACE Silica column (3µm, 150 x 3 mm). A) MeOH, B) 

MeOH/ (3%) H2O, C) MeOH/ (3%) H2O  and 20 mM NH4HCO2. Flow rate: 1.60 mL/min CO2 + 0.25 

mL/min modifier flow (Selerity system). Peaks: 1. Caffeine, 2. Ibuprofen, 3. Theophylline, 4. 

Theobromine, 5. Fenoprofen, 6. Flurbiprofen, 7. Cortisone; 8. Hydrocortisone, 9. Prednisolone, 10. 

Sulfamerazine, 11. Sulfaquinoxaline. (See table 3.2 for details). 

 

A similar comparison was also performed on a cyano column (ACE) as represented in 

Figure 3.2 for the analysis of the same test mixture with isocratic methanol/water and 

also with salts as additives in the mobile phase. Again an increase in retention is 

observed for all analytes on this column under the more polar mobile phase conditions. 

Due to the lower overall retention of the less polar cyano phase compared to native 

silica, only 7% modifier flow (0.15 mL/min) was required in this case to be added to the 

CO2 flow (2 mL/min) to allow elution of all solutes.   
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Subsequently similar experiments were performed, under gradient conditions, on an 

ethylpyridine, a triazole, and on a 3-hydroxyphenyl based stationary phase, as can be 

seen in Figure 3.3, 3.4 and 3.5; respectively.  Neutral polar solutes such as prednisolone, 

sulfamerazine and sulfaquinoxaline were the most retained class of compounds on all 

the columns studied. The chromatograms also illustrate a certain degree of chemical 

equivalency between the triazole and the 2-ethylpyridine based column. The retention, 

however, appeared to decrease somewhat on the triazole column when the salt was 

added to the mobile phase. It is not entirely clear why this was the case for this 

immobilized functionality, although it might be related to the relationship between the 

apparent pH of the mobile phase and the basicity of the triazole group.  

 

Figure 3.2 Separation of the test mixture on the Cyano column under isocratic conditions with (A) a 

CO2 and 13.5 % MeOH and (B) with CO2 and 13.5%  MeOH mixed with +3% H2O containing 20 mM 

NH4HCO2. Flow rate: 2.0 mL/min CO2 + 0.15 mL/min modifier flow (Selerity system, inlet pressure in 

A: 204 bar). (See table 3.2 for details). 
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Figure 3.3 Separation of the test mixture on the Ethyl pyridine column under gradient conditions (initial 

11.11% B, from 11.11 to 23% B from 0 to 6 min). The total flow rate thereby increased from 2.25 to 2.6 

mL/min. The CO2 flow was kept constant at 2.0 mL/min. Inlet pressure in A at initial: 205 bar. (See table 

3.2 for details). 
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Figure 3.4 Separation of the test mixture on the triazole column under gradient conditions (initial 10% B, 

from 10 to 30% B from 0 to 6 min). The total flow rate thereby increased from 2.0 to 2.6 mL/min. The 

CO2 flow was kept constant at 1.8 mL/min. Inlet pressure in A at initial: 160 bar. (See table 3.2 for 

details). 
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A

B

C

 

Figure 3.5 Chromatograms of test mixtures in 3-Hydroxyphenyl column: total flow: 2.0 to 2.6 mL/min,  

Modifier phase (10 to 30 %).  Modifier: MeOH (A), MeOH/H2O (B), MeOH/ 3% H2O/20 mM NH4HCO2 

(C). Peaks: 1.Caffeine; 2. Ibuprofen, 3. Theophylline; 4. Theobromine; 5. Fenoprofen; 6. Flurbiprofen; 7. 

Cortisone; 8. Hydrocortisone; 9. Prednisolone; 10. Sulfamerazine; 11. Sulfaquinoxaline. Inlet pressure in 

A at initial: 150 bar. (See table 3.2 for details). 

 

Generally, for all the studied stationary phases symmetric peak shapes were attained 

except on the 3-hydroxyphenyl column in which case some minor fronting on the 

sulfamerazine and sulfaquinoxaline peaks were observed (Figure 3.5A). However, 

improved peaks shapes can be obtained through the addition of water and inorganic 

salts. This column is also depicting satisfactory retention for the acidic solutes (e.g. 

ibuprofen), compared to the poorly retentive pure silica and CN phases. Hence, overall 

an improved retention and selectivity is observed for the most poorly retained solutes on 

the silica and on the cyano column when adding salts, while the elution of the other 

solutes remains largely unaffected. 
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3.4.2 Influence of method cycling on retention time repeatability   

Subsequently the influence of the mobile phase composition on method repeatability 

and on equilibration time was investigated. This is relevant as the addition of water to 

the mobile phase leads to the creation of a pseudo-stationary phase on the silica surface. 

An important question that thereby rises is if this process is reversible and reproducible. 

Each column was therefore subjected to mobile phases composed of liquid-CO2 

modified with A) MeOH, B) MeOH/ (3%) H2O and with C) MeOH/ (3%) H2O 

containing 20 mM  NH4HCO2. Note that these mobile phases essentially all lead to the 

prevalence of sub-critical environmental conditions
30

. This was tested both under 

isocratic and gradient conditions and the silica and the cyano versus the ethylpyridine, 

triazole and the 3-hydroxyphenyl column, respectively. 

Native silica based columns were investigated first as this type of column has already 

relatively extensively been used for achiral SFC separations and could, due to its 

ubiquitous availability, be one of the first type of columns to be effectively implemented 

in a validated pharmaceutical environment
29

. Method cycling evaluations were 

performed on the JASCO SFC system. The retention of the 11 pharmaceuticals was 

evaluated under the various mobile phase conditions according to the sequence of 

operation represented in Figure 3.6. 54 analyses were performed in an order whereby 

each recurrent A, B and C plateau thereby represents a repeat of the precedent one. The 

applied sequence of experiments allows assessment of the presence of possible column 

memory effects e.g. due to insufficient column regeneration or due to alterations in the 

stationary phase due to the column operation.  

As can be seen in the figure the run to run repeatability of retention time of each 

isocratic experiment is excellent (below 2% in all cases). It can also be seen that 

changing to other mobile phase conditions followed by equilibration (6 min) results in a 

first analysis which is as repeatable as the other analyses performed subsequently. This 

illustrates that, for example, a change from a pure CO2/MeOH based mobile phase to a 

mobile phase containing also water and salts is entirely reversible. A somewhat larger 

deviation in retention time is observed when comparing the plateaus such as A1, A2 and 
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A3, B1, B2 and B3 and C1 versus C2 and C3. However, also in this comparison which 

can already be considered more a reproducibility measurement instead of a repeatability 

test, retention time repeatability was below < 5 RSD%. Note that these results are not 

obvious, as SFC has long been considered a technique whereby the first analysis of 

sequence needed to be discarded due to too large discrepancies with the later repeat 

analyses. These results illustrate that the use of state-of-the-art instrumentation, such as 

the JASCO system together with aqueous/organic mobile phases allows repeatable SFC 

analysis of pharmaceutical solutes. 

 

  

 Figure 3.6 Graph showing repeatability of each of six runs with modifiers A) MeOH, B) MeOH/H2O and 

C) MeOH/H2O/NH4HCO2 for three stage evaluation on ACE 3 SIL/Silica column. 1) Column as received, 

2) After 18 injections and flushed with MeOH, 3) After another 18 injections flushed with Acetonitrile. 

Legend: A1: MeOH modifier and 1
st
 six runs; B1: MeOH/H2O and the 1

st
 six runs; C1: 

MeOH/H2O/NH4HCO2 and the 1
st
 six runs etc. 
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Figure 3.7 Correlation of the retention times of the studied analytes at various stages of separation in 

different modifiers on ACE 3 SIL/Silica column. Run labels MeOH based [1-6, 19-24, 37-42]; 

MeOH/H2O based [7-12, 25-30,43-48]; MeOH/H2O/NH4HCO2 based [13-18, 31-36, 49-54]. 

 

The satisfactory retention time and repeatability and reproducibility tests can also be 

represented as through the clustering analysis represented in Figure 3.7. The retention 

times of all analyses where thereby used for construction of an Euclidian distance plot 

(via PAST chemometrical software analysis). This type of plot describes metric distance 

between peaks with different retention times. It divides the fifty-four runs into three 

groups depicting high similarity. It can be seen that all comparable retention times 

coming from the same methods, have been grouped in a correct way. A similar approach 

has been reported for column selection
31 

and retention data before
32

. It is interesting to 

note that the cluster systems are grouped depending on the nature of the organic solvent, 

and not depending on the nature of the stationary phase.   

It can also be seen through the close vertical proximity of all runs on the top left side of 

the plot, that overall retention time repeatability was somewhat better when compared to 

the two other sections of the plot. A tentative conclusion from these results could be that 

the repeatability of retention of ionisable samples is positively influenced by the 

presence of ionisable solutes. The same strategy was subsequently applied to evaluate 
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the cyano columns under isocratic conditions and all other column in gradient runs. The 

corresponding data is represented in Figure 3.8. 

 

 

Figure 3.8 Graphs representing retention time repeatability of each of six runs with modifiers A) MeOH, 

B) MeOH/H2O and C) MeOH/H2O/NH4HCO2 for three stage evaluations on four columns. 1) Column as 

received, 2) After 18 injections and flushed with MeOH, 3) After another 18 injections flushed with 

Acetonitrile. Conditions see experimental. Legend: A1: MeOH modifier and 1st six runs; B1: MeOH/H2O 

and the 1st six runs; C1: MeOH/H2O/NH4HCO2 and the 1
st
 six run etc. 

 

 

At a first glance, with the three applied mobile phases, similar results compared to the 

bare silica column in terms of overall variation of the measured RSD% in retention 

times were obtained. The ethylpyridine, the triazole and the CN columns, however, 

seem to be prone to suffer from some initial memory effects, or at least to require longer 

column regeneration times in comparison with the 3-hydroxyphenyl column. Note that 

the overall retention was highest on the triazole column and that the CN column wasn’t 

performing very well for the pharmaceuticals analysed, as several of the solutes were 



 

CHAPTER 3: On the Robustness of State-of-the-art SFC for Pharmaceutical Analysis 70 

 

not, or insufficiently, retained on this column. In general, the observed results in this 

section showed the robustness of the technique for the different stationary phases tested. 

 

3.4.3 Evaluation of different batches of some of the stationary phases 

The study of method reproducibility is irrelevant if it is not possible to obtain columns 

delivering identical performance, independent of when they have been manufactured. As the 

requirements in validated environments are now such that reproducibility must be ensured over 

a period which can easily span more than a decade, it is in this light very relevant to compare 

recently developed SFC columns from different batches. Therefore in this study the retention 

time of the pharmaceuticals over were compared for 4 triazole based columns  

As batch to batch reproducibility is of utmost importance in pharmaceutical analysis in a 

regulated environment, subsequently 4 columns, from different batches, were evaluated for 

their capability to generate satisfactory retention time repeatability. The thus far observed 

optimal mobile phase conditions containing methanol, water and ammonium acetate were also 

used (data not shown) in that evaluation. The 11 solute test mixture (Table 3.1) was used for 

comparison of the column performance. In Figure 3.8 the identical analysis of the 

pharmaceuticals is represented on 4 triazole columns from different batches.   
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Figure 3.8: Chromatograms obtained upon identical analyses on four triazole columns obtained from 

different batches. Analysis under gradient conditions. Initial: 10% B (hold time 0 min) and then from 10 

(0.2 mL/min) to 30% B (0.8 mL/min in 6 min. The total flow rate thereby increased from 2.0 to 2.6 

mL/min.  The CO2 flow was kept constant at 1.8 mL/min. Inlet pressure in A at initial: 160 bar. Peak 

identification: 1.Caffeine; 2. Ibuprofen, 3. Theophylline; 4. Theobromine; 5. Fenoprofen; 6. Flurbiprofen; 

7. Cortisone; 8. Hydrocortisone; 9. Prednisolone; 10. Sulfamerazine; 11. Sulfaquinoxaline. 

 

These chromatograms and the corresponding numerical interpretation demonstrate that 

also here retention time accuracy is below 5 %RSD, which is sufficiently acceptable 

method reproducibility for possible future pharmaceutical implementation. Similar 

retention time reproducibility was obtained on 4 silica columns (data not shown) 

although, as represented in Figure 3.6, lower retention is obtained on average on this 

type of column. Other batch to batch evaluations of the other columns could not be 

performed due to the lack availability of each of those columns.   

 

3.4.4 Method comparison on different SFC systems 

Finally method transferability from system to system was studied. For that purpose test 

mixture analyses with MeOH/CO2 as mobile phase were performed on a silica column 

on the Agilent Aurora, JASCO and on the Selerity system, respectively. Transferability 

of the conditions was straightforward between the Agilent and the JACO system, as 

both these systems allow to work under the same settings. However, comparison with 

the Selerity system was less evident as a different type of back pressure regulation is 

used in this system. The density of the super- (or sub-) critical mobile phase in the 

column up to the UV detector was controlled via an active back pressure regulator both 

in the Aurora and in the JASCO systems (see 2.1.3). However, a fixed passive restrictor 

was used in the Selerity system for that purpose, making direct retention time 

comparison more difficult as, with this system, the back pressure which is generated is 

more difficult to control. The pressure which is generated by this restriction is 

dependent on the length and internal diameter of the restrictor and on the composition 

and temperature of both the mobile phase and of the tubing. 

In Figure 3.9 the same analysis of eight pharmaceutical solutes on the three systems is 

demonstrated. Although elution order and therefore the achievable selectivity are 

comparable, it appears that system to system variably in today’s SFC instrumentation is 
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not very high yet. Significantly higher retention is measured on the JASCO system 

compared to the Aurora system. This could be related to large differences in internal 

volumes in the system (leading to dwell and void time differences) or due to minor 

difference in mixing ratio accuracy, known to influence measured solute retention in 

meaningful way. This poor method transferability in SFC needs to be addressed if SFC 

is to become an accepted alternative method for pharmaceutical analysis. The different, 

more modular design (inevitably leading to larger dead volumes) of the Selerity system 

explains the longer retention times measured on that system. 

   

                    

Figure 3.9 Separation of a test mixture containing eight pharmaceuticals. Conditions CO2/MeOH total 

flow 1.2 mL/min and MeOH (16.66 %) in isocratic mode using Zorbax RxSIL 150 x 4.6 mm, 5 µm. 

Aurora and JASCO (x2) with back pressure regulator set at  150 bar, Selerity with fixed restrictor at 110 

bar. Temp: OV40, PH40, EF 25 °C; 1. Theophylline,  2. Caffeine,  3. Prednisolone,  4. Prednisone,  5. 

Hydrocortisone, 6. Cortisone, 7. Sulfaquinoxaline, and 8. Sulfamerazine. 

 

3.5 Conclusions 

A set of test analytes with a broad range of molecular properties was used to 

characterize the suitability of different stationary and mobile phases in SFC. This study 

demonstrated the differences in separation characteristics between bare silica, 

cyanopropyl and ethyl pyridine columns and the recently developed triazole and 
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hydroxyphenyl bonded stationary phases in SFC. The triazole bonded stationary phase 

provides higher polarity than silica and cyano groups based columns; therefore a 

stronger hydrophilic interaction is predicted and measured. Parameters that influence 

separation such as buffer pH, ionic strength and composition of organic solvent were 

evaluated for the studied compounds. The 3-hydroxyphenyl column performed 

optimally for the analysis of acidic compounds and the performance of the triazole 

based columns was very similar to the 2-ethylpyridine column. Column to column 

reproducibility was best for triazole and silica columns. Retention time repeatability was 

somewhat higher with the mobile phase containing MeOH, H2O and NH4OAc for all 

columns. Note that this mobile phase is also highly compatible with mass spectrometry. 

Profiles (time and selectivity) appear to be instrument dependent. This study also 

illustrated the comparable column selectivity obtained with the triazole and the 2-ethyl 

pyridine stationary phases in SFC. 
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CHAPTER 4: METHOD TRANSFER FROM GENERIC GRADIENT ELUTION 

TO OPTIMIZED ISOCRATIC ELUTION IN SFC 

 

4.1 Summary  

In this chapter the transfer of gradient to isocratic SFC methods is investigated. This as the 

former is the preferred approach in QA/QC environments. The approach was investigated 

on a 3-hydroxyphenyl, a triazole and on a Zorbax RX Sil column. Pressure scaling for SFC 

method transfer from conventional to narrow bore columns needs more extensive study but 

the results obtained in this work show that method transfer in SFC is feasible without 

significant loss in performance.  

 

4.2 Introduction 

Chromatographic methods are a major tool in pharmaceutical development to control 

the quality and integrity of the active drug substance or drug product. Methods are 

normally developed at one site and then transferred to one or more sites during the drug 

development process. Qualifying analysts to perform these methods is a critical activity 

that can significantly impact on the launch of a product. The process that establishes 

documented evidence that the analytical method works as well in the receiving 

laboratory as in the originator's laboratory, or the transferring laboratory, is called 

analytical method transfer (AMT). The topic of AMT has been addressed by both the 

American Association of Pharmaceutical Scientists (AAPS, in collaboration with the 

FDA, EU regulatory authorities) and the Pharmaceutical Research and Manufacturers of 

America (PhRMA)
 1-3

. The foundation of a successful AMT is a properly developed and 

validated method or procedure, and a good robustness study is certainly a development 

and validation cornerstone
4-7

. In this regard very limited research has been done for 

evaluation of SFC methods and none in relation to SFC methods where fixed restrictors 

are used.  

As described in Table 4.1, isocratic conditions are to be preferred for routine and quality 

assurance/quality control (QA/QC) analyses. As method reproducibility is lower in SFC 

compared to HPLC it is clear that routine implementation of SFC methods can almost 
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only be envisaged under isocratic conditions. While in HPLC gradient analysis can lead 

to somewhat lower reproducibilities due to the ever changing eluotropic strength of the 

mobile phase and because of the longer column regeneration times involved, this is 

exacerbated in SFC as additional variables thereby appear, such as mobile phase density 

and thermal gradients in the column. As adiabatic expansion or contraction phenomena 

can significantly alter the local temperature at particular positions in the column and 

system in a less controllable way, much more reproducible analysis is expected when 

performing isocratic and therefore isoconfertic (constant density) analyses in SFC. In 

this light, the performance of the fixed restrictor capillary is particularly interesting as it 

can be expected that the absence of mechanically moving parts in this system is 

beneficial for improved method reliability.  

 

Table 4.1 Comparison of gradient and isocratic elution performance 
a, 8

. 

Parameter Gradient elution Isocratic elution 

Small k' range (1 < k' < 15) - ++ 

Large k'  range (k'max >> 15) ++ - - 

Peak capacity (10 or more solutes) ++ - 

Method transfer - ++ 

Quantitation (baseline disturbance) - ++ 

Re-equilibration time - - ++ 

Method development - - + 

Instrumentation simplicity - - + 

a Performance is judged qualitatively as excellent (++), good (+), fair (-) or poor (- -). 

