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GENERAL INTRODUCTION 

After the introduetion and succeslul demonstration of Gas 

Chromatography (GC) by Martin and James [1] in 1952. it 

took analytica! chemists about 20 years to develop both GC 

as well as Liquid Chromatography (LC) to what they are 

today: 

During 

standard laboratory 

that period numerous 

chromatographic techniques. 

ideas were formulated and 

tried, one of which was the application of supercritical 

fluids as the mobile phase. 

The first to successfully employ this technique, known as 

Super cri. ti cal Ftuid Chromatography (SFC), we re Kiesper, 

Corwin and Turner [2]. In 1962, they reported the separa

tion of Ni-porphyrins with either dichlorodifluoromethane 

or monochlorodifluoromethane as the supercritical eluent. 

In the mid sixties, Sie and Rijnders publisbed a series of 

comprehensive papers on the subject [3-7]. using packed 

columns, which formed the basis for an increasing interest 

in SFC. A somewhat different approach was chosen Öy Gid

dings and his group in the early seventies. They publisbed 

a number of papers on the use of carrier gases like C0 2 

and NH 3 at high pressures, up to 2000 atm., and called the 

technique Dense Gas Chromatography [S, 9]. In the same 

period LC was developed into High Performance Liquid 

Chromatography (HPLC), causing the interest in SFC to fade 

away. It was not until the eighties before SFC became a 

'popular' research subject again. The introduetion of 

fused si.Lica capillary columns [10] boosted the research 

in cap i llary chroma tography; in the case of SFC thi s was 

initiated by Novotny, Lee and coworkers [11]. The develop~ 

ment of SFC was helped by spin-offs from research efforts 

in HPLC, eg. pumping equipment and low volume sample 

valves, which are indispensable for SFC since its research 

was, and in effect still is, severly hindered by techno

logica! problems. 

By definition all (column-) chromatographic techniques 

share the use of a mobile phase that carries the analytes 
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through the column. The differences in partition coeffi

cient, K. of the sample components between the mobile and 

stationary phase affect the separation. 

GC, SFC and HPLC are all more or less distinct forms of 

fluid chromatography; the choice of name being determined 

by the aggregation form of the mobile phase f luid. The 

differences in chromatographic behaviour are largely de

termined by the fluid properties such as density, polari 

ty, diffusivity and viscosity of the selected mobile 

phase. GC and HPLC may be seen as the extreme forms of 

fluid chromatography between which SFC takes an intermedi

ate position; at low densities SFC will be GC like whereas 

it shows HPLC-like behaviour at high densities. This 

intermediate position is also reflected in the applica

bility of the method. It is capable of analysing substan

ces at lower temperatures than needed in GC due to solute 

/solvent interactions. Compared to HPLC it has the dis

tinet advantage of a better diffusivity than encountered 

in liquids and is therefore a potentially more (time) ef 

ficient separation technique. 

Since SFC resembles both GC as well as HPLC, i.e. the 

mobile phase may be looked upon as either a dense gas or a 

thin liquid, researchers from both established techniques 

started to (re-) investigate supercritical fluid chromato

graphy. This led to two approaches that differ on basis of 

the type of column used: 

- modern HPLC columns packed with smal! particles (<10 ~m) 

narrow bore (<100 ~m) fused silica GC columns. 

These two approaches led also to adoption of the detection 

principles commonly used in HPLC and GC. High pressure UV

VIS and fluoresence detectors are mainly used in the pack

ed column approach whereas universa! low pressure gas

phase detectors, like the flame ionization detector and 

maas-spectrometer, are generally used in combination with 

capillary columns. The choice of detection principle has a 

large influence on the demands placed at the rnass-flow 
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rate restrietars that have to be used in SFC. In the case 

of high pressure detection, the restrietars are placed 

after the detection device, whereas the also serve as an 

interface in the case of gas-phase detectors. 

Both approaches have particular (dis-) advantages. 