 

On the other hand it should be noted that the use of isocratic/isoconfertic methodologies 

are especially necessary when SFC instruments are used whereby the flow rate is 

increasing as a function of the gradient composition. This is not necessarily the case 

when commercial systems with active back pressure regulation are used. The (Selerity) 

instrumentation used in this work pumps a constant stable liquid CO2 flow while, on top 

of that, an increasing flow of modifier phase is added to the former. A benefit of this 

setup is that detector noise, which is often claimed to be significantly higher in SFC 

compared to HPLC, is minimized and that the setup allows very easy (direct) coupling 

to mass spectrometry. A drawback of this approach, when used in the gradient mode, is 
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that the overall mobile phase flow rate is not constant over time, and that concentration 

sensitive detectors will therefore deliver decreasing peak areas as a function of the 

decreasing residence times in the detector. Under ideal conditions it is not expected that 

the reliability of a quantitative analysis will be affected by these phenomena because the 

solute retention time and the corresponding mobile phase velocity are essentially fixed 

for both standards and unknowns. As, however, QA/QC analyses require stringent 

conditions of the used analytical methods in order for them to pass a validation study, it 

is beneficial to remove this issue, and the other problems mentioned above for gradient 

analysis, by using isocratic/isoconfertic analysis conditions.   

Another aspect in the study of the usability of SFC for quantitative analysis in a 

regulated environment is the choice of column diameters. Traditionally SFC column 

ID’s have been the same as in HPLC, however considering the higher flow rates used in 

SFC this not necessarily the best choice. The current trend in LC is to achieve improved 

chromatography and faster separations for pharmaceuticals through shorter, narrower 

diameter columns packed with smaller particles. This evolution towards the use of 

narrower column diameters has been driven by the introduction of UHPLC systems, 

whereby heat dissipation issues have been forcing the use of narrower columns. An 

obvious additional benefit is the quadratic reduction in solvent consumption for 

reducing column internal diameters according to Equation 4.1. 

 

 
4

...
1

2 Ld
kV c

R


        Equation 4.1 

 

Where Vr represents the retention volume,  the column porosity, L the length of the 

column and dc the corresponding internal diameter or  

 

2~ cR dV           Equation 4.2 

 

If 10 mL of mobile phase are needed for the elution of a certain peak from a 4.6 mm 

column, this corresponds to: 4.8 mL from a 3.2 mm column, 1.9 mL from a 2.0 mm 

column, 0.5 mL from a 1.0 mm column (20 x less solvent!). 
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Additionally better signal to noise ratios are obtained for concentration sensitive 

detectors. The maximal peak concentration cmax is thereby inversely proportional to 

square of the column diameter dc: 

2max

1

cd
c          Equation 4.3 

  

In this work the transferability of gradient to isocratic methods and from conventional to 

narrow bore columns is studied in SFC.  

 

4.3 Experimental 

4.3.1 Instrumentation 

The experiments were performed using on the Selerity modular SFC system as 

described in 3.2.1. 

 

4.3.2 Materials and methods 

Methanol was HPLC grade and purchased from Biosolve-Chemicals, the Netherlands. 

Carbon dioxide (CO2) of N45 quality was from Air Liquide (Luik, Belgium). Each 800 

ppm of the non-steroidal inflammatory drug standards: Ibuprofen, Fenoprofen, 

Flurbiprofen, Ketoprofen, and Indoprofen. 500 ppm each of the pharmaceuticals: 

Caffeine, Theophylline, Cortisone, Hydrocortisone, Prednisolone, Prednisone, 

Sulfamerazine, and Sulfaquinoxaline were dissolved in MeOH and 2.2 µL was injected. 

The experimental conditions applied to this study are described in Table 4.2. 
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Table 4.2 Experimental conditions on four analytical columns using SFC. 

 

 

SFC conditions Column/ 

stationary phase 

Column 

dimensions 

and particle 

size 

Modifier    

Time   % A    % B                     Technique 

(min)  

Run time 

(min) 

No. of  

runs 

Modifiers Temp. 

(C) 

Inlet               

pressure 

(bar) 

Flow rate 

(mL/min) 

CO2 / total 

 

 

6 

 

  

10 -30 

gradient 6 6  

C) MeOH/ H2O (3%) and 20 mM  NH4HCO2 

OV 40 

PH 40 

EF 25 

 

160-190 

 

1.8 / 2.0  to  2.6 

 

COSMOSIL / 

3-Hydroxyphenyl 

150 × 4.6 mm, 

5 m 

 

- 

 

18.18 

 

- 

isocratic 6 6  

C) MeOH/ H2O (3%) and 20 mM  NH4HCO2 

OV 40 

PH 40 

EF 25 

 

178 

 

1.8 / 2.2 

 

COSMOSIL / 

3-Hydroxyphenyl 

150 × 4.6 mm, 

5 m 

 

6 

  

4.76 - 25.92 

gradient 6 6  

A) MeOH 

OV 30 

PH 30 

EF 25 

 

254 - 360 

 

5.0/ 5.25  to 6.75 

COSMOSIL / 

3-Hydroxyphenyl 

150 × 4.6 mm, 

5 m 

 

- 

14.38 

and 

16.66 

 

 

isocratic 6 6  

A) MeOH 

OV 30 

PH 30 

EF 25 

 

307 and 

324 

 

5.0/5.84  and 

5.0/6.0 

COSMOSIL / 

3-Hydroxyphenyl 

150 × 4.6 mm, 

5 m 

 

6 

  

10 -30 

gradient 6 6  

C) MeOH/ H2O (3%) and 20 mM  NH4HCO2 

OV 40 

PH 40 

EF 25 

 

160-176 

 

1.8 / 2.0  to  2.6 

COSMOSIL HILIC / 

Triazole  

150 × 4.6 mm, 

5 m 

 

- 

 

18.18 

 isocratic 6 6  

C) MeOH/ H2O (3%) and 20 mM  NH4HCO2 

OV 40 

PH 40 

EF 25 

 

174 

 

1.8 / 2.2 

COSMOSIL HILIC/ 

Triazole 

150 × 4.6 mm, 

5 m 

 

6 

  

10 -30 

gradient 6 6  

C) MeOH/ H2O (3%) and 20 mM  NH4HCO2 

OV 40 

PH 40 

EF 25 

 

155-186 

 

1.8 / 2.0  to  2.6 

Agilent Zorbax/ 

RX SIL 

150 × 4.6 mm, 

5 m 

 

- 

 

18.18 

 

 isocratic 6 6  

C) MeOH/ H2O (3%) and 20 mM  NH4HCO2 

OV 40 

PH 40 

EF 25 

 

 

170 

 

1.8 / 2.2 

Agilent Zorbax / 

RX SIL 

150 × 4.6 mm, 

5 m 

        

 

 

 

    
Note: *OV: Oven; PH; preheater; EF: effluent, %A: modifier pump 1 of 2 and %B: modifier pump 2 of 2 of Agilent LC system used to upgrade to SFC.   
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4.4 Results and discussion 

4.4.1 Gradient to Isocratic transfer 

Contrary to commercial SFC setups, the combined Agilent (modifier flow and 

detection)/Selerity (CO2 flow) system with fixed restrictors was used in this work. This 

system is characterised by a constant (set) CO2 flow combined with an increasing CO2 

flow. A schematic drawing of this approach is represented in Figure 4.1. 

 

              

Figure 4.1 Graphical representation of aspects of relevance in the flow composition and flow rates 

obtained on the Selerity SFC system. A constant CO2 flow is continuously applied (as this generates 

minimal detector noise) which is mixed with a constant (isocratic) or increasing (gradient) flow rate of an 

organic solvent (sometimes mixed with water and additives). 

 

 

Since the eluent strength increases during the chromatographic process, in gradient 

analysis the retention factor k for each sample component decreases with time. tgrad in 

Figure 4.1 corresponds to the gradient time, t0 is the column dead time which depends 

on the column dimensions and on the flow rate (t0 = V0/F). td is the delay time, or the 

time required for a gradient change to hit the column. Φ = % Bfinal - % Binitial is the 

change in composition during the gradient. 
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The solvent strength parameter is defined as the slope of the plot of the logarithm of the 

retention factor versus the volume fraction of organic modifier in the mobile phase 

(slope of the logarithmic plot: d(logk)/dΦ)
9,10

. 

The strategy followed in this work for transfer from gradient to isocratic conditions 

relies in the use of isocratic conditions with modifier percentages which are about half 

way up the gradient slope, followed by a fine tuning process. The methodology was 

tested on three types of columns: first on a hydroxyphenyl column then of a triazole 

based phase and subsequently on native silica with a test mixture of pharmaceutical 

solutes.    

The first screening of the used non-steroidal anti-inflammatory drugs was carried out by 

running a gradient program (Figure 4.2A) on the 3-Hydroxyphenyl column using MeOH 

as the modifier. The results from the gradient runs allowed targeting the modifier 

percentage to be used in isocratic mode (Table 4.3) so that the compounds could be 

separated and eluted in a reasonable time window. A modifier percentage at one third of 

the eluotropic strength, compared to the maximum amount of modifier added during the 

gradient analysis, was eventually selected as providing the optimal separation of the 

same solutes in an acceptable retention time (see Table 4.3). 

 

Table 4.3 Segments in the gradient profile for the separation made on 3-Hydroxyphenyl column. 

Gradient segments:  

Time (min)/ flow (mL/min) 

Total flow (mL/min) Modifier % 

(v/v) 

1.5/0.61 5.61 10.8 

2.1/ 0.76 5.76 13.19 

2.3/0.84 5.84 14.38 

2.9/1.00 6.00 16.66 

4.8/1.42 6.42 22.11 

6.0/1.75 6.75 25.92 

 

The isocratic chromatogram in Figure 4.2B illustrates the benefits of this approach in 

terms of robustness and overall reliability compared to gradient analysis. The improved 

stability of the baseline and the ensuing improved possibilities for adequate peak 

integration are thereby particularly striking.  
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Figure 4.2 Separation of non-steroidal inflammatory drugs on the 3-Hydroxyphenyl column. A. 5 mL/min 

CO2 and MeOH (0.25 → 1.75 mL/min (6 min), P: 270 → 380 bar; B. 5 mL/min CO2 and  0.84 mL/min 

MeOH, P = 314 bar at 40 °C (i.e. 14% v/v MeOH vs CO2). peaks:1. Ibuprofen, 2. Fenoprofen, 3. 

Flurbiprofen, 4. Ketoprofen, 5. Indoprofen. 

 

The same procedure was subsequently applied on the triazole column. A mixture of 

MeOH/H2O (3%) and 20 mM NH4HCO2 was used as modifier for the CO2. A more 

complex test mixture could be handled due the higher retention of this columns 

compared to the hydroxyphenyl phase (see chapter 3). The results from the gradient runs 

allowed identification of the modifier percentage to be used in isocratic mode (Table 

4.4) so that the compounds could be eluted in a reasonable time window. The 

corresponding isocratic method is represented in Figure 4.3B. Although a flatter 

baseline is again obtained because of the lack of gradient profile, a noisier signal is 

obtained in comparison with the results on the 3-Hydroxyphenyl column, because of the 

background absorbance of the ammonium acetate in the buffer.    
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Table 4.4 Gradient profile applied on the triazole column. 

Gradient segments:  

Time (min)/ flow (mL/min) 

Total flow (mL/min) Modifier % 

2.3/ 0.35 2.15 16.27 

3.0/0.40 2.20 18.18 

3.2/0.41 2.21 18.55 

3.9/0.45 2.25 20.0 

4.6/0.50 2.30 21.73 

5.0/0.53 2.33 22.74 

5.2/ 0.54 2.34 23.07 

 

 

5

6

 

Figure 4.3 Separation of a test mixture on the triazole column. A) Gradient: CO2 (1.8 mL/min) and 

MeOH/ H2O (3 %) and 20 mM  NH4HCO2 (0.2 → 0.6 mL/min (6 min), P=160 bar → 176 bar, B) 

Isocratic: CO2: 1.8 ; MeOH/ H2O (3 %) and 20 mM  NH4HCO2: 0.37 mL/min at 40 °C (i.e. 17% v/v 

modifier phase vs CO2). Peaks: 1. Caffeine, 2. Ibuprofen, 3. Theophylline, 4. Theobromine, 5. 

Fenoprofen, 6. Cortisone, 7. Flurbiprofen. 

 

The acidic and basic compounds were subsequently analysed on the native silica stationary 

phase (Zorbax RX SIL) using a mixture of MeOH/H2O (3%) with 20 mM  NH4HCO2 and 

CO2 as mobile phase (Figure 4.4A). The chromatograms in Figure 4.4B demonstrate the 

straightforward transfer from the gradient to the isocratic method. 18% volumetric 

additional flow of the modifier phase was found to be optimal for elution and separation of 

all solutes from this column under isocratic conditions (see Table 4.5).  
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Table 4.5 Segments in the gradient profile for the separation made on Zorbax RX SIL Column. 

Gradient segments:  

Time (min)/ flow (mL/min) 

Total flow (mL/min) Modifier % 

v/v 

2.4/ 0.36 2.16 16.66 

2.9/ 0.4 2.20 18.18 

3.2/ 0.41 2.21 18.55 

3.8/ 0.45 2.25 20.00 

4.3/ 0.49 2.29 21.39 

6.0/ 0.6 2.40 25.00 

 

  

Figure 4.4 Analysis of the test mixture on the Zorbax RX-Sil column. A) Gradient: CO2 (1.8 mL/min) and 

MeOH/ H2O (3 %) and 20 mM  NH4HCO2 (0.2 → 0.6 mL/min (6 min), P = 160 bar → 176 bar, B) 

Isocratic: CO2: 1.8 ; MeOH/ H2O (3 %) and 20 mM  NH4HCO2: 0.4 mL/min at 40 °C  (i.e. 18% v/v 

MeOH vs CO2). Peaks: 1. Caffeine, 2. Ibuprofen, 3. Theophylline, 4. Theobromine, 5. Fenoprofen, 6. 

Cortisone, 7. Flurbiprofen. 

 

4.4.2 Transfer between conventional and narrow bore columns 

The performance of a narrow (2.0 mm I.D.) and of a standard-bore (4.6-mm I.D.) 3-

Hydroxypenyl column of the same 150 mm length was subsequently compared for the 

separation of ibuprofen, fenoprofen,  flurbiprofen, ketoprofen, and indoprofen. The pressure 

drop across a packed column in LC depends on the linear mobile phase velocity (u0), the 

length of the column (L), the mobile phase viscosity (η), the column resistance factor (φ) 

and the particle size (dp)
11

: 
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2

0

pd

Lu
P


       Equation 4.4 

Increased temperatures reduce the viscosity, enabling a higher flow rate to be used for an 

equivalent pressure drop. Similarly, using SF-CO2 reduces the viscosity, enabling a higher 

flow rate to lead to lower pressure drops. The viscosity of the mobile phase should be kept 

constant to facilitate efficient method transfer calculations. In order to keep the linear 

velocity through a column identical in HPLC the flow rate is adjusted with the square of the 

column diameter
12

.   

 

2

1

2
12 












c

c

d

d
FF        Equation 4.5 

 

However, adaptation of this equation to SFC is not that straightforward, as it would 

necessarily involve the occurrence of the same mobile phase density at every corresponding 

point in the column to ensure reproduction of the eluotropic strength and of the retention 

factors when transferring between column diameters. In practice equation 4.6 is only valid 

if the internal diameter of all types of tubing and connectors (including in the injection 

device) are accordingly adjusted to ensure the same “system permeability”. As this 

approach is exceedingly unpractical, as demonstrated in figure 4.5, manual adjustment of 

the inlet and outlet pressure (and of the flow rate) prove to be the most straightforward 

approach for the transferring of methods between columns of different diameters. In Figure 

4.5 fixed restrictors were used, and when transferring the method from a 4.6 mm to a 2 mm 

column, inlet pressures of 316 and 117 bar, were needed for obtaining comparable 

chromatograms. Nevertheless the chromatograms illustrate that it is possible to transfer 

methods to narrow bore columns without significant loss in performance.  
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Figure 4.5 Separation of non-steroidal inflammatory drugs on 3-Hydroxyphenyl column. A) 150 x 4.6 mm, 

5µm, condition: CO2/MeOH: total flow 6.0 mL/min, MeOH (16.66 %), Pinlet: 316 bar; B) 150 x 2.0 mm, 5µm, 

condition: CO2/MeOH: total flow: 1.2 mL/min,  MeOH  (16.66 %), Pinlet: 117 bar. Peaks:1. Ibuprofen, 2. 

Fenoprofen, 3. Flurbiprofen, 4. Ketoprofen, 5. Indoprofen, Temp: OV40, PH40, EF 25 °C. 

 

4.5 Conclusions 

As isoconfertic conditions are to be preferred for routine and QA/QC analyses some simple 

approaches were developed for transferring successfully a gradient SFC separation to an 

isocratic one with limited influence on resolution. The approach was evaluated with three 

different stationary phases and found to be successful. It can reasonably be concluded that 

the methodology should just well be applicable for e.g. chiral analysis. Pressure scaling for 

SFC method transfer from conventional to narrow bore columns needs more extensive 

study for conditions but the results obtained in this work show that method transfer in SFC 

is feasible without significant loss in performance.  
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CHAPTER 5: ON THE SFC ANALYSIS OF SOME PERFLUOROALKYL ACID 

ISOMERS 

 

5.1 Summary 

In this section the possibilities offered by SFC for improved chiral and achiral 

separation of perfluorooctane carboxylates and sulfonates are investigated. Because of 

the wide-spread use of this type of solutes they are increasingly detected in the 

environment as well as in biological tissues. As the health implications thereof are 

poorly understood there is an increasing need for improved monitoring and separation 

methods of these solutes. This study is therefore performed on an in-house constructed 

fixed restrictor apparatus and on commercial SFC instrumentation equipped with an 

adaptive back pressure regulator. Although no satisfactory chiral separations could be 

obtained the study illustrates the facile transferability between the different types of 

instrumentation. 

 

5.2 Introduction  

Due to the expertise in SFC of the Separation Science Group at the Department of 

Organic Chemistry, Ghent University, a request was received from Dr. Alberto Pereira 

and Prof. Jonathan W. Martin, Faculty of Medicine and Dentistry, University of Alberta, 

Canada, to investigate the enantioseparation of some chiral perfluorooctane sulfonates 

(PFOS) by SFC. The separation and characterization of perfluoroalkyl carboxylates 

(PFCA) and sulfonates (PFSA) by LC-MS/MS
1
 is one of their research topics. They 

recently introduced the hypothesis that non racemic proportions of chiral PFOS could be 

biomarkers for human exposure
2
.  

Perfluoroalkyl compounds (PFCs) have been used in a variety of industrial products 

including stain and soil repellents, paper coatings, semi-conductors, fire-fighting foams 

and insecticides
3, 4

. Linear perfluorooctane sulfonate (L-PFOS) and carboxylic acid (L-

PFOA) are by far the most used PFCs. The technical products also contain branched 

monotrifluoromethyl isomers and other impurities. Wide-spread PFC use has led to an 

increase in the detection of these compounds in the environment as well as in human 
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and wildlife tissues. In May 2009, PFOS was included in Annex B of the Stockholm 

Convention on Persistent Organic Pollutants (POPs). In August 2010, PFOS was added 

to the EU REACH regulation (No 757/2010) on POPs and the threshold was set at 

0.001% by weight (10 mg/kg).  

In-depth analysis of all PFOS and PFOA solutes was not the aim of this study. The main 

goal was the evaluation of SFC on different chiral stationary phases for the 

enantioseparation of branched PFOS and PFOA isomers. The structures of these 

compounds together with the linear isomers (L-PFOS and L-PFOA) are presented in 

Figure 5.1. In initial experiments, the linear compounds L-PFBS (perfluorobutane 

sulfonate) and TRIF (trifluoromethane sulfonate) were included in the study to evaluate 

the influence of the chain length on the separation.  

 

Concerning the analysis of PFOS and PFOA, the majority of reports in the literature 

used LC-ESI-MS/MS both for qualitative and quantitative determinations
1, 5-8

. Excellent 

separations are obtained by reversed-phase LC and the best stationary phase seems to be 

silica to which a perfluorooctyl chain is anchored via an ethylene spacer
1
. The 

selectivity is superior compared to octadecyl silica but analysis times are in the order of 

1 h. More recently, the analysis time could be reduced to ca. 25 min using core shell 

silica particles derivatized with pentafluorophenylpropyl groups
9
. On this phase, the 

selectivity was different compared to the first applied fluoro-phase, which is also the 

case when UPLC on BEH Shield RP 18 is applied instead of conventional HPLC
10

. Gas 

chromatography (GC), combined with MS and MS/MS using electron impact or 

negative chemical ionization, is another option for the analysis of PFOS and PFOA, but 

the disadvantage is that precolumn derivatization is mandatory
11-13

. To the best of our 

knowledge, SFC has not yet been applied to the analysis of achiral and chiral PFOS and 

PFOA. 
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Figure 5.1 Structures of the studied perfluorinated compounds (PFCs). A) L-PFOS: linear 

perfluorooctane sulfonate, B) L-PFOA: linear perfluorooctanoic acid, C) P3FOS: perfluoro-3-

methylheptane sulfonate, C) P3FOA: perfluoro-3-methylheptanoic acid, D) P4FOS: perfluoro-4-

methylheptane sulfonate, D) P4FOA: perfluoro-4-methylheptanoic acid, E) P5FOS: perfluoro-5-

methylheptane sulfonate and P5FOA: perfluoro-5-methylheptanoic acid. 

 

As outlined in Chapter 2, SFC is preferably performed in the normal phase mode and 

one of its niche applications is chiral analysis
14-20

. As a consequence, at a first glance we 

were not interested in performing SFC analyses to compete with the obtained RP 

separations but rather to improve a chiral LC separation of PFOS described in the 

literature
2
. The best separation obtained until now was for P1FOS on the stationary 

phase Chiralpak QN-AX operated in isocratic mode, but the enantioseparation exhibited 

low resolution in an analysis time of 2.5 h! The disadvantage of this is that peak 

broadening is high and thus sensitivity low. In order to reduce the analysis time and 

broaden the applicability, the enantioseparation of P3-5FOS and P3-5FOA, was studied 

by SFC on the same stationary phase as applied in LC and on other phases typically used 

in SFC for chiral separations.  

Although the initial goal of this project could not be reached i.e. the enantioseparation of 

branched PFOS and PFOA isomers, the obtained results are interesting and 

complementary to RP-LC analyses. Moreover, analysis times are substantially lower on 
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SFC compared to LC and even UPLC (see further). This opens perspectives to apply 

SFC in comprehensive techniques combining the orthogonal phases and to preparative 

SFC in order to obtain pure PFOS and PFOA standards. This chapter describes the most 

important results using two state-of-the-art SFC instrumental approaches in combination 

with mass spectrometry (MS) and evaporative light scattering detection (ELSD)
 21-23

. 

 

5.3 Materials and methods  

5.3.1 Chemicals and reagents  

Water and methanol of LC-MS grade were provided by Biosolve, Valkenswaard, The 

Netherlands. Carbon dioxide (CO2) of N45 quality was obtained from Air Liquide 

(Luik, Belgium). Ammonium formate, formic acid, L-PFOS, L-PFBS and TRIF were 

from Sigma-Aldrich, Diegem, Belgium. The composition of the PFOS/PFOA chiral 

solutes is listed in Table 5.1. These were solutions in methanol were received from the 

University of Alberta, Edmonton, Canada. The solutions were dilutions (1/10) of 

certified standards prepared by Wellington Laboratories (Guelph, Canada)
10

. 

5.3.2 Instrumentation 

Two different SFC systems were used (Chapter 2). The first one delivered a constant 

flow of CO2 and a programmed (increasing) gradient of modifier flow and was equipped 

with fixed restrictor. The second one was a standard commercial instrument with 

constant total flow and equipped with a back pressure regulator. 

 

Table 5.1 Sample properties of the perfluorinated isomers in this study. 

Chemical name Formula Achronym Concentration 

(ppm) 

Sample 

Perfluoro-3-methylheptane sulfonate  (500 g/mol) 

 

C8F17SO3H P3FOS 2.3 1 

Perfluoro-3-methylheptanoic acid  (414.1 g/mol) 

 

C8H F15O2 P3FOA 4.4 

Perfluoro-4-methylheptane sulfonate  (500 g/mol) 

 

C8F17SO3H P4FOS 2.6 2 

Perfluoro-4-methylheptanoic acid (414.1 g/mol) 

 

C8 H F15O2 P4FOA 5.8 

Perfluoro-5-methylheptane sulfonate (500 g/mol) 

 

C8F17SO3H P5FOS 4.3 3 

Perfluoro-5-methylheptanoic acid (414.1 g/mol) 

 

C8H F15O2 P5FOA 8.4 

PFOS as its potassium salt (538.22 g/mol) 

 

C8F17SO3
-K+ PFOS 7 4 
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Perfluorobutanesulfonic acid (300.10 g/mol) 

 

C4HF9O3S PFBS 7 5 

Trifluoromethanesulfonate (189.17 g/mol) 

 

CF3SO3
-K+ TRIF 21 6 

     

 

5.2.2.1 SFC-TOF-MS System  

Experiments were performed using an Agilent Technologies (Waldbronn, Germany) 

1100 series LC system equipped with a Sandra Selerity 5000 SFC pump (Selerity, Salt 

Lake City, UT, USA)
21

. The pump contained four check valves, a T-union and a mixer 

as described in Chapter 2. The SFC system incorporated a MPS-3 autosampler (Gerstel, 

Mülheim an der Ruhr, Germany) and was controlled by ChemStation B.04.03 software 

(Agilent Technologies). A 1969A TOF-MS system operated via Mass Hunter B.02.00 

software (Agilent Technologies) was connected to the column outlet via 2 x 2 m x 0.12 

mm ID stainless steel capillary restrictor. The capillary was heated to 40 ºC. The settings 

of the TOF-MS were as follows: negative electrospray ionization (- ESI), mass range 

100 to 800 m/z, scan rate 3 cycles per s, fragmentor voltage 250 V, nebulizer pressure 

40 psi, gas temperature 350°C, drying gas 11 L/min, capillary voltage 4000 V, skimmer 

60 V, oct RFV 250 V and detector PMT 650 V. The column oven was held at 40 °C, 

preheater at 40 °C and effluent temperature at 25 °C.  

 

5.2.2.2 SFC-qMS-ELSD system  

Analyses were carried out on an Agilent 1260 Infinity SFC – diode array detector 

(DAD) coupled in series to a single quadrupole MS (qMS)
22

 or to an ELSD
23

. The 

system incorporated an autosampler and was controlled by ChemStation B.04.03 

software. All modules and detectors were from Agilent Technologies. The settings of 

the qMS were as follows: negative electrospray ionization (- ESI), mass range 100 to 

800 m/z, scan rate 3 cycles per s, fragmentor voltage 70 V, nebulizer pressure 50 psi, 

gas temperature 325°C, drying gas 8 L/min, capillary voltage 3000 V. The caloratherm 

(Selerity, Salt Lake City, UT, USA) mobile phase preheater was set at 60°C and the 

make-up flow was isopropanol at 0.5 mL/min. For ELSD, the make-up flow was 0.5 



 

CHAPTER 5: On the SFC analysis of some perfluoroalkyl acid isomers 93 

 

mL/min isopropanol, evaporation and nebulization was at 30°C, the gain was 1 and 

smoothing was at 5 s.  The column oven was held at 40 °C. 

 

5.3.3 Chromatographic conditions  

One generic normal phase silica column and seven chiral columns were evaluated in this 

study (Table 5.2).  

 

Table 5.2 Stationary phase evaluated in this study. 

Column Manufacturer Bonded group Ave.  

Pore 

size (Å) 

Tmax  

(C) 

Column 

dimensions 

Zorbax RX-SIL Agilent Silica  80 400 250 x 4.6 mm, 5 

µm 

LUX Cellulose 1 Phenomenex Cellulose tris  

(3,5-dimethylphenylcarbamate) 

1000 300 250 x 4.6 mm, 3 

µm 

LUX Cellulose 2 Phenomenex Cellulose tris  

(3-chloro-4-

methylphenylcarbamate) 

1000 300 250 x 4.6 mm, 3 

µm 

LUX Cellulose 3 Phenomenex Cellulose tris  

(4-methylbenzoate) 

1000 300 250 x 4.6 mm, 3 

µm 

LUX Cellulose 4 Phenomenex Cellulose tris  

(4-chloro-3-

methylphenylcarbamate) 

1000 300 250 x 4.6 mm, 3 

µm 

 

Prototype QN-F Prof. Wolfgang 

Lindner 

Bis(trifluoromethy)phenyl 

carbamoyl-quinine 

  150 x 4.6 mm, 5 

µm 

Chiralpak QN-AX Chiral 

Technologies 

O-9-(tert-butylcarbamoyl) quinine   150 x 2.1 mm, 5 

µm 

The mobile phase composition will be specified for each application. Base ingredients 

were green and generic namely CO2, MeOH, H2O, ammonium formate and formic acid. 

 

5.4 Results and discussion  

5.4.1 Achiral and chiral gradient separations  

The best separation for PFOS and PFOA isomers obtained until now was presented by 

Prof. Martin in his publication of 2007
1
. Figure 5.2 shows the RP-LC-MS 

chromatogram for PFOS as detected in serum. 
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*

 

Figure 5.2 RP-LC separation of PFOS isomers according to ref 1. Peaks: 3m: P3FOS, 4m: P4FOS, 5m: 

P5FOS, n-PFOS: L-PFOS. * isomers of taurodeoxycholic acid present in serum with the same MS/MS 

transition (499 80). 

 

The branched isomers 3m (P3FOS), 4m (P4FOS) and 5m (P5FOS) are thereby separated 

from the linear isomer in a total analysis time of ca. 50 min. The iso-PFOS is a 

perfluoroisopropyl isomer that was not present in the samples analysed in this study. 

Elucidation of the structure of the isomers and their quantitative determination in 

biological samples is based on retention time and especially by spectral data obtained by 

MS/MS
1
. In the certificate documents

10
 of the standard samples, the separations were 

performed on an octadecyl silica column. Figure 5.3 shows that the separation of the 

isomers studied here is very poor. The 1, 2 and 6 isomers are separated from the 3, 4, 5-

group, while the 1 isomer is not separated from the linear one, illustrating that complete 

separation can only be obtained by using the power of MS/MS. Note that the analysis 

time in Figure 5.3 is reduced to 20 min compared to the results presented in the 

literature
1
. A better separation was obtained on a fused-core PFP stationary phase

9 
in the 

same analysis time, but the isomers 3 and 4 were also not separated. Prior experience 

indicated that only limited improvement could be expected from additional method 

development in the reversed-phase SFC mode to address this separation problem. As 

positional isomers typically require three point interactions to ensure separation, the 

normal phase SFC mode is hereby to be preferred. This as the hydrogen bonds and 

dipole-dipole interactions between the solutes and the stationary phase are stronger in 

the normal phase mode due to the reduced presence of protic solvents perturbing these 

interactions. 
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Figure 5.3 RP-LC separation of PFOS isomers according to ref 10: Column, Acquity UPLC BEH shield 

RP18 column, (100  x 2.1 mm, 1.7 µm). Mobile phase conditions: 46% (80:20 MeOH:ACN)/54% H2O 

(with 10 mM NH4OAc buffer) ramp to 49 % organic over 6 min and hold for 17 min, ramp to 90 % 

organic over 0.5 min and hold for 1 min (flush). Return to initial conditions (Total time 26 min), Flow 350 

µL/min. The A, B and C chromatograms represent the analysis of different mixtures of PFOS samples by 

LC-MS/MS.  

 

Initial experiments started with the evaluation of straight silica as stationary phase using the 

instrumentation with a constant CO2 flow under the generic conditions developed earlier in 

our laboratory
21, 24

. The gradient applied was: CO2 flow constant at 1.5 mL/min and the 

modifier methanol/water (95/5) containing 10 mM ammonium formate programmed from 

0.25 mL/min to 1.25 mL/min in 10 min. The obtained chromatograms using the TOF-MS 

as detector are presented in Figure 5.4.  

 

Figure 5.4 SFC-TOF-MS separation of (A) PFOS, PFBS and TRIF and of (B) positional isomers of 

PFOA and of PFOS on a Zorbax RXSIL column. Mobile phase: CO2/MeOH/H2O (5 %)/ NH4HCO2 (10 

mM), Total flow:  1.75 to 2.75 mL/min, modifier 14.28 - 45.45 % (10 min) (gradient). Column oven (OV) 

40 °C, Preheater (PH) 40 °C, P(inlet): 135 bar → 208 bar. Experiments performed on the Selerity 5000 

SFC system equipped with fixed restrictors and TOF detection. 
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The linear sulfonates PFOS (perfluorooctane), PFBS (perfluorobutane) and TRIF 

(trifluoromethane) are nicely separated according to polarity (i.e. retention time increases 

the lower the hydrophobicity). PFOS is a relatively broad peak due to co-elution of several 

isomers (see further). For the PFOA and PFOS analysis, the carboxylate group is separated 

from the sulfonate group and the stronger acids elutes later. Important to note is that the 

signals detected do not correspond with the concentrations given in Table 5.1. This is due 

to the difference in MS ionization between carboxylates and sulfonates. This is the reason 

why some ELSD experiments have been included in the study as will be discussed later. 

Within the sulfonate and carboxylate groups, the 3, 4 and 5 isomers are not separated.  

The same samples were then analysed on the 4 LUX Cellulose columns. It is now generally 

accepted that predicting the (enantio)selectivity of chiral stationary phases is very 

challenging, not to say impossible, and that success is based on trial and error experiments. 

Under the generic conditions used for the silica column, the LUX Cellulose 3 column gave 

exciting separations for both the functional group type separations as for the separation of 

the positional isomers within the groups (Figure 5.5).  

 

 

 

Figure 5.5 SFC-TOF-MS separation of the different samples on LUX Cellulose 3. Mobile phase: CO2 / 

MeOH/H2O (5 %)/ NH4HCO2 (10 mM), Total flow:  1.75 to 2.75 mL/min, modifier 14.28 - 45.45 % 

(gradient). Column OV 40 °C, PH 40 °C, P(inlet): 151 bar →277 bar. Instrument as in Figure 5.4. 
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Moreover under the gradient applied, the analysis time is ca. 10 shorter compared to the 

best RP-LC separation
1
. On the LUX Cellulose 1 phase, a similar separation was 

obtained as on the silica column but in 4.5 min. On a LUX Cellulose 2 column, the 

separation of carboxylated and sulfonated perfluoroalkyl isomers could be realized in 

3.5 min without positional isomer separation. On the LUX Cellulose 4 phase, besides 

the functional group type separation, the isomers could be separated as in Figure 5.5, 

however, without separation of the PFOA isomers.  

 

An important observation on the application of the four chiral columns is that no 

enantioseparation was noted. The six solutes studied namely P3FOA, P4FOA, P5FOA 

and P3FOS, P4FOS and P5FOS are racemates, which means that separation should 

result into two peaks of equal height. Some other conventional chiral columns based on 

amylose were included in the study but results were disappointing compared to the 

cellulose columns.  

 

5.4.2 Isoconfertic conditions and transfer to a different instrumental SFC set-up  

As described in Chapter 4, isoconfertic conditions are preferred for routine and QA/QC 

analyses, at the same time isocratic to gradient transfer approach was discussed for 

complex samples. The initial conditions for the gradient i.e. CO2 flow constant at 1.5 

mL/min and the modifier methanol/water (95/5) containing 10 mM ammonium formate 

constant at 0.25 mL/min (14.3%) gave a satisfactory base-line separation for all isomers 

(PFOA and PFOS) as illustrated in Figure 5.6A. Another isocratic separation is shown 

in Figure 5.7, with fixed restrictors, which is identical to results obtained on the 

commercial instrument. The PFOA isomers were optimally monitored through the 

fragment ion at 368.972 amu (M
-
-COOH). The extracted ion chromatogram at 499 

thereby represents the molecular ions of the PFOS isomers (PFOS, M-H
-
). 
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Figure 5.6 Separation of the PFOA and PFOS isomers on LUX Cellulose 3, 250 x 4.6 mm, 3 µm column 

under: A. Isocratic method: Mobile phase: CO2 / MeOH/H2O (5 %)/ NH4HCO2 (10 mM), Total flow:  

1.75 mL/min, modifier flow 14.3 % (0.25 mL/min). Column OV 40 °C, PH 40 °C, P(inlet): 140 bar. B. 

Extracted ion chromatogram for PFOA. C, Extracted ion chromatogram for PFOS. Performed on the 

Selerity 5000 SFC system equipped with fixed restrictors and TOF detection.    

 

The instrumental approach with constant CO2 flow and fixed restrictor is innovative but 

still not incorporated in commercially available instrumentation. In order to allow other 

laboratories (and especially the laboratory of Prof. Martin) to obtain similar data, a 

commercial instrument with constant flow and back pressure regulator was used with both 

MS and ELSD detector. The latter should allow better quantification of the standards as the 

response is universal
25

. 

Figure 5.7 shows the SFC-qMS analysis of the same sample of PFOA and PFOS isomers 

using the following conditions: total constant flow 1.75 mL/min containing the modifier 

methanol/water (95/5) containing 10 mM ammonium formate at 0.25 mL/min (12%). The 

back pressure regulator was set at 120 bar. The similarity with Figure 5.6 is remarkable 

considering the distinctly different instrumental setup (equipped with either a back pressure 

regulator or with fixed restrictors) to construct the data.  
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Figure 5.7 SFC-qMS analysis of the PFOA and PFOS isomers on the LUX Cellulose 3 column on a 

commercial SFC instrument (Agilent 1260 SFC with back pressure regulator) comparable to SFC system 

with fixed restrictors. 