Capillary columns generally possess a high efficiency i.e. 

separation power. The time required to genera te this se pa-

ration power is largely dependent on the column inner 

diameter and the diffusivity in the mobi 1 e phase; the 

smaller the diffusivity the smaller the inner diameter has 

to be in order to obtain the same separation in the same 

amount of time. Compared toa 'standard' 250 ~m GC column, 

this implies inner diameters of circa 10 ~m for SFC and 

about 2.5 ~m in the case of capillary HPLC. These sub 50 

~m capillary columns cause all sorts of experimental pro

blems such as extremely small sample volumes, low sample 

capacity of the column due to a very thin layer of sta

tionary phase, dead-volume free coupling of the column to 

the sampling device and detector etc. 

These problems are typical for capillary columns; packed 

columns are generally much easier to operate. Contemporary 

packed columns for SFC (and HPLC), using sub 10 ~m par

ticles, are also more time efficient than contemporary 25-

50 ~m capillaries; a column packed with 5 ~m particles is 

to be compared to a capillary of ± 10 Mm inner diameter 

[12]. The main disadvantage of packed columns is pressure 

drop as the permeability of capillaries is much better 

than that of packed column types in which the packing 

materials obstruct the flow. In SFC, contrary to GC and 

HPLC, solute retention is however dependent on pressure 

{density}. A large pressure drop will result in a density 

gradient along the column. The effect is similar to a 

negative temperature gradient along the axis of a GC 

column. The migration of analytes will slow down and may 

eventually stop. The length of a packed column, and thus 

the separation power, is therefore limited by the pressure 

drop that may be allowed. Capillaries are more permeable, 
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as mentioned before, and generate therefore more separa

tion power per unit of pressure drop. 

As, for the moment. the problems encountered using capil

lary columns in SFC are largely of a technological nature, 

rather then being fundamental as is the case with packed 

columns, it is worthwhile to try to solve the problems. 

This thesis deals therefore with the instrumental aspects 

of capiU.ary SFC; the objective being to investigate and 

overcome the technological harriers which designate SFC to 

be a form of Science Fiction Chromatography rather than a 

useful analytica! tool. 

In chapter 1 of this thesis an introduetion in capillary 

SFC is presented which starts with the definition of SFC. 

This definition is not as straightforward as it may seem 

at first glance since SFC ranges from high pressure gas 

chromatography to 'thin' liquid chromatography. Following 

the definition of SFC, criteria for mobile phase selection 

are discussed and a selection of suitable fluids is list

ed. The remalnder of this chapter is devoted to an evalua

tion of the various parts of the instrumentation and a 

research instrument for capi llary SFC. that may form the 

basis for routine instrumentation. is presented. 

Chapter 2 deals with an evaluation of sample introduetion 

techniques. Criteria for the maximum allowable sampling 

time and volume, with respect to their influence on peak

shape and band-width. are established and applied to spe

cific SFC sampling conditions. The sample introduetion 

techniques discussed, which are all based on sample 

valves, include sample splitting, (purged) ·moving injec

tion [13] and the application of a retention gap. Further 

diversification of sampling techniques, such as on-column 

preconcentration and the use of the mobile phase fluid to 

dissolve samples, is discussed in the final paragraph of 

this chapter. 

The implications of, and the need for, flow rate limita

tion is the subject of chapter 3. Flow rate regulation in 
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capillary SFC is generally accomplished using some sort of 

'restrictor'. Special attention will be paid to interfac

ing restrictors, i.e. restrietars that arealso used as an 

intermediate between the analytica! column and the detec

tion device. A theoretica! m.odel for the characteristics 

of the two currently most frequently used restrictor 

types, i.e. tapers and open tubulars, is presented. This 

model is experimentally verified and its implications on 

in-column linear velocity are extensively discussed. 