 

The ELSD chromatogram of the mixture differing in chain length is shown in Figure 

5.8. In this analysis the following gradient was applied: constant flow at 2 mL/min with 

a modifier gradient of 10 to 40% methanol/water (95/5) containing 10 mM ammonium 

formate. The response is now nearly unity (compare with Figure 5.4 top chromatogram). 

The similarity between the chromatograms obtained at a total constant flow versus a 

constant CO2 flow and programmed modifier flow is again remarkable.  

 

  

Figure 5.8 SFC-ELSD analysis of the PFOS, PFBS and TRIF on the Zorbax RXSIL column installed on a 

commercial SFC instrument. This figure is to be compared with Figure 5.4 top chromatogram. 

 

5.4.3 Considerations on the chiral separations of PFOS 

The project on the PFOS compounds started on request of the group of Prof. Martin in 

relation to chiral separation by means of SFC. They succeeded in obtaining a separation 

as illustrated in Figure 5.9.  
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Figure 5.9 LC-MS/MS enantiomer separation of P1FOS on coupled Chiralpak QN-AX adapted from ref 
2
. Instrument as in Figure 5.2. 

 

However, the sample analysed was P1FOS, while the samples sent to us were P3FOS, 

P4FOS and P5FOS. The first remark is that the enantioseparation will be more 

challenging the further the chiral centre is located from the functional group.  

On the conventional chiral cellulose columns, none of the PFOS or PFOA racemates 

were separated. Even application of amylose columns failed (data not shown). Prof. 

Lindner and his group introduced chiral anion-exchangers for the separation of chiral 

acids by LC and SFC
26

.  

One of the stationary phases, namely O-9-(tert-butylcarbamoyl) quinine covalently 

bound to silica and commercialized by Chiral Technologies under the name Chiralpak 

QN-AX, was used for the separation of P1FOS
2
. The Lindner group also described the 

separation of aromatic sulfonic acids by LC and SFC
27

.  

A Chiralpak QN-AX column was donated by Dr. A. Pereira from the group of Prof. 

Martin and first evaluated in SFC with aromatic acids. A typical analysis is presented in 

Figure 5.10 for the separation of carprofen, a non-steroidal anti-inflammatory drug. The 

separation exhibits a resolution of 1.2 using a mobile phase composed of CO2 modified 

with 25% MeOH containing 25 mM ammonium formate and 25 mM formic acid. The 

flow rate was 1 mL/min, the temperature 40°C and the BPR was set at 150 bar.  

 



 

CHAPTER 5: On the SFC analysis of some perfluoroalkyl acid isomers 101 

 

 

Figure 5.10 SFC Separation of carprofen. Column: ChiralPak QN-AX (2.1 x 150 mm, 5µm), 

Injection:1.2 µL, flow rate = 1.0 mL/min CO2 and modifier : MeOH with 25 mM NH4COOH + 25 mM 

formic acid. Isocratic separaiton at 25% Modifier, Column Temp : 40°C, Detection: UV 250 nm, Poultet = 

150 bar. 

 

Under similar conditions the separation of the PFOA and PFOS racemates was 

investigated without any sign of enantioselectivity. Figure 5.11 shows several trials for 

P5FOA and P5FOS by modification of the concentration of the additives according to 

reference
26, 27

.  

 

  

Figure 5.11 SFC-qMS analyses of P5FOS on Chiralpak QN-AX. Column = ChiralPak QN-AX (2.1 x 150 mm, 

5µm), Injection = 1.2 µL, Flow rate = 1.0 mL/min, Oultet P = 150 bar, SF = CO2, Modifier = varied, Modifier 

percentage varied, Column Temp = 40°C, Make-up flow = IPA at 0.2 mL/min, Caloratherm = 60°C, Detection 

= ESI negative mode (SIM) 369.1, 413.1, 498.9,  -3500 V, 11 L/min at 350°C, 40 psig. Mobile phase: A) 

MeOH with 25 mM NH4COOH + 25 mM Formic Acid (FA) 25% Modifier, B) MeOH with 25 mM NH4COOH 

+ 50 mM FA 25% Modifier, C) MeOH with 50 mM NH4COOH + 25 mM FA 25% Modifier, D) MeOH with 

50 mM NH4COOH + 25 mM FA 15% Modifier. 
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Moreover, Prof. Lindner sent us some new columns with similar stationary phases 

namely bis (trifluoromethy) phenyl carbamoyl-quinine (prototype QN-F) and bis 

(trifluoromethy) phenyl carbamoyl-quinidine (prototype QD-F) for evaluation by SFC 

for the separation of alkyl sulfonates. No positive results were obtained. We therefore 

strongly believe that chiral separation of the racemates of alkyl sulfonates will be 

extremely difficult. We expect better results through derivatization of the solutes. 

 

5.5 Conclusions  

In SFC, the perfluorooctane carboxylates and sulfonates are nicely separated in groups 

and in each group the 3, 4 and 5 isomers are separated. This separation is better and 

faster than in LC.   Several stationary phases were evaluated for the enantioseparation of 

the racemates of the 3, 4 and 5 isomers but this was unsuccessful. A better way seems to 

study derivatization reactions to enhance stereospecific interactions. The similarity in 

results that can be obtained with the two different operational and instrumental 

approaches presented in Chapter 2 have been re-illustrated as well as the translation to 

isoconfertic conditions presented in the previous chapter.  

 

5.6 Acknowledgment  

The data on the Agilent 1260 instrument and for the chiral separations have been 

produced by Dr. Gerd Vanhoenacker, Dr. Merissa Dukle and Dr. Maria Rambla-Alegre 

from RIC. They have been included to complete the chapter. 

 

5.7 References  

(1)  Benskin, J.P.; Bataineh, M.; Martin, J.W. Anal. Chem. 2007, 79, 6455.  

(2)  Wang, Y.; Beesoon, S.; Benskin, J.P.; De Silva, A.O.; Genius, S.J.; Martin, 

J.W. Environ. Sci. Technol. 2011, 45, 5907.  

(3) Kissa, E. Fluorinated Surfactants and Repellants, 2nd Ed. Marcel Decker, 

New York, 2001.  

(4)  Lau, C.; Anitole, K.; Hodes, C.; Lai, D.;  Pfahles-Hutchens, A. J. Seed, 

Toxicol. Sci. 2007, 99, 366.  

(5)  Hansen, K.J.; Clemen, L.A.; Ellefson, M.E.; Johnson, H.O. Environ. Sci. 

Technol. 2001, 35, 766.  



 

CHAPTER 5: On the SFC analysis of some perfluoroalkyl acid isomers 103 

 

(6)  Martin, J.W.; Kannan, K.; Berger, U.; de Voogt,  P.; Field, J.; Giesy, J.P.; 

Harner, T.; Muir, D.C.G.; Scott,  B.F.; Kaiser, M.; Järnberg,  U.; Jones,  

K.C.; Mabury,  S.A.;  Schroeder,  H.; Simcik, M.; Sottani, C.; vanBavel, B.; 

Kärrman, A.; Lindström, G.; van Leeuwen, S. Environ Sci Technol. 2004c, 

38,  248A.  

(7)  Berger, U.; Langlois, I.; Oehme, M.; Kallenborn, R.; Eur. J. Mass Spectrom. 

2004, 10, 579.  

(8)  Yuan, W.; Sanjay, B.; Jonathan, P. B.;  Amila, O. De S.; Stephen, J. G.; 

Jonathan, W. M. Env. Sci. & Technol. 2011, 20, 8907.  

(9)  Benskin, J.P., Ikonomou, M.G.; Woudneh, M.B.; Cosgrove, J.R. J. 

Chromatogr. A. 2012, 1247, 165.  

(10)  Wellington Laboratories, Certificates of Analysis, P3MHpS-STK, 

P4MHpS-STK, P5MHpS-STK, 2012.  

(11)  Shan, G.; Sun, H.; Hou, Z.; Zhu, L. Progress in Chem., 2012, 24, 2019.  

(12)  Backe, W.J.; Field, J.A. Env. Sci. & Technol. 2012, 46, 6750.  

(13)  Ullah, S.; Alsberg, T.; Berer, U. J. Chromatogr. A 2011, 1218, 6388.  

(14)  Phinney, K.W. Anal. Chem. 2000, 72, 204A.  

(15)  Phinney, K.W. in: Subramanian; G. (Ed.), Chiral Separation Techniques: A 

Practical Approach, Wiley-VCH, 2001, p. 299.  

(16)  Sandra, P.; Medvedovici, A.; Kot, A.; David, F. in: Anton, K.; Berger, C. 

(Eds.), Supercritical Fluid Chromatography with Packed Columns, Marcel 

Dekker, New York, 1998, p. 161.  

(17)  Borman, P.; Boughtflower, B.; Cattanach, K.; Crane, K.; Freebairn, K.; 

Jonas, G.; Mutton, I.; Patel, A.; Sanders, M.; Thompson, D. Chirality 2003, 

15, S1.  

(18)  Zhao, Y.; Woo, G.; Thomas, S.; Semin, D.; Sandra, P. J. Chromatogr. A 

2003, 1003, 157.  

(19)  Medvedovici, A., Sandra, P.; Toribio, L.; David, F. J. Chromatogr. A 1997, 

785, 159.  

(20)  Ates, H.; Mangelings, D.; Vander Heyden, Y. in “Chiral Separation 

Methods for Pharmaceutical and Biotechnology Products”, Ahuja, S. (Ed.), 

John Wiley and Sons, New Jersey, 2010, 383 – 416.  

(21)  Pereira, A.; David, F.; Vanhoenacker, G.; Brunelli, C.; Sandra, P. LCGC 

North America  2011, 29, 1.  

(22)  Dunkle, M.; Vanhoenacker, G.; David, F.; Sandra, P.; Vollmer, M. Agilent 

Technologies, Technical Note, 2011, 5990-7972EN.  

(23)  Rambla-Alegre, M.; Dunkle, M.; David, F.;  Sandra, P.; Vollmer, M. 

Agilent Technologies, Technical Note, 2012, 5991-0900EN.  

(24)  Sandra, P.; Sandra, K.; Pereira, A.; Vanhoenacker, G.; David, F. LCGC 

Europe 2010, 23, 242.  

(25)  Brunelli, C.; Gorecki, T.; Zhao, Y.; Sandra, P. Anal. Chem. 2007, 79, 2472.  

(26)  Pell, R.; Lindner, W. J. Chromatogr. A 2012, 1245, 175.  

(27)  Pell, R.; Schuster, G.; Lammerhofer, M.; Lindner, W. J. Sep. Sci. 2012, 35, 

2521. 



 

CHAPTER 6: EFLC in HILIC on porous and superficially porous silica particles 104 

 

CHAPTER 6: EFLC IN HYDROPHILIC INTERACTION LC (HILIC) MODE 

ON POROUS AND SUPERFICIALLY POROUS SILICA PARTICLES 

 

6.1 Summary 

In hydrophilic interaction chromatography (HILIC), best results are obtained with high 

concentrations of acetonitrile. In this chapter, in the framework of green 

chromatography, different concentrations of carbon dioxide were added to the mobile 

phases acetonitrile–water and ethanol–water and the impact on retention and separation 

in HILIC using bare silica as stationary phase was explored. The features of HILIC 

using enhanced-fluidity mobile phases are illustrated with the analysis of the 

nucleobases and a mixture containing the nucleobases and cortisol, flurbiprofen, 

theophylline and caffeine on porous silica columns. For both organic constituents, the 

elution window is widened in function of the carbon dioxide concentration and 

selectivity changes. At high concentrations of carbon dioxide in ethanol, separations 

were similar to those obtained with acetonitrile without carbon dioxide addition. In a 

second section of this chapter the benefits of the enhanced fluidity HILIC are further 

explored with superficially porous particles allowing exploitation of the beneficial 

column permeability and diffusion characteristics of EFLC towards more efficient 

analyses.  

 

6.2 Part 1: Green hydrophilic Interaction chromatography using ethanol -water-

carbon dioxide mixtures on porous silica. 

6.2.1 Introduction 

In recent years, green analytical chemistry has recognized momentum. In this respect, 

LC needs special attention because hazardous solvents are often used as mobile phase 

constituents. Hydrophilic interaction chromatography (HILIC) is more and more the 

preferred LC mode for the separation of polar and ionisable compounds. In HILIC, 

separation is primarily achieved by partitioning between a water-enriched layer on the 

surface of a polar stationary phase and a mobile phase that contains high percentages of 

an organic solvent 
1
. In-depth information about the features and separation mechanisms 
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in HILIC can be found in two review articles
2,3

. Although several solvents have been 

evaluated in HILIC, and in some cases successfully
4,5

, acetonitrile is by far the most 

generic solvent in HILIC. In recent years, several chromatographic modes in the 

framework of green chromatography, super/ subcritical fluid chromatography (SFC) and 

enhanced-fluidity chromatography (EFC) were re-evaluated in the research group. The 

latter technique, pioneered by Olesik and coworkers, receives special attention in the 

framework of this thesis. In EFC, mixtures of liquid carbon dioxide and common 

organic solvents have been explored in reversed-phase LC
6
, in solid-phase LC

7
, in 

normal-phase LC
8
 and in size-exclusion chromatography 

9
. The EFC principle in HILIC 

had not been studied before publication of this work
10

. 

Note that for the analysis of polar solutes by SFC, the use of relatively high 

concentrations of organic modifiers is mandatory (to solubilize the solutes or to 

deactivate the stationary phase) resulting in unavoidable operation under subcritical 

conditions. As in principle there is no borderline between EFC and subcritical FC, the 

presented hydrophilic interaction EFLC data belongs to both separation modes. 

 

6.2.2 Experimental 

6.2.2.1 Materials and methods 

The standards, ammonium formate, formic acid and ethanol HPLC grade were obtained 

from Sigma-Aldrich (Bornem, Belgium). Water and acetonitrile LC/MS grade were 

obtained from Biosolve (Valkenswaard, The Netherlands). Stock solutions were 

prepared in acetonitrile or ethanol at 20 mg/mL. The mobile phase was CO2 (premier 

grade) purchased from Air Products (Vilvoorde, Belgium). 

 

6.2.2.2 Instrumentation 

An Agilent 1200 LC system (Agilent Technologies, Waldbronn, Germany) equipped 

with autosampler and DAD detector was used. The column was thermostatted in a 

Polaratherm 9000 Series oven (Selerity Technologies, Kortrijk, Belgium). Instrument 

control and data acquisition was performed by Chemstation software (Agilent 

Technologies). The column was a Zorbax Rx-SIL, 250 mm in length x 4.6 mm id with 5 
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µm dp, 80A° (Agilent Technologies). The oven temperature was set at 40°C. The 

injection volume was 5 µL and detection was at 254 nm. CO2 in constant flow mode 

was delivered by an SFC 5000 pump (Sandra Selerity, Salt Lake City, UT, USA) 

connected to the outlet of the 1200 LC pump via a T-piece (VICI, Schenkon, 

Switzerland). After the T, a mixer (G 131287330 from Agilent Technologies) was 

installed. To the column outlet, a restriction of 4 m x 0.12 mm id stainless steel (2 x  

5022_2159 from Agilent Technologies) and a needle valve (VICI) for fine-tuning of the 

back pressure were connected. 

 

6.2.3 Results and discussion 

A typical ‘‘HILIC’’ chromatogram for the nucleobases using a mobile phase of 

acetonitrile/ammonium formate-formic acid buffer 20 mM at pH 3 (95:5 v/v) and a flow 

rate of 2 mL/min at 40°C is shown in Figure 7.1A.  

 

 

  
Figure 6.1 Separation of the nucleobases. Chromatographic conditions: see text. (A) 2 mL/min 

acetonitrile/ammoniumformate-formic acid buffer 20 mM pH 3 (95:5 v/v). (B) 2 mL/min 

acetonitrile/ammoniumformate-formic acid buffer 20 mM pH 3 (95:5 v/v) and 0.3 mL/min CO2. (C) 2 

mL/min acetonitrile/ammoniumformate-formic acid buffer 20 mM pH 3 (95:5 v/v) and 0.5 mL/min CO2. 

Peaks: 1. Thymine, 2. Uracil, 3. Cytosine, 4. Guanine and 5. Adenine. 

 

The elution window between peaks 1 and 5 can be widened giving at the same time 

better separation for peaks 1 and 2 by reducing the content of the aqueous phase. A 

similar effect can be obtained by increasing the organic component, in this study carbon 
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dioxide. Figures 6.1B and C show the same chromatogram with addition of 0.3 and 0.5 

mL/min CO2, respectively. In the enhanced fluidity mode, i.e. using CO2 as mobile 

phase ingredient, the efficiency remains constant i.e. ca. 19 500 plates for peak 4 in A, B 

and C, while selectivity changes occur as evidenced by the position of guanine (peak 4) 

between cytosine (peak 3) and adenine (peak 5). The α-values for the pairs 

cytosine/guanine and guanine/adenine shift from 1.16 and 1.46 to 1.29 and 1.40 for 0.3 

mL/min CO2  addition and to 1.43 and 1.34 for 0.5 mL/min CO2  addition.  

 

 

100

150

 

Figure 6.2 Separation of the nucleobases. Chromatographic conditions: see text. (A) 1 mL/ min 

ethanol/ammoniumformate-formic acid buffer 20 mM pH 3 (95:5 v/v). (B) 1mL/min 

ethanol/ammoniumformateformic acid buffer 20 mM pH 3 (95:5 v/v) and 0.5 mL/min CO2. (C) 1 mL/min 

ethanol/ammoniumformate buffer-formic acid 20 mM pH 3 (95:5 v/v) and 1.5 mL/min CO2. (D) 1 mL/ 

min ethanol/ammoniumformate buffer-formic acid 20 mM pH 3 (95:5 v/v) and 2.0 mL/min CO2. Peaks: 1. 

Thymine, 2. Uracil, 3. Cytosine, 4. Guanine and 5. Adenine. 

 

The HILIC experiment with ethanol as organic constituent using the same concentration 

of buffer which is typical in HILIC experiments, resulted in very bad efficiency and 

resolution (Figure 6.2A). The flow was reduced to 1 mL/min compared with the 

acetonitrile experiment at 2 mL/min (Figure 6.1A) to give the solutes sufficient 

retention and to operate closer to the optimal mobile phase flow for the more viscous 

ethanol. In adding CO2 in the range 0.1–2.0 mL/ min, most drastic changes were noted 

when CO2 was the principal component in the mobile phase compared with ethanol 
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(Figures 6.2B-D). Note that under these conditions i.e. CO2 at 40°C, 150 bar outlet 

pressure and at least 33% ethanol/buffer (95:5 v/v), the mobile phase is a liquid and not 

a supercritical fluid. This is supported by the Van Deemter plot shown in Figure 6.3 

between 0.9 and 3 mL/min, corresponding to velocities from 0.7 to 2.1 mm/s, of the 

mixture 2/3 CO2 and 1/3 ethanol/buffer (95:5 v/v). Under supercritical conditions, H-

minimum should be at flow rates of ca. 3 mL/min (velocity 42.1 mm/s). The curve is 

typical for HPLC for a 4.6 mm column with 5 µm particles. No minimum is noted in the 

range 0.9–3 mL/min. Lower values could not be measured because with the 

experimental set-up of a capillary restriction and valve, outlet pressures are no longer 

correct. On the other hand, the slope of the C-term is relatively flat because of the low 

viscosity of CO2. The plate count is 16 200 for peak 4 (guanine) in Figure 6.2D at 3 

mL/min and 19 000 plates at 0.9 mL/min. 
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Figure 6.3 Van Deemter plot for guanine (peak 4). Mobile-phase composition: 1/3 ethanol/ammonium 

formate–formic acid buffer 20 mM pH 3 (95:5 v/v) and 2/3 CO2. 