Chapter 4 deals with factors influencing separation and 

speed of analysis. An equation for the retention time as 

function of (relative) retention, resolution, plate height 

and linear velocity is taken as a starting point. A modi

fied Golay-Giddings plate height equation valid for capil 

lary SFC is presented and evaluated. A comparison of ana

lysis times in capillary GC, SFC and HPLC under resolution 

normalized conditions is made. Estimates of comparable 

inner diameters and film thicknesses for the three fluid 

chromatographic techniques are established and compared to 

values currently used in capi llary SFC. Two methods for 

the estimation of mobile phase diffusivi ty are evaluated 

and the influence of diffusion on the column efficiency as 

function of the fluid state is discussed. Special atten

tion is given to the rather complex (relative) retention 

behaviour as function of the fluid state at respectively 

constant temperature, pressure and density. The posibil1 

ties and limitations of fluid state programming, that is 

varfation of the fluid state during analysis, is the last 

subject of this chapter. Out of the numerous possibilities 

for fluid·state programming three special cases are dis~ 

cussed. Special side effects due to compression during 

programming are described. These effects cause chromato

graphic peaks to el u te faster and wi th considerable less 

band width than would have been the case without compres

sion during analysis. 

The appendix deals with a preliminary study of the use of 

the mobile phase fluid for sample dissolvement. Two ex

traction techniques, using liquefied co2. are examined. 
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The main objectives were to obtain samples which are com

patible with SFC and estimation of component solubility in 

liquid C0 2 . It was soon realized that both techniques, 

being high pressure Soxhlet extraction and liquefied C02 

stripping, may also be used as laboratory extraction tech

niques if sufficiently controllable and optimized. The 

main advantage over other techniques is the high volatili

ty of C0 2 at ambient temperatures which allows easy evapo

ration of the solvent; the extracts obtained are virtually 

solvent free. 
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CHAPTER 1 

SUPERCRITICAL FLUID CHROMATOGRAPHY: AN INTRODUCTION 

Summa.ry 

In this chapter a definition supercritical fluid chromato

graphy (SFC) is given. The definition of SFC is not as 

straightforward as it may seem at first glance. The tech

nique is defined as a form of f luid chromatography in 

which at least the pressure or temperature of the mobile 

phase is supercritical while rnaintaining significant 

solute/mobile phase interactions. A selection of mobile 

phase fluids is listed and the criteria for mobile phase 

selection are discussed. By application of these criteria, 

it is reasoned why co2 is widely recognized as being the 

most universally applicable mobile phase for SFC. Follow

ing a discussion on the requirements of the various parts 

that make up a supercritical fluid chromatograph, a re

search instrument for capillary SFC is presented which may 

form a basis for routine instrumentation. 
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1.1 DEFINITION OF SUPERCRITICAL FLUID CHROMATOGRAPHY 

Like Gas- and Liquid Chromatography (GC, LC) thank their 

narnes to the state of the resp. used mobile phases. so 

does Supercritical Fluid Chromatography (SFC). 

The term supercritical is used to refer to a certain fluid 

state which is characterized by the fact that it may 

neither be called a gas nor a liquid. 

Consider the following experiment: 

16 

A certain amount of a gas is contained in a cylinder. 

its volume being contraled by means of a piston. While 

keeping the temperature at a predetermined value. the 

gas is compressed until the liquid phase appears. At 

this point the two phases, i.e. gas and liquid, are in 

equilibrium; they are coexisting phases at a certain 

temperature and pressure. which is called the vapor

pressure, but they possess different densities. Subse

quently the temperature of the container is raised un

til all liquid formed during compression has evaporated 

to form gas again. The state of the gas has changed 

however, it is at a higher temperature and contained in 

a smaller volume viz. possesses a higher density. Sub

sequent compression will again lead to the formation of 

liquid, the liquid being hotter and therefore at a 

lower density. lf these steps are repeated, it is ob

served that beyond a specific temperature, pressure and 

volume, no liquid is formed upon further compression of 

the gas. That specific state is called the Criticat 

Point (CP) and the corresponding temperature, pressure 

and density are named accordingly. Since at the CP gas 

and liquid densities have become identical, it would be 

impraper to use the terros gas or 1 iquid to refer to 

such fluid states. Instead the term (super} critica! 

fluid is used. 

If the corresponding temperatures and pressures found 

during this experiment. using infinitely small steps, 

were to he plotted, a line is obtained: the gas-liquid 



coexistence or boiling line. This is visualized by fig

ure 1.1, which is completed with two additional, 

commonly found, coexistence 

subl imation resp. mel ting of 

lines corresponding to 

the substance. The point 

where all three lines meet is called the Triple Point 

(TP). At this point, all three statea of matter co

exist. 