 

 

The addition of different amounts of CO2 to a constant flow of ethanol/buffer has a 

drastic influence on the selectivity. This is shown in Figure 6.4 showing chromatograms 

at a fixed flow of 0.5 mL/min ethanol/buffer (90:10 v/v) (A) and addition of 0.5 (B), 

0.75 (C) and 1 mL/min (D) CO2. Compared with the previous experiments, the 

concentration of water was increased to give the less retained solutes more retention. 

This is the opposite of HILIC underlining the complexity of the separation mechanism. 

Unraveling this is the subject of present research. For this given separation, optimum 
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resolution was obtained at 0.5 mL/min ethanol/ buffer (90:10 v/v) and 0.75 mL/min CO2 

(Figure 6.4E). 

 

 

  

Figure 6.4 Analysis of nine compounds under enhanced fluidity conditions. Chromatographic conditions: 

see text. (A) 0.5 mL/min ethanol/ammoniumformate- formic acid buffer 20 mM pH 3 (90:10 v/v). (B) 0.5 

mL/min ethanol/ammoniumformate- formic acid buffer 20 mM pH 3 (90:10 v/v) and 0.5 mL/min CO2. (C) 

0.5 mL/ min ethanol/ammoniumformate- formic acid buffer 20 mM pH 3 (90:10 v/v) and 0.75 mL/ min 

CO2. (D) 0.5 mL/min ethanol/ ammoniumformate-formic acid buffer 20 mM pH 3 (90:10 v/v) and 1.0 

mL/min CO2. (E) 0.5 mL/min ethanol/ ammoniumformate-formic acid buffer 20 mM pH 3 (90:10 v/v) and 

1.25 mL/min CO2. (F) 0.5 mL/min ethanol/ ammoniumformate-formic acid buffer 20 mM pH 3 (90:10 

v/v) and 1.5 mL/min CO2.Peaks: 1.Cortisol, 2.Flurbiprofen, 3.Theophylline, 4.Uracil, 5.Thymine, 

6.Guanine, 7.Caffeine, 8.Cytosine, and 9.Adenine. 
 

6.2.4 Concluding remarks  

Addition of CO2 to a mobile phase composed of ethanol/buffer allows to replace 

acetonitrile/buffer in HILIC separations. Whether this approach is to be named HILIC 

under EFC conditions or subcritical fluid chromatography is an open question. But what 

is in a name. The disposal of a simple CO2 delivery pump not only allows turning HILIC 

in a green chromatographic method, but offers opportunities to work in the enhanced 

fluidity mode for all chromatographic modes and to perform super- or subcritical fluid 

chromatography. 
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6.3 Part 2: Selectivity optimization in enhanced fluidity hydrophilic interaction 

liquid chromatography on porous and superficially porous silica particles. 

6.3.1 Introduction 

In the first section of this chapter the benefits of adding liquid CO2 to HILIC type 

mobile phases and the replacement of acetonitrile by ethanol were illustrated. By 

exploitation of these ternary mobile phases it was demonstrated that as much selectivity 

and retention factor tuning could be achieved as is possible with the classical 

acetonitrile/water mobile phases used in this separation mode. As chromatographic 

resolution is, next to the influence of retention and selectivity, also very much controlled 

by the efficiency and peak capacity, optimisation of these parameters is investigated in 

this section. As illustrated in Figure 6.3 a plate height of 12 µm was achieved with 5 µm 

silica particles on a column packed with fully porous particles, which is close to 

theoretical optimum (= 2dp ~10 µm). As the addition of liquid CO2 can be expected to 

reduce the viscosity of the mobile phase, a concomitant increase in diffusion processes 

can be expected, with faster chromatography as a consequence. Alternatively the 

reduction in mobile phase viscosity is interesting as it allows the coupling of (several) 

columns for high efficiency analysis. Comparable improvements in column performance 

can be expected by adding supercritical CO2 as can be obtained by performing HILIC at 

more elevated temperatures without the drawback of increased silica hydrolysis which 

can be encountered at too high temperatures
11

. In this section the potential of the combined 

use of core-shell particles with liquid CO2 enhanced ethanol based mobile phases is 

investigated for the separation of polar solutes. Emphasis is thereby set on comparison of the 

fundamental chromatographic performance of solutes of pharmaceutical relevance between the 

various HILIC modes. 

6.3.2 Experimental 

6.3.2.1 Materials and methods 

The pharmaceuticals and commercially available compounds: 1-Naphthylamine; 

Aniline; 4-Aminobensoic acid; 2-Aminopyridine; 4-Nitrobenzoic acid; 3-Aminobenzoic 

acid; 2-Aminopyridine; 5-Amino-2-methylpyridine; Vitamin C and E315 were 
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purchased from Sigma-Aldrich (Bornem, Belgium). Stock solution of the pure 

compounds of 800 ppm each was in water and acetonitrile. Then the final solution was 

injected for analysis. 

 

6.3.2.2 Instrumentation 

LC upgrade to SFC system an Agilent 1290 LC system (Agilent Technologies, 

Waldbronn, Germany) equipped with autosampler and DAD detector was used. 

Instrument control and data acquisition was performed by Chemstation software 

(Agilent Technologies). UHPLC was used as part of evaluating the disposal of CO2 

pump on different HPLC systems. CO2 in constant flow mode was delivered by an SFC 

5000 pump (Selerity, Salt Lake City, UT, USA) connected to the outlet of the 1290 LC 

pump via a T-piece (VICI, Schenkon, Switzerland). After the T, a mixer (G 131287330 

from Agilent Technologies) and the Agilent Jet weaver mixer were installed in series. 

To the column outlet, a restriction of 4 m x 0.12 mm id stainless steel (2 x 5022_2159 

from Agilent Technologies) and a needle valve (VICI) for fine-tuning of the back 

pressure were connected. Data acquisition and system control were performed by the 

Chemstation software B.04.03 (Agilent Technologies). In each experiment detection 

was performed at 254 nm at 13.74 Hz (response time < 0.00063 min) and 1 µL of 

sample was injected. 

 

6.3.3 Results and discussion 

The benefits of converting HILIC analyses on 5 µm particle columns (Zorbax RX-SIL) 

to the smaller core/shell material (HALO™) are demonstrated in Figure 7.5 for the 

separation of ascorbic acid (vitamin C) and isoascorbic acid (E315). As this 

diastereoisomer separation can be somewhat challenging, optimal separation conditions 

are typically required in order to obtain baseline separation. This can both be achieved 

when using acetonitrile/water or ethanol/water and liquid CO2. Note that no resolution is 

obtained when the latter wasn’t added. Comparable resolution and peak capacities are 

obtained in shorter analysis times on the core shell column.  
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Figure 6.5 Separation of iso-ascorbic (1) and ascorbic acid (2) under CO2 enhanced fluidity (A,C)  and 

conventional (B, D) HILIC conditions, respectively. The analyses were performed on Zorbax RX-SIL 

fully porous (250 x 4.6 mm x 5 µm) (A, B) and on HALO core-shell (150 x 4.6 mm, 2.7 µm)  (C, D). 

Mobile phase conditions, A and C: EtOH/aqueous (90/10)/CO2 total flow 1.8 mL/min, 44.4 % CO2 Pout ≈ 

55 bar. B and D: ACN/aqueous (90/10) at 1 mL/min. T = 30 C and 1µL injection. 

 

The performance of core/shell material in the enhanced fluidity HILIC mode was 

evaluated on Kinetex superficially porous material (HILIC, 2.6 µm, 100Ä). In order to 

obtain a broader picture of the mass transfer kinetics of solutes under enhanced fluidity 

HILIC conditions a more representative sample was composed. In order to allow 

comparison with the work by McCalley et al., on the use of core shell particles under 

conventional HILIC conditions, a similar test mix was composed for comparison with 

the enhanced fluidity conditions
12

. After assessment that comparable performance could 

indeed be obtained, the performance of the superficially porous particles was evaluated 

under HILIC conditions, whereby acetonitrile/water (pH 3) mixtures was replaced by 

ethanol and supercritical CO2
12,13

. An example of the separation of 7 polar solutes is 

represented in Figure 6.6 where increasing amounts of CO2 are added. 
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Figure 6.6 Chromatograms of the analysis of the test mixture on a Kinetex core-shell (100 × 2.1 mm, 2.6 

µm)  column under increasing amounts of added CO2. A: EtOH/aqueous (90/10) at 0.3 mL/min. B: idem + 

0.1 mL/min CO2 (20%), Pout ≈ 55 bar. C: idem + 0.2 mL/min CO2 (40%), Pout ≈ 68 bar. The aqueous 

fraction was composed of 100 mM NH4OOCH at pH 3.  Peak identification: 1. 2-naphthalenesulfonic 

acid, 2. phenol, 3. caffeine, 4. p-xylenesulfonic acid, 5. benzylamine, 6. nortriptyline, 7. diphenhydramine. 

T = 30 C and 1µL injection. 

 

The addition of CO2 allows opening of the elution window and also that effective 

enhanced fluidity chromatography can be obtained on the superficially porous particles. 

In order to gather a more precise understanding of the relationship between mobile 

phase velocity and the obtained efficiency, the van Deemter curves were recorded with 

acetonitrile/water and ethanol/water mobile phases with and without added CO2 (Figure 

6.7). The choice of the specific mobile phase compositions at each data point was based 

on the volumetric ratios of the CO2 and modifier.   
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Figure 6.7 Van Deemter curves measured on a Kinetex core-shell column under ‘conventional’ HILIC 

conditions (A) and comparison with CO2 enhanced fluidity conditions (B). Mobile phase conditions 

conventional HILIC: ACN/aqueous (85/15), EtOH/aqueous (90/10). Enhanced fluidity phase: 

EtOH/aqueous (90/10) + 40% CO2, P regulated with two fixed restrictors constant. T = 30 C and 1µL 

injection. The aqueous fraction was composed of 100 mM NH4OOCH at pH 3. 

 

When comparing the H-u curves obtained for the analysis of benzylamine, caffeine and 

diphenhydramine with ACN and EtOH based HILIC, optimal behaviour is measured 

with the former, as it allows reaching reduced plate heights below 2 over a broad 

velocity range. However, at the optimal velocity almost comparable plate heights can be 

obtained when applying the ethanol phase. The influence of the percentage
1
 of CO2 to 

the EtOH phase is represented in Figure 6.7 B, where it can be seen that the optimal 

velocity (~0.75 mm/s) and the satisfactory reduced plate height (~1.9 µm) are not 

affected by the added supercritical fluid. However, both ethanol based conditions 

                                                 
1
 Note that this volumetric percentage implies a CO2 density equal to the density of the ethanol water 

mixture, which is not the case. The true CO2 density is somewhat lower. As the inlet pressure in this 

experiment was 126 bar and as CO2 was cooled down to -10°C in the pump a density of about 0.95 g/mL 

is obtained. This value us further decreasing during CO2 expansion in the column oven which was set at 

30°C. The nominal (pump settings) volumetric flow rates are used in this work to calculate the 

percentages of CO2 in the mobile phase, for the sake of clarity. The true volumetric CO2 content will 

under all applied experimental conditions always be somewhat (between 10-30%) lower depending on the 

applied inlet pressure, flow rate, oven temperature and restriction.     
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display a positive C-term which is becoming somewhat steeper when 40% CO2
2
. The C-

term in the ethanol experiments are related to the comparatively slower diffusion in the 

viscous alcoholic phases, leading to slower mass transfer kinetics
14

.  

This steeper C-term which is obtained when adding CO2 might at a first glance be 

counterintuitive but is entirely in line with expectations if one takes the non-linear 

dependency of the supercritical mobile phase properties and of the chromatographic 

parameters as a function of the operating conditions, into consideration. At higher flow 

rates the density of the supercritical fluid is higher and is, in this way, slowing down the 

diffusion phenomena occurring in the column. A more correct approach to construct this 

type of van Deemter plots would essentially involve preservation of the density profile 

over the length of the column at each flow rate. The most accurate way of achieving this 

involves adjusting the column length for each flow rate, which is, however, a very time 

consuming and cumbersome procedure. It was recently demonstrated by Delahaye et al. 

that the isopycnic methodology, whereby for each different flow rate (and therefore inlet 

pressure) the outlet pressure is adjusted, also offers a suitable alternative
15

. By contrast, 

as the back-pressure in this work was provided by static restriction capillaries, 

implementation of both the column elongation or the isopycnic approach were, however, 

difficult to achieve and van Deemter curves were therefore collected under the classical 

conditions (as has unfortunately also widely been done in the SFC literature
16-18

), 

leading to steeper C-terms. 

 Methanol as an alternative to ethanol was subsequently used to investigate if both the 

broad retention time window and improved diffusion kinetics could also be obtained 

with this less viscous solvent. The analysis of the 7 solutes in the superficially porous 

Kinetex HILIC column is represented in Figure 6.8 for a mobile phase containing 95 

and 90% methanol and varying amounts of added CO2. 

                                                 
2
 Note that with the enhanced fluidity system it was currently not possible to reach the highest flow rates 

because of the back-pressure generated by the restrictors which could lead to excessive pressure built up 

in the flow cell. 
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Figure 6.8 Analysis of the pharmaceutical test mix with enhanced fluidity MeOH based HILIC. 

Conditions: (left) A: MeOH/aqueous (90/10) at 0.3 mL/min, B: idem + 0.2 mL/min CO2 (40%), Pout ≈ 50 

bar, C: idem + 0.3 mL/min
 
CO2 (50%), Pout ≈ 68 bar D: idem + 0.4 mL/min CO2 (57%), Pout ≈ 72 bar. 

(right): idem at a 95/5 Methanol/aqueous ratio. Aqueous fraction: 100 mM NH4OOCH at pH 3. Peak 

identification: 1. 2-naphthalenesulfonic acid, 2. phenol, 3. caffeine, 4. p-xylenesulfonic acid, 5. 

benzylamine, 6. nortriptyline, 7. diphenhydramine. Column: Kinetex 2.6 µm, 100 x 2.1 mm. T = 30 C 

and 1µL injection. 

 

 

The most relevant observation that can be made when assessing methanol and ethanol 

based enhanced fluidity performance is that much less resolution is obtained with the 

former solvent, due to the reduced elution window which is generated. When comparing 

e.g. Figure 6.6 C and 6.8 (left) B it appears that the retention of the most retained solute 

when applying methanol is half of that obtained when using ethanol under identical 

conditions on the Kinetex column. Aspects of influence are hereby the increased 

miscibility of the water and CO2 when the more polar methanol is applied
19

, the fact that 

polar organic solvents such as methanol also tend to be absorbed on the polar support 

under SFC conditions 
20-22

 and the increased eluotropic force of the methanol containing 

solvent. When the methanol content is raised (95/5 methanol/water + CO2) an increase 

retention is observed, consistent with familiar HILIC behavior. Comparison with Figure 

6.6 also learns that the inlet pressure required percolating the water/organic/CO2 mixture 

through the system when using methanol is lower in comparison to the situation when 

ethanol is used as a result of the reduced viscosity of methanol
19

. 
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 6.3.4 Conclusions 

In the second section of this chapter the benefits of the use of core/shell particles were 

explored in the enhanced fluidity HILIC mode. The addition of CO2 is not affecting the 

minimal plate height and optimal operating velocity in a significant way. Although a 

steeper C-term is observed in the enhanced fluidity mode compared to when acetonitrile 

is used, this is most probably related to the increase of the mobile phase density at 

higher flow rates, which can be addressed by applying the isopycnic methodology. 

Broad selectivity and retention tuning appears possible with EtOH/CO2 based HILIC.  
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CHAPTER 7: STUDY OF THE POSSIBILITIES OF ENHANCED FLUIDITY 

CHROMATOGRAPHY IN AQUEOUS AND IN NON-AQUEOUS REVERSED 

PHASE LC 

 

7.1 Summary 

In this chapter the pro- and cons of supercritical CO2 enhanced fluidity chromatography 

are explored in the reversed phase LC mode. Although aqueous reversed phase LC is by 

far the most applied HPLC mode, and as it is therefore particularly interesting to study 

the influence of the addition of supercritical CO2 to the mobile phases used in RPLC, 

one is confronted with the limited miscibility of supercritical CO2 with water rich 

mobile phases. Nevertheless it is demonstrated that green ethanol based reversed phase 

LC is possible with up to 20% CO2 in the mobile phase before phase demixing occurs. 

Subsequently, in a second section of this chapter, the addition of supercritical CO2 to 

non-aqueous reversed phase mobile phases is investigated, allowing more dramatic 

alteration of the mobile phase characteristics due the higher miscibility. The developed 

methodology shows promise for lipid analyses.         

 

7.2 Part 1: CO2 ENHANCED AQUEOUS REVERSED PHASE LC  

7.2.1 Introduction 

Reversed phase liquid chromatography presents many benefits in comparison to (the 

older) normal phase in LC, not in the least by the use of mixed aqueous organic phases, 

instead of pure organic mobile phases often composed out of more environmentally 

harmful solvents
12

. Although the most used modifiers in RPLC, acetonitrile and 

methanol are significantly less toxic in comparison to the typical NPLC solvents such as 

linear alkanes, chlorinated solvents or ethers, also replacement of the former by ethanol 

or by supercritical CO2, which are entirely biocompatible solvents, is a foreseeable 

necessary requirement in future liquid chromatography method development. 

Supercritical carbon dioxide presents several additional advantages such as a low 

viscosity and an easily reachable critical temperature and pressure. 
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However, the use of carbon dioxide in aqueous mobile phases is not without limitations. 

For example, the detrimental formation of carbonic acid in water and apparent reaction 

of the carbonic acid with primary and secondary amines has been reported
3-5

. 

Additionally, performing reversed phase CO2 enhanced fluidity LC with only water and 

carbon dioxide is challenging as, at room temperature and at pressures in the vicinity of 

the critical point, the solubility in water is limited to 5-10% (w/w). Although it is 

somewhat increasing at higher pressures, the addition of a co-solvent will be typically 

required in order to raise the miscibility with CO2 and the eluotropic strength of the 

mobile phase
1,5

. Short chain alcohols such as methanol are effective homogenizing 

agents for H2O (due to the hydrogen bonding capacity) and CO2 (due to the alkyl group)
 

6,7
. As methanol and CO2 have also been shown to associate in the supercritical states 

and as substantially higher mole fractions of H2O and CO2 can co-exist in a single liquid 

phase with the presence of methanol, it has become the solvent of choice in SFC
2
. 

Although the use of longer chain alcohols such as isopropanol has been reported in 

SFC
8
, the possibilities of ethanol in SFC, and especially in enhanced fluidity reversed 

phase LC with this solvent as modifier next to the CO2, needs to be investigated. 

Therefore in the first section of this chapter, dealing with aqueous forms of reversed 

phase LC, emphasis is set on the combined used of those solvents in green enhanced 

fluidity chromatography. 

 

7.2.2 Experimental 

7.2.2.1 Materials and methods 

HPLC grade methanol, ethanol and acetonitrile were purchased from Biosolve-

Chemicals, the Netherlands. The Carbon dioxide (CO2) was delivered in dip tube 

equipped gas bottles of N45 quality was from Air Products (Vilvoorde, Belgium). Water 

was obtained from a Milli-Q water purification system (Merck Millipore, Overijse, 

Belgium). Uracil, tryptophan, phenol, aniline, acetophenone, propylparaben, benzene, 

toluene, propiophenone, butyrophenone, butylparaben were purchased from Sigma-

Aldrich (Bornem, Belgium). Test mixtures were composed of 800 µg/mL (ppm) of each 

soluted dissolved in 50/50 ACN/water. Analyses were performed on a Gemini C18(2) 
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HPLC column from Phenomenex (250 mmx 4.6 mm x 5 µm) purchased from 

Phenomenex (USA). 

 

7.2.2.2 Instrumentation 

Analyses were performed with on an Agilent Technologies (Germany) 1100 series 

Chromatograph equipped with degasser (G1322A), a Quaternary pump (G1311A) and a 

rheodyne 7125 injector (Rheodyne, Cotati, CA, USA) equipped with a 2.14 μL injection 

loop. The CO2 flow, which was mixed prior to the injector (as in Figure 2.14), 

originated from a 1050 HPLC pump modified with a Peltier element to allow effective 

pumping of this fluid. Detection was performed with an Agilent 1100 Variable 

Wavelength Detector (VWD) equipped with a high pressure flow cell (10 mm path 

length, 14 µL, 400 bar). Stainless steel tubings (0.12 mm i.d.) of varying length (2 to 8 

m) were used as restriction capillary prior to the CO2 expansion zone. Columns were 

thermostatted in Polaratherm 9000 oven (Selerity, Salt Lake City, UT, USA). 

 

7.2.3 Results and discussion 

7.2.3.1 Influence of supercritical CO2 on retention and miscibility 

The main hurdle in order to be able to perform CO2 enhanced fluidity aqueous reversed 

phase LC is the miscibility of the supercritical fluid with the mobile phase. Depending on 

the pressure and temperature applied, the miscibility of supercritical CO2 in water is only in 

the range of 5-10%, which is insufficient to generate sufficient eluotropic strength to allow 

all solutes to elute from the column in an acceptable analysis times (at least under 

conventional HPLC operational temperatures). Additionally it is interesting to add larger 

amounts of CO2 to the mobile phase as this would allow studying the influence on the 

selectivity and on the column efficiency. As only limited information was available about 

the miscibility of supercritical CO2 with typical reversed phase mobile phase combinations, 

this was measured experimentally in the first part of this work. It appeared that with organic 

solvents such as acetonitrile, methanol and ethanol, mixed around 50/50 with water, up to 

20% (v/v/) supercritical CO2 can be added without phase de-mixing occurring. This is 

illustrated in Figure 7.1 for the analysis of a test mixture containing 8 solutes with 50/50 
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ethanol/water with increasing amounts of carbon dioxide added to the mobile phase. The 

unstable baseline in Figure 7.1D is a result of incomplete mixing of the mobile phase. 
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Figure 7.1 Separation of a test mixture under aqueous reversed phase LC conditions for increasing 

amounts of added supercritical CO2. Mobile phase: EtOH/H2O (50/50, v/v) + supercritical CO2. A. 0.6 

mL/min EtOH/H2O and 4 % CO2, B. 0.6 mL/min EtOH/H2O and 13.04 % CO2, C. 0.6 mL/min EtOH/H2O 

and 18 % CO2, D. 0.6 mL/min EtOH/H2O and 21.2 % CO2. Peak identification: 1. Uracil, 2. Tryptophan, 

3. Phenol, 4. Aniline, 5. Acetophenone, 6. Propylparaben, 7. Benzene,  8. Toluene. 

 

As expected the addition of CO2 to the mobile phase also results in a concomitant drop in 

retention. This is illustrated in Figure 7.2 for toluene. When 17% CO2 is added a 33% drop 

in retention is thereby measured in the 50/50 ethanol/water phase.   

 

 



 

CHAPTER 7: Study of the possibilities of EFC in aqueous and in non-aqueous reversed phase LC 123 

 

The relation between CO2 flow rate and retention 

factor

0

1

2

3

4

5

6

7

0 0.05 0.1 0.15

Flow rate of CO2 (ml/min)
R

e
te

n
ti

o
n

 f
a
c
to

r 
[k

`]

Toluene

 

Figure 7.2 Decreasing retention of toluene under isocratic analyses as a function of increasing added 

flows of supercritical CO2. Conditions 50/50 ethanol/water mobile phase (at 0.6 mL/min), temp 40°C. 

 

The retention is, however, not affected in exactly the same way for all solutes. This is 

interesting as it illustrates the selectivity changes induced by the addition of supercritical 

CO2. This can be observed when comparing retention in Figure 7.1 B and C. for example, 

the retention of propylparaben (6) seems thereby to be much more affected from the 

increasing amounts of CO2 in comparison to aniline (4). This is somewhat surprising 

considering one might expect increasingly different retention of amine bases if increasing 

amounts of CO2 are added and subsequently transformed to H2CO3. The comparable 

absence of decrease in retention of aniline, in comparison to the neutral solutes such as 

benzene (7) and toluene (8), possibly suggests that the changes in pH of the mobile phase 

due to the addition of CO2 saturate at some point (whereby subsequently no further pH 

changes are observed). This aspect should, however, be corroborated with physicochemical 

measurements, which were outside of the scope of this work. Note, however, that the 

apparent pH of MeOH/water with 10 to 20% CO2 has been reported in the range of 4.39-

4.73
2
, and that therefore the addition of high amounts of CO2 does not seem to lead to 

extremely low pH’s, which might be detrimental for the lifetime of the columns or could 

lead  to solute degradation.   

As the miscibility threshold of the supercritical CO2 with methanol/water (60/40) and 

acetonitrile/water (50/50) mixtures was comparable to the above results for ethanol/water 

mixtures (50/50), in all further experiments the added volumetric flow of CO2 was always 

kept at or below ~20%. 
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7.2.3.2 Influence of CO2 on the efficiency and selectivity  

An interesting feature of CO2 enhanced reversed phase flows, is the expectation that the 

very low viscosity of the supercritical fluid could reduce the viscosity of HPLC solvents 

to such an extent that the pressure drop over the columns can be significantly reduced. 

This is interesting for UHPLC applications with columns packed with sub-2 micron 

sized particles as it could open up the perspective of using even smaller particles. 

Alternatively a reduction in viscosity should also lead to faster diffusion phenomena 

taking place in the column. This is beneficial as it should allow obtaining more efficient 

chromatograms in less time. In this work the latter was studied by construction of the 

plate height curves as a function of the mobile phase linear velocity
9
. For this purpose, 

as a reference, analyses were first performed with unmodified 50/50 (v/v) 

acetonitrile/water, 60/40 (v/v) methanol/water and 50/50 (v/v) ethanol/water mobile 

phase mixtures. In Figure 7.3 the separation of 8 component test mixture is illustrated 

for each of these mobile phase conditions. As the lower viscosity of acetonitrile allows 

for the use of higher flow rates without leading to column damage due to excessive 

pressures, the first chromatogram was recorded at a higher velocity (1.5 mL/min).   
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Figure 7.3 Separation of the test mixture with different mobile phase combinations; A) 50/50 (v/v) 

acetonitrile/water mobile phase using optimum flow rate: 1.5 mL/min, B) 60/40 (v/v) methanol/water 

mobile phase optimum flow rate 0.6 mL/min, C)  50/50 (v/v) ethanol/water mobile phase, flow rate: 0.6 

mL/min,  injection volume: 2 µL. Peaks: 1. Uracil, 2. Tryptophan, 3. Phenol, 4. Aniline, 5. Acetophenone, 

6. Propylparaben, 7. Benzene,  8. Toluene. 

 

 

When the same analyses were performed at different flow rates, the Van Deemter 

curves, represented in Figure 7.4 could be constructed.  
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Figure 7.4 H-u plots constructed for benzene and toluene peaks in 50/50 (v/v) ethanol/water, 50/50 (v/v) 

acetonitrile/water, and 60/40 (v/v) methanol/water on the Gemini column 5 µm dp C18 (250 x 4.6 mm).  

 

These curves show that the measured minimal plate height with the acetonitrile based 

mobile phase conditions is ~10µm, which is exactly in line with the expectations 

(H~2dp). Slightly higher minimal plate heights are measured for toluene and benzene for 

the ethanol and methanol based mobile phase, respectively. This information under 

conventional HPLC conditions will allow to asses if the addition of supercritical carbon 

dioxide to the mobile affects the minimal plate height. A second observation is that 

there is a detrimental influence of the use of viscous mobile phases. This is reflected 

through the steep C-terms measured for the alcohols phases in comparison to the low 

viscosity acetonitrile based mobile phase. As discussed in chapter 1, the slope of the C-

term is related to the speed of diffusion of the solutes in the mobile and in the stationary 

phase. As the latter is in relative terms much smaller for thin stationary phases such as 

C18 groups, the reason for the steep C-terms in the ethanol and methanol based analyses 

is undoubtedly related to the viscosity of this solvent. The much shallower C-term in the 

acetonitrile based mobile phase is also beneficial as it allows reaching the minimal plate 

height at faster linear velocities, reducing analysis time. An additional practical benefit 

is that a minor deviation in terms of flow rate will not have any measurable influence on 

the measured plate height due to the “flatness” of the curve. Also note that, due to the 

low viscosity of the acetonitrile based mobile phase, it was possible to collect data up to 
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much higher linear velocities, without damaging the columns due to excessive inlet 

pressures.   

The influence of the addition of supercritical CO2 to the methanol, ethanol and to the 

acetonitrile base mobile phase on the shape of the H-u curves is represented in Figure 

7.5. 
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Figure 7.5 H-u plots of benzene and toluene peaks for mobile phases composed out of (A) 

methanol/water (60/40), (B) ethanol/water (50/50) and (C) acetonitrile/water (50/50) without (1) and with 

(2) supercritical CO2 added to the mobile phase. (A) methanol + 17% CO2, (B) ethanol + 13% CO2 and 

(C) acetonitrile + 21% CO2.  

 

In all used solvent combinations it can be seen that the H-u curve, when supercritical 

CO2 is added (2), covers a narrower range of flow rates in comparison to conventional 

HPLC experiments (1). The reason for this is twofold. In the B-term regime at the very 

low flow rates, the restriction provided by the stainless steel tubing (4m) is insufficient 

to supress decompression before the detector. Therefore a minimal flow rate was 

necessary in order to allow the measurement of data points in this region. In the high 

flow rate or C-term region the restrictors were leading to the generation of significant 

additional instrument back pressure. As the maximal overall (instrumental + column) 

pressure was set at 400 bar, a flow rate limitation in the CO2 enhanced experiments 

ensued. As a consequence, instead of being able to enlarge the velocity range, as one 
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might expect to be the result of reducing the viscosity of the solvents, in CO2 enhanced 

fluidity LC unfortunately Van Deemter can only be constructed in a narrower range 

compared to HPLC. 

Secondly, and perhaps more surprisingly, a reduction of the C-term compared to the 

conventional HPLC conditions for any of the solvents cannot conclusively be observed. 

In the ethanol based runs (Figure 7.5 B), due to the pressure limitation, the C-term could 

not be explored when supercritical CO2 was added. When methanol was used in the 

mobile phase a modest reduction in the slope of the C-term is suggested, which is, 

however, too small to be conclusive. The combination of acetonitrile and CO2 even 

leads to steeper C-terms as can be seen in Figure 7.5C. This observation cannot be 

described with a straightforward explanation. Although it illustrates that diffusion is 

slowing down in a ACN/water/CO2 mixtures it is not clear why this is the case. On the 

other hand observation of the B-term region shows that for methanol and ethanol the 

longitudinal diffusion seems indeed faster along the column axis. This is, however, also 

not confirmed in the acetonitrile experiments, where the longitudinal diffusion does not 

appear to increase when CO2 is added. As these diffusional aspects, however, require 

physicochemical studies which are outside of the scope of this chromatographically 

inclined work these aspects were not further investigated
2,10-15

. In the light of 

applications it is therefore interesting to observe that in all cases the minimal plate 

height is not detrimentally affected by the addition of CO2. CO2 enhanced 

chromatograms recorded at the optimal velocities are represented in Figure 7.6 for the 

three solvent combinations.  
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Figure 7.6 Representative chromatograms of CO2 enhanced reversed phase separations measured at the 

minima in the H-u curve. Conditions as in Figure 7.5. Total flow rates: (A) 0.7 mL/min (B) 0.8 mL/min 

and (C) 1.0 mL/min. peak identification, 1. uracil, 2. Tryptophane, 3. phenol, 4. aniline, 5. acetophenone, 

6. propylparaben, 7. benzene, 8. toluene, 9. propiophenone, 10. butyrophenone, 11. butylparaben. 

 

As has been described above the addition of supercritical fluids to the mobile phase 

influences retention, efficiency (in the way that minimal plate heights are shifted) and 

diffusion phenomena. It is therefore not in the least surprising that that this also has 

distinct influence on the selectivity of a separation. This is illustrated below in Figure 

7.7 with a methanol/water based mobile phase. Next to the obvious analysis time 

reduction due to the higher combined flow rate and because of the enhanced eluotropic 

strength of the ternary mobile phase, the elution order of the solutes is also changing. 

For example propylparaben and benzene become separated when CO2 is added. Note 

that the separation of butylparaben and toluene is affected in exactly the same way. 

Tryptophane and phenol also appear to be shifting more in comparison to the relatively 

stable aniline signal. These examples illustrate the practical benefit CO2 addition could 

offer in terms of selectivity tuning.  
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Figure 7.7 Comparison of separation of standard test mixture in HPLC and EFLC  A) LC: Mobile phase 

MeOH/H2O (60/40) 0.6 mL/min; B) EFLC: Mobile phase MeOH/H2O/CO2: MeOH/H2O (60/40) 0.7 

mL/min and CO2 0.12 mL/min (total flow 0.82 mL/min), out let pressure ~ 210 bar. Peaks: 1. Uracil, 2. 

Tryptophan, 3. Phenol, 4. Aniline, 5. Acetophenone, 6. Propylparaben, 7. Benzene, 8. Toluene, 9. 

Propiophenone, 10. Butyrophenone, 11. Butylparaben. 

 

7.2.4 Conclusions on enhanced fluidity aqueous reversed phase LC  

In this section of this chapter, supercritical CO2 was added as a ternary mobile phase 

solvent to existing aqueous reversed phase methods. Up to 15%-20% supercritical CO2  

could be added to the methanol, ethanol or acetonitrile based mobile phases. A significant 

increase in eluotropic strength and decrease in solute retention was thereby observed. 

Although the minimal plate height appeared not to be significantly affected, the expected 

speeding up of the mass transfer between the stationary and the mobile phase was not 

observed. This could be related to the presence of the restrictive capillaries after the 

detector to supress premature CO2 expansion. The addition of supercritical fluids to 

aqueous reversed methods influences the selectivity of separations. This strategy opens up 

potential for improved ESI and APCI-MS nebulisation and for analysis pharmaceuticals 

soluble in aqueous/organic phases.  
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7.3 Part 2: CO2 ENHANCED REVERSED PHASE LC ANALYSIS OF 

POLYAROMATIC HYDROCARBONS 

7.3.1 Introduction 

As the miscibility of the supercritical CO2 with the highly aqueous mobile phases used 

in the first section of this chapter was quite limited, the combination with more organic 

forms of reversed phase LC was subsequently explored. An application of interest where 

it would be beneficial to investigate the possibilities of replacing the organic solvents (at 

least partially) by a green solvent such as supercritical CO2, is the analysis of 

polyaromatic hydrocarbons (PAHs). These solutes, which are environmentally 

hazardous, can originate from a variety of sources and are e.g. found in fossil fuels, in 

combustion products and on airborne particles. Although PAHs can be analysed by several 

methods, HPLC is the preferred method as it also allows analysis of the larger solutes including 

benzo(j)fluoranthene and benzo()pyrene, which are more problematic for analysis with gas 

chromatography
16

. 

Applications of elevated temperature and temperature programming in LC for PAH 

analysis have been described
17, 18

. The reduced viscosity and ensuing higher flow rates 

which can be used allow faster analysis. Additionally the increased eluotropic strength 

of water at higher temperatures thereby allows increasing the aqueous content of the 

mobile phase partially realizing the goals of “green” chromatography. Typically a 

temperature increase of 4°C corresponds to a 1% increase in organic modifier.
19

 Note 

that the particular chemical stability of the PAH’s allows performing the analyses at 

higher temperatures and on other column supports than is often the case in e.g. 

pharmaceutical analysis. As, however sub-ppb high temperature LC analysis is still 

insufficiently mature for routine application, alternative green approaches are also being 

studied. In this way Ekart and Dobbs and others, for example, described SFC analysis of 

PAH’s, whereby the need of a co-solvent such as methanol was shown to allow elution 

within acceptable analysis times.
20,21 

The elution order of PAH’s when performed on 

comparable phases appeared comparable in reversed phase HPLC and SFC. The 

possibilities of CO2 enhanced fluidity HPLC has been explored by Lee et al on C18 

columns and also with methanol as cosolvent.
22 

In this section the possibilities of CO2 



 

CHAPTER 7: Study of the possibilities of EFC in aqueous and in non-aqueous reversed phase LC 132 

 

enhanced fluidity LC are explored for priority polluting PAHs on C18 and on recently 

developed -nap stationary phases. The latter is particularly interesting as it allows 

investigating if pi-pi interactions can still satisfactorily be exploited under conditions 

whereby the mobile phase contains supercritical CO2.  

 

7.3.2 Experimental  

Individuals PAH standards and a mixture of the 16 priority polluting PAHs were 

obtained from Sigma-Aldrich (Bornem, Belgium). The origin of the other used 

chemicals has been described in 7.2.2. Samples were diluted with methanol to 800 µg/L 

concentrations. Analyses were performed on a Gemini C18(2) HPLC column (250 mmx 

4.6 mm x 5 µm) from Phenomenex (Torrance, California, USA) and on a Comosil π-

NAP column (250 x 4.6 mm x 5 µm) (Nacalai, Kyoto, Japan). The same experimental 

setup as in 7.2.2 has been used. 2 µL sample volumes were injected and detection was 

performed by UV at 254 nm.  

 

7.3.3 Results and discussion 

In the precedent section of this chapter up to 20% supercritical CO2 could be added to 

the aqueous organic mobile phases. As, due to the high hydrophobicity of PAHs the 

reversed phase retention is substantially higher, much larger amounts of organic 

modifier are used in HPLC analysis. Therefore this work was started with the analysis of 

a mobile phase containing 80% MeOH, conditions easily allowing the addition of 

supercritical CO2. 

In Figure 7.8 the HPLC analysis of 8 PAH is represented under these conditions at various 

temperatures on a C18 column. A general reduction in solute retention could thereby be 

observed as a consequence of the increasing eluotropic strength of aqueous mobile phases with 

temperature. Unfortunately the reduced retention is detrimentally affecting the separation 

between phenanthrene and anthracene. Note that elevating the temperature is also resulting in a 

concomitant drop in mobile phase viscosity (data not shown). 
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Figure 7.8 PAH chromatograms of 7 mix with H2O/MeOH (20/80, v/v) mobile phase flow rate 1 mL/min 

at different temperatures. A. RT, B. 40 ºC, C. 50 ºC, D. 60 ºC. Peaks: 1. t0 Uracil, 2. Naphthalene, 3. 

Phenanthrene,  4. Anthracene, 5. Fluoranthene,  6. Benzo (a) anthracene, 7. Benzo(a)pyrene, 8. 

Benzo(ghi)perylene. 

 

Subsequently the combined effects of temperature and of the addition of supercritical 

CO2 were investigated as illustrated in Figure 7.9. As the retention was further 

decreasing when the carbon dioxide was added, fairly limited amounts were added in 

the mobile phase. The main observation of the experiments, when performed under 

these conditions was that the elutropic strength of the mobile phase can significantly be 

increased when adding supercritical CO2 and that that the approach is perfectly 

compatible with the use of elevated temperatures.   
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Figure 7.9 Influence of CO2 on retention of PAH standards at different temperatures with LC mobile 

phase H2O/MeOH (20/80, v/v) at 1 mL/min total flow rate: A) LC, Room Temperature (RT); B) EFLC, 

16.66 % CO2, RT; C) EFLC, 9.09 % CO2, 40 ºC ; D) EFLC, 9.09 % CO2, 50 ºC; E) EFLC, 9.09 % CO2, 

60 ºC. Peaks: 1. t0 Uracil, 2. Naphthalene, 3. Phenanthrene,  4. Anthracene, 5. Fluoranthene,  6. Benzo(a) 

anthracene, 7. Benzo(a)pyrene, 8. Benzo(ghi)perylene; Pout ~ 155 bar. 

 

As the measured solutes efficiencies is a consequence of the interplay of the mobile 

phase velocity and of the longitudinal diffusion and mass transfer under particular 

experimental conditions, the Van Deemter curves of the experiments performed in 

Figure 7.8 and 7.9 are represented in Figure 7.10 for a selected retained molecule. 

Theoretically one expects a plate height of ~10µm on this type column (packed with 

5µm particles) and it can be seen that both elevating the temperature and that addition of 

the CO2 improve reaching the optimum. However it can be argued that with a novel 

column the influence on the minimal plate height by temperature and CO2 should be 

inexistent, in a similar way to the results shown in Figure 7.5 (where only the optimal 

velocity is shifting and nog the height of the minimum plate height itself). Although 

clearly the Gemini column was already not performing optimally any more in these 
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experiments it can again be assessed that the addition of supercritical CO2 was not 

detrimental to the measured column performances.  
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Figure 7.10 VD curves corresponding to the experiments represented in Figure 7.8 (A) and 7.9 (B) for 

Benzo(ghi)perylene.  

 

Now that it could be reassessed that PAH analyses can be performed with the addition 

of supercritical CO2, an approach was explored whereby the addition of carbon dioxide 

was tested on a recently developed stationary phase embedded with aromatic functions. 

The idea behind that approach was that the improved selectivity of the immobilized 

aromatic groups with the PAHs might lead to improved selectivity together with the 

carbon dioxide and therefore to faster analyses. In Figure 7.11 the analysis of the 16 

priority polluting PAHs is therefore represented on a Cosmosil -NAP column (15 cm × 4.6 

mm i.d. × 5 µm). It can be seen that separation of all solutes except phenanthrene and 

anthracene could be obtained in 11 minutes analysis times. However the conditions deviate 

thereby significantly from the former experiments in the way that now much larger relative 

amounts of CO2 are used. In essence the chromatograms represented in Figure 7.11 are SFC and 

not enhanced fluidity analyses.  
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Figure 7.11 Chromatogram of 16 mix PAH with πNAP column 4.6 x 150 mm at OV, PH :40, EF: 25 °C; 

CO2 flow 2 mL/min CO2:  A: Modifier, ACN flow = 0.0 mL/min (2 min) → 0.8 mL/min (12 min) on 

πNAP column 4.6 x 150 mm, 5 µm column; P: 154 to 210 bar; (B) Modifier, MeOH/H2O (5 %) flow = 

0.0 mL/min (2 min)  → 0.8 mL/min (12 min) on πNAP column 4.6 x 250 mm, 5 µm column; P:149 to 210 

bar; (C) Modifier, MeOH (5 %) flow = 0.0 mL/min (2 min)  → 0.8 mL/min (12 min) on πNAP column 

4.6 x 250 mm, 5 µm column; P:152 to 210 bar. Peaks: 1. Naphthalene; 2. Acenaphthylene; 3. 

Acenaphthene; 4. Fluorene; 5. Phenanthrene; 6. Anthracene; 7. Fluoranthene; 8. Pyrene;  9. Benzo (a) 

anthracene; 10. Chrysene; 11. Benzo(b)fluoranthene 12. Benzo(k)fluoranthene 13. Benzo(a)pyrene; 14. 

Dibenzo(a,h) anthracene; 15. Benzo(ghi)perylene; 16. Indeno (1, 2, 3-cd) pyrene. 
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Interestingly, when the experimental conditions were slightly altered towards isocratic 

analysis, the separation of phenanthrene and of anthracene improved, as represented in 

Figure 7.12. These results illustrate the potential of the combination of innovative stationary 

phases with the use of supercritical CO2 and of organic modifiers.    

 

 

Figure 7.12 Improved separation of phenanthrene and anthracene. Column temp: 40 °C, BPR 150 bar, 

total flow: 3 mL/min MeOH/H2O [75/25] 20 % and CO2 80 %. 

 

7.3.4 Conclusions on PAH analysis 

It could be demonstrated that PAH analysis is possible under aqueous organic HPLC 

conditions, with CO2 enhanced fluidity LC and under SFC conditions. The latter hold a 

particular potential as they involve the use of the smallest amount of environmentally 

harmful organic solvents. 
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7.4 Part 3:  CO2-ENHANCED NON-AQUEOUS REVERSED PHASE LC  

7.4.1 Introduction 

Separation by non-aqueous reversed-phase chromatography (NARP) is necessary for 

elution of very hydrophobic samples which are too strongly retained with typical 

aqueous reversed phase type of mobile phases or even with e.g. 100% acetonitrile. This 

very strong retention is, for example, experienced with lipids, waxes and many synthetic 

polymers
23-25

. Considering the in the first parts of this chapter described miscibility 

limitations between aqueous/organic phases and supercritical CO2, the study of CO2 

enhanced non-aqueous reversed phase is particularly interesting. This as one would 

expect that the larger amounts of CO2 that can be mixed with pure organic solvents, 

should lead to more substantial influences on chromatographic performance than was 

the case in the first sections of this chapter. Of particular interest is thereby again the 

influence on diffusivity, pressure drops over the columns, efficiency, retention and 

selectivity.    

Although this chromatographic mode could be studied with a variety of solvent 

combinations, columns and samples, it was considered most suitable to investigate the 

potential of CO2 enhanced NARP with a relevant application, namely the analysis of the 

lipids in cacao butter
26-28

. Triacylglycerols (triglyceride) are the most abundant lipids in 

nature, and as they are commercially of upmost importance, much effort has been put 

into the study of their composition and relative prevalence in food. Note that the 

triglyceride complexity can be high as, with only 5 different fatty acids already 75 

different molecular species can be formed (note that this is while excluding the optical 

isomers which are also formed). Separations of simple mixtures of triacylglycerols can 

be achieved on reversed-phase C18 columns and with various mobile phases composed 

of organic solvents such as acetonitrile, hexane acetone and isopropanol
28

. Unsaturated 

lipids can be selectively retained (and therefore separated) through silver-ion 

chromatography (SIC)
26,27

. In this separation mode the selectivity of silver for pi-pi 

bonds is exploited and it allows the separation of lipids in a very orthogonal way 

compared to the NARP approach. Note that, as both these separation mode elute the 

lipids via different separation mechanisms, they are increasingly used in two 
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dimensional and comprehensive formats for the determination of triacylglycerol profiles 

in complex food matrices
28

.  

Unsaturated lipids can be detected through UV absorbance detection and more generic 

monitoring of all lipids can be obtained by using “low UV wavelength” detection e.g. at 

200 nm. As, however, the sensitivity of UV detection is thereby compromised due to the 

high background noise, the use of this detector for lipid analysis is not entirely 

satisfactory. Therefore today lipid analysis is increasingly performed with evaporative 

light scattering (ELSD) and charged aerosol detection (CAD). Both instruments require 

complete volatilization of the solvents co-eluting with the solutes such that aerosol 

particles are formed for subsequent optical or electrical detection, respectively. It is 

therefore interesting in this study to investigate if the addition of supercritical CO2 can 

improve the sensitivity of detection, due to the enhanced nebulization as a consequence 

of the decompression of the supercritical fluid in the detector. As ionisation sources 

such as atmospheric pressure chemical ionisation (APCI) are also often used for lipid 

detection when coupled with MS detection, it would also be interesting to investigate 

the influence of expanding in CO2 in this detector as well 
29-31

.  

In this work the influence of the addition of supercritical CO2 is studied through the 

analysis of the triacylglycerols composing cacao butter with non-aqueous reversed phase 

LC coupled with ELSD detection.   

 

7.4.2 Experimental 

7.4.2.1 Materials and methods 

A Certified reference Cocoa Butter standard IRMM-801 obtained from the European 

institute for reference materials and measurements (IRMM, Geel, Belgium) was used. 

300 mg of the reference material was weighed and dissolved in dichloromethane/ 

acetonitrile (2:1 (v/v)) to make a solution of 12 mL and further 0.5 g of the solution is 

diluted by 1 mL DCM and 0.5 mL acetonitrile. Pure triglyceride standards: POP, POS 

and SOS were purchased from Larodan Fine Chemicals, Sweden (whereby P represents 

palmitic, O oleic acid and S stearic acid in the triglycerides). HPLC grade acetonitrile 
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and acetone were purchased from Biosolve-Chemicals, the Netherlands. The purity and 

origin of the other chemicals is described in 7.2.2.1. 

7.4.2.2 Instrumentation 

The same instrumental set up as in the first sections of this chapter was used with the 

exception that the UV detector was replaced by an Alltech ELSD 3300 evaporative laser 

light scattering detector (ELSD) (Grace Alltech, Lokeren, Belgium) which was now 

positioned after (and not before) the 2 m (0.12 mm ID) stainless steel tubing. Analyses 

were performed with two Hypersil ODS 250 x 4.6 mm i.d., 5 µm columns from Thermo 

Scientific (England) connected in series. 

 

7.4.3 Results and discussion 

A non-aqueous reversed phase LC method, based on acetone and acetonitrile as the mobile 

phase constituents, was used as a reference point for this work
23

. Although other solvent 

combinations such as hexane/isopropanol or acetonitrile/chloroform have also been used 

for lipid analysis, a benefit of the acetone/acetonitrile (72/28) combination, is the excellent 

ELSD volatilization and therefore low background signal it can offer. Also miscibility 

between supercritical CO2 and these solvents is possible under all ratios. This is partially 

illustrated in Figure 7.13, where the supercritical fluid is added in increasing amounts to 

isocratic HPLC analyses of a cacao butter reference standard (mainly containing POP, POS 

and SOS). It can be seen that, whereby in the first aqueous section of this chapter only up to 

20% CO2 could be added to the mobile phase, in the current case the much improved 

miscibility allowed increasing the supercritical fluid ratio up to 44%. Although this could 

be raised further, as retention was decreasing and as detection sensitivity was becoming 

worse at elevated CO2 percentages, for practical reasons, the CO2 fraction was kept below 

50% in this part of the work. Although the detector noise issue can be addressed through 

increase of the applied back pressure (in this case obtained through an increase of the 

restrictor length), this approach was not followed in order to maintain enhanced fluidity LC 

conditionings, while avoiding pure SFC, which was not the purpose of this work. 

Closer observation of the chromatogram learns that the hydrophobicity en therefore the 

eluotropic strength of the mobile phase is not increasing much in the enhanced fluidity 

phase. The reduced retention time is almost solely due to the increased cumulative flow rate 
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of the analysis, whereby the retention factor of the triglycerides is only mildly decreasing. 

Nevertheless the addition of supercritical CO2 is detrimentally affecting the selectivity is 

shown in Table 7.1 for the three major lipids in cacao butter.  

 

Table 7.1 Influence of CO2 on the selectivity of triglyceride standards using EFLC*.  

 α 2,1 α 3,2 

% CO2 POS/POP SOS/POS 

0 1.22 1.23 

28.57 1.17 1.18 

37.5 1.16 1.17 

*mobile phase (Acetone/Acetonitrile) (72/28, v/v), T = Ambient, Poutlet ~ 100 bar (2 m restriction). 

 

The loss in selectivity is also visible in the chromatograms in Figure 7.13A where the 

presence of the minor triglycerides in cacao butter can best be observed when no CO2 is 

added. Although increasing addition of CO2 is detrimental for the resolution of these 

signals due to the decrease in retention and also because of the increasing detector noise, 

quantitation of the major triglycerides remains nevertheless possible with the enhanced 

fluidity method.  
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Figure 7.13 Analysis of Cocoa butter by HPLC and CO2 enhanced fluidity LC. The HPLC mobile phase 

was composed of  acetone and acetonitrile (72/28, v/v).  Flow rate acetone/acetonitrile, 1.5 mL/min 

mobile phase, column at ambient temperature A. without CO2, B. with 0.6 mL/min CO2 (28.57 %), C. 

with 0.9 mL/min CO2 (37.5 %), D. with 1.2 mL/min CO2 (44.44 %). Peaks: 1. POP, 2. POS, 3.SOS. 

Coupled columns with ELSD detection. Poutlet~100 bar. 

 

Subsequently the influence of the addition of CO2 on the measured column efficiencies 

as a function of flow rate was investigated. In Figure 7.14 the Van Deemter curves of 

the two last eluting triglycerides are represented with 28.6 and 37.5% (v/v) CO2 in the 

mobile phase. In both cases a reduction in the slope to the C-term can be observed 

compared to the pure non-aqueous LC experiments. Note that in Figure 7.14A, the 

minimal plate height is even somewhat lower than twice the particle size, a value which 

is considered the lower achievable limit when using fully porous particles. Although this 

point needs further corroboration when using other lipids and other NARP mobile phase 

combinations it appears that, contrary to the first aqueous section of this chapter where 

the influence of CO2 on the diffusivity was close to negligible, the addition of 

supercritical CO2 is beneficial for the column efficiency and for the speed of analysis. 

This is because the slope of the C-term is shallower, reflecting a faster mass transfer and 

because the B-term is larger, indicating an increased longitudinal diffusion. As an 

increase in the B-term and a decrease in the C-term lead to a shift in the minimum of the 

Van Deemter curve, a faster optimal velocity is obtained, meaning that the same 

maximal amounts of plates can now be obtained in a reduced analysis time. The small 

reduction in plate height should, however, be interpreted with care. Although it appears 

that the reduction in C-term is larger than the increase in the B-term, this is difficult to 

explain as both phenomena are related to the diffusion coefficients. A possible 

explanation can be found in the reduction in retention when the CO2 is added. As 

discussed in §1.3.2. the C-term is composed out of a resistance to mass transfer in the 

mobile (Cm) and in the stationary phase (Cs). As the diffusivity in the Cs term is typically 

much smaller compared to the former, a reduction in residence time in the stationary 

phase (as is the case when the lipid retention is decreasing when adding the CO2) can 

explain the decrease in minimal plate height.     
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Figure 7.14 Comparison of H-u curves for triglyceride standards of Cocoa butter with 28.6% (A) and  

37.5  % CO2 as  enhanced fluidity liquid mobile phase to Acetone/ Acetonitrile (72/28, v/v), Pinlet = (70-

326) bar, T= Ambient and LC (Acetone/ Acetonitrile (72/28, v/v), UV detection at 254 nm. 

 

As the study of the solute retention as a function of temperature can be very informative 

of the chromatographic behaviour occurring in the column, in this section this was 

studied between 20°C and 60°C for the CO2 enhanced conditions (Figure 7.15). The 

principles or this approach have been outlined in §1.7. As an increase in retention with 

temperature as a consequence of the expanding supercritical fluid and reducing 

solvating power thereof is not observed, and as the volatility of lipids is clearly too low 

to explain the loss in retention, the most logical conclusion is that almost pure HPLC 

behaviour is observed in this case. When plotted in a Van‘t Hoff plot (k vs 1/T curve, 

see chapter 1) linear profiles are obtained (data not shown). 
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Figure 7.15 Chromatograms of Cocoa butter standard by Enhanced Fluidity with 0.75 mL/min acetone/ 

acetonitrile (72/28, v/v) and 0.3 mL/min CO2 (total flow: 1.05 mL/min) at A. 20 
o
C, B. 30 

o
C C. 40 

o
C  

D.50 
o
C  E. 60 

o
C. Poutlet regulated by 4 m x 0.12 mm id stainless steel (2 x 5022_2159 from Agilent 

Technologies). 

 

7.4.4 Conclusions 

Non-aqueous EF-RPLC approaches allowed for the addition of up to 44% liquid CO2, 

affecting retention, efficiency, selectivity and ELSD nebulisation. Although overall 

somewhat improved efficiencies with the enhanced fluidity mobile phases were 

obtained in lipid analyses compared to the conventional LC method, overall the 

enhanced fluidity NARP approach appears to provide only mild benefits compared to 

the HPLC methods. 
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GENERAL CONCLUSIONS  

 

This thesis is divided in to three major parts. In the first part (Chapter 1-2) fundamental 

theories in the use of CO2 for HPLC and SFC are introduced. A literature survey of 

retention mechanisms in different modes of separation for enhanced fluidity liquid 

chromatography (EFLC) and supercritical fluid chromatography (SFC) are included. 

The definition of the techniques and borderlines between them in addition to the 

characterization of stationary phases for the separations of several analytes are 

discussed.  

The second and the third parts are the method development and evaluations of stationary 

phases for supercritical fluid chromatography (SFC) (Chapters 3-5) and enhanced 

fluidity liquid chromatography (EFLC) (Chapters 6-7) using pharmaceutical, 

environmental and food samples. Both techniques together cover analyses from normal 

phase to reversed phase HPLC modes. In comparison to the different LC techniques 

evaluated, EFLC and SFC solvents showed some chromatographic advantages over 

commonly used liquids. High-speed gradient EFLC and SFC separations are becoming 

increasingly used for drug profiling. This is well demonstrated in the studies describing 

approaches for the evaluation of method repeatability and reproducibility (Chapter 3) 

and for the transfer from gradient to isocratic methods (Chapter 4). The potential of SFC 

for ionic compounds separation is demonstrated in Chapter 5 and SFC-MS for the 

application of the study of PFOS/PFOA. This report opened a new approach for the 

analysis of branched isomers of perfluorooctane sulfonates and carboxylate for the first 

time. Chapter 6 compares a successful approach in enhanced fluidity liquid 

chromatography for porous and superficially porous stationary phases in HILIC mode. 

In Chapter 7 characteristics of reversed phase columns in EFLC with aqueous and non-

aqueous additives are shown with potential selectivity on the studied compounds.  

The work completed in the framework of this PhD is the most comprehensive study of 

CO2 enhanced fluidity HPLC and SFC performed thus far. The graphical summary 

represented in Figure 8.1, illustrates the broadness of CO2 HPLC modes which has been 

explored.  
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In conclusion, CO2 is an excellent mobile-phase ingredient. Its use not only contributes 

to the greening of liquid-based separations but performs normal-phase type separations 

better, faster, and cheaper than normal-phase LC. Moreover, information obtained in the 

studies using SFC is complementary to that obtained using reversed-phase LC and 

HILIC. The study also demonstrates that a simple modular instrumental setup can be 

built that provides data with the same robustness as HPLC. Combining SFC with TOF-

MS creates a very powerful tool by combining fast scan and high sensitivity with 

accurate mass determinations. 

In the future it would be interesting to extend this work to find unique applications in 

the techniques. However, EFLC and SFC find applications in many areas where GC and 

LC are unsatisfactory, for example in the separation of middle molecular weight 

compounds, low molecular weight synthetic polymers, fats and oils, enantiomers, and 

organometallic compounds. In addition, the combination of the techniques with 

detectors providing structural information of great value will be the driving force behind 

the development of effective hyphenated techniques. This will lead to further 

advancements in SFC performance from a sensitivity to a throughput point of view and 

further expand application areas. 

 

 

Figure 8.1 Application of EFLC and SFC in this study fit in: normal phase through HILIC to reversed 

phase. 

http://www.chromatographyonline.com/lcgc/article/articleDetail.jsp?id=749062&sk=&date=&pageID=7
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SUMMARY 

 

The growing interest in high throughput assays is the result of the increasing numbers 

and because of the growing complexity of samples to be analyzed in pharmaceutical 

environments. The low viscosities and high diffusivities of sub- and supercritical fluids 

allow highly efficient separations to be achieved with significant analysis time gains, in 

comparison to High-performance liquid chromatography (HPLC). In addition at the start 

of this research in 2009 there was a global shortage of acetonitrile, a solvent which is 

widely used in the pharmaceutical industry for the analysis of drug substances and drug 

products. As a consequence, seeking to use alternative solvents or analytical methods to 

minimize the impact of this shortage and its environmental impact was and is a 

contemporary highly relevant concern. CO2 is particularly attractive as an alternative 

mobile phase because of its green character and as it is easily brought under supercritical 

conditions (which are reaches at 31°C and 73.8 bar). 

In chromatography liquid CO2 is therefore often used under sub- or supercritical as an 

extracting solvent and/or as the mobile phase with or without added organic modifier.  

In the framework of the Pfizer Analytical Research Centre (PARC) and a general revival 

of SFC mainly because of the release of new instrumentation, SFC was critically re-

evaluated in this study for analysis of achiral and chiral pharmaceuticals. In the same 

framework, EFLC was evaluated as the same instrumentation is used. Important in this 

evaluation is that ruggedness or robustness is taken into considerations because this is a 

prerequisite for a technique to recognize a breakthrough in a regulated environment such 

as the pharmaceutical industry. Evaluation in the SFC- and EFLC-mode of the recent 

developments made in LC related to column formats (porous particles, core shell 

particles, smaller particles, etc.) is included in this study.  
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SAMENVATTING 

 

De huidige ontwikkelingen in en verwachtingen van de farmaceutische industrie resulteren 

in meer en meer monsters met verhoogde complexiteit die dienen geanalyseerd te worden. 

Dit verklaart de toenemende nood aan hoge-doorvoer of high-throughput analysemethoden. 

De lage viscositeiten en hoge diffusiviteiten van sub- en superkritische vloeistoffen laten 

toe hoog efficiënte scheidingen te realiseren in kortere analysetijden in vergelijking met 

conventionele hoge druk vloeistofchromatografie (HPLC). Bijkomend dient gesteld te 

worden dat, bij de aanvang in 2009 van het onderzoek beschreven in dit werk, er een 

wereldwijd gebrek was aan acetonitril, een solvent veelvuldig gebruikt in de farmaceutische 

analyse. Het zoeken naar alternatieve solventen en/of methoden om de invloed van dit 

tekort en zijn impact op het milieu te reduceren was een daarom een belangrijk aspect van 

ons onderzoek. De huidige interesse in CO2 voor analytische doeleinden is toe te schrijven 

aan zijn “groen” karakter en aan het feit dat het vrij gemakkelijk toelaat om de 

superkritische condities te bereiken (bij 31°C en 73.8 bar). Deze karakteristieken laten toe 

vloeibare CO2 te hanteren onder sub- en superkritische condities als extractievloeistof en/of 

als mobiele fase met of zonder organische meng-fase in de chromatografie. 

In het kader van de activiteiten binnen het Pfizer Analytisch Research Centrum, 

Universiteit Gent, en door de hernieuwde interesse in superkritische 

vloeistofchromatografie (SFC), voornamelijk door introductie van nieuwe apparatuur, werd 

SFC kritisch her-geëvalueerd voor de analyse van chirale en achirale farmaca. Verbeterde 

fluiditeits-chromatografie (enhanced fluidity chromatography-EFCL) werd tevens 

onderzocht omdat dezelfde apparatuur daarbij gebruikt wordt. Robuustheid was een 

sleutelwoord bij dit onderzoek, want dit is een essentiële vereiste voor de aanvaarding van 

een techniek in een gereguleerde omgeving zoals in de farmaceutische industrie. Evaluatie 

van de recente ontwikkelingen in HPLC zoals kleine poreuze deeltjes, kern-schil (core-

shell) deeltjes en monolieten, werd tevens uitgevoerd in deze studie met SFC en EFLC.  
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APPENDIX A: ABBREVIATIONS & SYMBOLS  

 

abbreviations 

ACN:   acetonitrile 

APCI:  atmospheric pressure chemical ionisation 

BPR:   back pressure regulator  

CAD  charged aerosol detector 

CSP:  chiral stationary phase 

EF:   effluent temperature  

EFLC:   enhanced Fluidity liquid Chromatography 

ELSD:  evaporative light scattering detector 

ESI:  electrospray ionisation 

ETOH:  ethanol 

HILIC:  hydrophilic interaction liquid chromatography 

HPLC:  high performance liquid chromatography 

ID:  internal diameter 

MS/MS: mass spectrometry coupled to mass spectrometry 

MeOH:  methanol 

NARP:  non aqueous reversed phase liquid chromatography 

NPLC:  normal phase liquid chromatography 

OV:  oven temperature 

PFOA:  linear perfluorooctane carboxylic acid 

PFOS:  linear perfluorooctane sulfonate  

PFBS:  perfluorobutane sulfonate 

TRIF:   trifluoromethane sulfonate 

PAH:  polyaromatic hydrocarbons 

PH:   preheater temperature 

Q:  quadrupole analyzer 

QA:  quality assurance 

QC:  quality control 

RPLC:  reversed-phase HPLC 

SFC:   “supercritical fluid chromatography” 

SF-CO2:  supercritical CO2  

SIC:  silver ion chromatography 

UHPLC:  ultra-high performance liquid chromatography 
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symbols 

A:  Eddy dispersion term 

B:  Longitudinal dispersion 

C:  resistance to mass transfer 

Cm:  resistance to mass transfer in the mobile phase 

Cs:  resistance to mass transfer in the stationary phase 

Dm  diffusion coefficient of solute in the mobile phase 

Ds  diffusion coefficient of solute in the stationary phase 

Ds  diffusion coefficient of solute in the stationary phase 

dc:  column internal diameter (mm) 

df:  ticknes of a stationary phase 

dp:  particle diameter (μm) 

:  molar absorption coefficient 

F:  flow rate (mL/min) 

k’  phase retention factor 

k”  zone retention factor 

I:  intensity of the incident light 

I0:  intensity of the intensity of a reference beam 

L:  column length (mm) 

P:   pressure 

Poutlet:  outlet pressure   

Pc:  critical pressure 

R:  gas constant 

Rs  resolution 

tr:  retention time 

t0  elution time of an unretained marker  

T:  temperature 

Tc:  critical temperature 

Tgrad:  gradient time of the mobile phase 

Wb:  width at the base of a Gaussian peak shape 

Wh:  width at half the height of a Gaussian peak shape 

u0  linear velocity of the mobile phase. 

Hs
θ  

partial molar enthalphy 

Ss
θ  

partial molar entropy 

  density 

η:   mobile phase viscosity (cP) 

  column resistance factor 

m  fugacity coefficient of a solute in the mobile phase 
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APPENDIX B: LIST AND STRUCTURES OF COMPOUNDS 

 

1 Composition of PAH test mixture 

Compound name Structure Formula M.W. Supplier 

Benzene 

 

 

 

 C6H6 

 

 

78.11 Sigma-Aldrich 

(Bornem Belgium) 

Naphthalene  

 
 

 

C10H8 

 

128.17 Sigma-Aldrich 

(Bornem Belgium) 

Acenaphthene  
 

 

 

C12H10  

 

154.21 Sigma-Aldrich 

(Bornem Belgium) 

Acenaphthylene  

 

 

 

C12H8 152.19 Sigma-Aldrich 

(Bornem Belgium) 

Fluorene 

 

C13H10 166.22 Sigma-Aldrich 

(Bornem Belgium) 

Phenanthrene 

 

C14H10 
 

178.23 Sigma-Aldrich 

(Bornem Belgium) 

Anthracene 

 

 

 

 

 
 

C14H10 178.23 Sigma-Aldrich 

(Bornem Belgium) 

Fluoranthene 

 

 

 

 

 

 

 

 

 
 

 

 

 

C16H10 

 

202.26 Sigma-Aldrich 

(Bornem Belgium) 
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Pyrene  

 
 

 

 

 

C16H10 

 

202.26 Sigma-Aldrich 

(Bornem 

Belgium) 

Chrysene 

 

C18H12 228.28 Sigma-Aldrich 

(Bornem 

Belgium) 

Benzo (a) 

anthracene 
 C18H12 228.28 Sigma-Aldrich 

(Bornem 

Belgium) 

Benzo (k) 

fluoranthene 
 C20H12 252.31 Sigma-Aldrich 

(Bornem 

Belgium) 

Benzo (b) 

fluoranthene 
 C20H12 252.31 Sigma-Aldrich 

(Bornem 

Belgium) 

Benzo (a) pyrene 

 

C20H12 252.31 Sigma-Aldrich 

(Bornem 

Belgium) 

Dibenzo (a, h) 

anthracene 

 

C22H14 278.34 Sigma-Aldrich 

(Bornem 

Belgium) 

Indo (1,2,3-cd) 

pyrene 
 C22H12 276.33 Sigma-Aldrich 

(Bornem 

Belgium) 

Benzo (ghi) 

perylene 
 

 

 

 

C22H12 276.33 Sigma-Aldrich 

(Bornem 

Belgium) 
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2 Composition of paraben test mixture 

 

Compound name Structure Formula M.W. Supplier 

     

methyl paraben: 

methyl 4-

hydroxybenzoate 

 

 

R= CH3 

HO

O

R

O

 

C8H8O3 

 

 

152.15 Fluka Chemie AG, Buchs, 

Germany 

Propylparaben:  

propyl 4-

hydroxybenzoate 

 

R= (CH2)2CH3 

 

C10H12O3 

 

180.20 Fluka Chemie AG, Buchs, 

Germany 

Butylparaben:  

butyl 4-

hydroxybenzoate 

 

R= (CH2)3CH3 

C11H14O3 
 

194.23 Fluka Chemie AG, Buchs, 

Germany 

 

 

3 Composition of phenone test mixture 

 

Compound name Structure Formula M.W. Supplier 

acetophenone R= CH3 

 

 

 

 

 

C8H8O 

 

 

120.15 Sigma-Aldrich, Bornem, 

Belgium 

propiophenone R= CH2CH3 C9H10O 134.18 Sigma-Aldrich, Bornem, 

Belgium 

n-butyrophenone R= (CH2)2CH3 C10H12O 148.20 Acros Organics N.V., 

Geel, Belgium 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

R

O
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4 Composition of other benzene derivatives 

 

Name Structure Formula M.W. Supplier 

Uracil 

N
H

NH

O

O
 

C4H4N2O2 112.08 Sigma-Aldrich 

(Bornem Belgium) 

Phenol OH

 

C6H6O 94.11 Sigma-Aldrich 

(Bornem Belgium) 

Aniline NH2

 

C6H5NH2 93.13 Sigma-Aldrich 

(Bornem Belgium) 

Toluene CH3

 

C7H8 92.14 Sigma-Aldrich 

(Bornem Belgium) 

L-Tryptophan 

HN

NH2

OH

O

 

C11H12N2O2 204.22 Sigma-Aldrich 

(Bornem Belgium) 
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5 Compounds of Triglyceride test mixture 

Name 

 
Structure Formula M.W. Supplier 

 

Triglyceride 

 

 

 

CH2

CH

CH2

O

O

O

C R'

O

CR''

O

C R'''

O

 

  (general 

structure) 

     

P 

OH

O

palmitic acid  

C16H32O2 256.42 Sigma-Aldrich 

(Bornem 

Belgium) 

O 

OH

O

Oleic acid

 

C18H34O2 282.46 Sigma-Aldrich 

(Bornem 

Belgium) 

S 

OH

O

Stearic acid  

C18H36O2 

 
 

284.47 Sigma-Aldrich 

(Bornem 

Belgium) 

POP R' = P, R'' = O, R''' = P  
 Larodan  

Fine Chemicals, 

Sweden 

 

POS R' = P, R'' = O, R''' = S   Larodan  

Fine Chemicals, 

Sweden 

 

SOS R' = P, R'' = O, R''' = S   Larodan  

Fine Chemicals, 

Sweden 

 

Linolenic 

Acid 
OH

O

 

C18H32O2 280.44 Larodan  

Fine Chemicals, 

Sweden 

Dilinolein 
CH2O

CHOH

CH2O

C

C

(CH2)7

(CH2)7

O

O

(CH2)4CH3

(CH2)4CH3  

C39H68O5 

 

616.95 Larodan  

Fine Chemicals, 

Sweden 

Trilinolein 
CH2O

CHO

CH2O

C

C

C

(CH2)7

(CH2)7

(CH2)7

O

O

O

(CH2)4CH3

(CH2)4CH3

(CH2)4CH3  

C57H98O6 879.41 Larodan  

Fine Chemicals, 

Sweden 
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6 Chiral analytes 

Per fluorinated compounds (PFCs) have long completely fluorinated carbon chains and various functional groups at 

the terminal end. A) P3FOA and P3FOS, B) P4FOA and P4FOS, C) P5FOA and P5FOS. Structures are in Chapter 9. 

 

7 Nucleotide bases  

Name 

 
Structure Formula M.W. Supplier 

Thymine 

N
H

NH

O

O

 

C5H6N2O2 126.11 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Uracil  

N
H

NH

O

O

 

C4H4N2O2 112.08 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Cytosine  

N
H

N

O

NH2

 

C4H5N3O 111.10 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Guanine 

N
H

N

N

NH

NH2

O

 
 

C5H5N5O 151.13 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Adenine 

HN

N

N

N

NH2

 
 

 

C5H5N5 135.13 Sigma-Aldrich, 

(Bornem, 

Belgium) 
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8 Acidic and basic compounds used in HILIC modes 

Name Structure Formula M.W. Supplier 

2-Naphthylamine NH2

 

C10H9N 143.19 Sigma-Aldrich, 

(Bornem, Belgium) 

 

4-aminobensoic acid 

 

COOH

NH2  

C7H7NO2 137.14 Sigma-Aldrich, 

(Bornem, Belgium) 

 

2-aminopyridine N NH2

 

C5H6N2 94.11 Sigma-Aldrich, 

(Bornem, Belgium) 

 

3-aminopyridine N

NH2  

C5H6N2 94.11 Sigma-Aldrich, 

(Bornem, Belgium) 

 

4-nitrobenzoic acid COOH

NO2  

C7H5NO4 167.11 Sigma-Aldrich, 

(Bornem, Belgium) 

 

3-aminobenzoic acid COOH

NH2 

C7H7NO2  

 

137.13 Sigma-Aldrich, 

(Bornem, Belgium) 

 

5-amino-2-

methylpyridine 

N

NH2

 

 

C6H8N2 108.14 Sigma-Aldrich, 

(Bornem, Belgium) 

 

 

Ascorbic acid 

 

 

   Sigma-Aldrich, 

(Bornem, Belgium) 

 

Iso-ascorbic acid 

 

 

 

   Sigma-Aldrich, 

(Bornem, Belgium) 

 

O
O

OHHO

HO

H
OH

O
O

OHHO

HO

OH

H
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9 Pharmaceuticals used in SFC and column characterization 

Name Structure Formula M.W. Supplier 

Ibuprofen CH3

CH3

O
H3C

CH3

 

C13H18O2 206.29 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Fenoprofen 

O OH

O

 

C15H14O3 242.26 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Flurbiprofen 
OH

O

F  

C15H13FO2 244.26 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Ketoprofen O

OH

O

CH3

 

C16H14O3 254.28 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Indoprofen 

N

O

OH

O

 

C17H15NO3 281.30 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Caffeine 

N

N
N

N

O

O

CH3

CH3

H3C

 

C8H10N4O2 194.19 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Theophylline 

N

N
N

H
N

CH3

O

O

H3C

 

C7H8N4O2 180.16 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Theobromine 

HN

N
N

N

O

O

CH3

CH3

 

C7H8N4O2 180.16 Sigma-Aldrich, 

(Bornem, 

Belgium) 
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Cortisone 

 

 

H H

OH

O

O

O

 

C21H28O5 360.44 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Sulfamerazine 

NH2

S

N
H

O
O

N

N

CH3

 

C11H12N4O2S 264.30 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Sulfaquinoxaline 

N

N
NH

S

O

O

NH2  

C14H12N4O2S 300.36 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Hydrocortisone 

O

HH

O

O

O

O

 

C21H30O5 362.46 Sigma-Aldrich, 

(Bornem, 

Belgium) 

 

Prednisolone 
O

OH
HO

HO

O

H

H

H

 

C21H28O5 360.44 Sigma-Aldrich, 

(Bornem, 

Belgium) 
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