Î 
p L sf 

T 

Fig. 1.1: Phase diagramfora pure component. 

S = sotid, L = tiquid, G = gas phase, SF = supercriticat 

FLuid, TP = triple point and CP= crtticat point. 

Changing from one state of matter to another, i.e. cross~ 

ing one of the coexistence lines, discontinuous variation 

of all kinds of physical/mechanical properties are to be 

expected e.g. density, viscosity, dielectrical constant 

etc. In the supercritical region however, no such discon

tinuous variations exist. 

At this point, having described the meaning of the word 

supercritical, a first attempt to define SFC can be made. 
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DEFINITION 1: SFC is a form of chromatography in which a 

supercritical fluid is used as the mobile 

phase. 

From this definition it might be concluded that gas chrom

atography using for instanee Helium as a carrier at a 

pressure of 3 atm., is a form of SFC since at the tempera

turas used in GC, as is seen from table 1.1, Helium will 

be a supercritical fluid. 

Table 1.1: Critica! properties of some carrier gases as 

used in Gas chromatography. 

I Carrier T c 
p Pc c 

I OK Atm g/ml 

i 
He 5.2 2.2 0.070 

H2 33.2 12.8 0.031 

N2 126.2 33.5 0.313 

co2 304.2 72.8 0.468 

By consensus, the form of chromatography using fluids like 

Helium, is considered to be GC rather than SFC. It is 

therefore concluded that although a supercritical fluid 

may be involved in a particular form of chromatography, in 

daily practice it is not always as a consequence consider

ed to be SFC. Differentiation has to be made on the basis 

wether or not a significantly enhanced 'volatility' of a 

particular substance is observed when in contact with the 

supercritical medium. This is another way of saying that 

the supercritical fluid behaves, at least partially, as a 

solvent i.e. there exist interactions between the fluid 

and the substances immerged. This type of behaviour is 

generally observed in nonideal fluids, that is fluids in 

which the fluid molecules themselves interact and there

fore do not obey the ideal gas laws. Helium is to be con-
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sidered an ideal fluid virtually regardless of its state. 

The ideal behaviqur of Helium makes it a suitable refer

ence fluid for SFC, as is reflected in the following 

definition. 

DEFINITION 2: SFC is a form of chromatography that em-

ploys a supercritical 

substantially enhances 

mobile phase which 

the 'volatility' of 

analytes compared to Helium at the same 

temperature and pressure. 

The degree of interaction in non-ideal fluids largely 

depends on the density of the fluid involved. In analogy 

with GC and LC using temperature resp. solvent •trength to 

reduce solute retention, the density may be varied in a 

continuous fashion during an SFC analysis. 

Continuous variation of fluid density is however not 

restricted to the supercritical region. Whenever the 

supercritical region is involved, while changing a gas 

into a liquid (or vice versa), a continuous variatien of 

fluid density is observed. A possible path for such a 

phase change is depicted in figure 1.2. 

In general it is observed that whenever either the fluid 

temperature or pressure is above critica!, no discantin

uities are to be expected while pressure respectively tem

perature changes are made (unless solidification occurs). 

This involves sub-critica! regions that will be called 

pseudo-critica!. (PC). Since only discontinuous variation 

of fluid properties are unwanted, SFC should not be re~ 

stricted to the supercri ti cal region . alone. Technically 

speaking this would imply that GC and LC, in this context, 

are narnes used for limited forms of SFC and therefore it 

would be better to use the term fluid chromatography in

stead of SFC. A cernpromise is to restriet SFC to pseudo

and supercritical regions as is reflected in the final 

definition of SFC, although it must be understood that the 

border lines between both GC and LC are vague. 
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Fig. 1.2: lLlustration of phases change without botling. 

Definition 3: SFC is a form of fluid chromatography that 

uses a mobile phase of which at least its 

temperature or pressure is above critica!, 

while it substantially enhances the 'vola

tility' of analytes compared to Helium at 

the same temperature and pressure. 

1.2 MOBILE PHASE SELECTION FOR SFC 

The choice of mobile phases suited for SFC is a limited 

one. A number of aspects, playing a significant role in 

this choice, are discussed in reference to table 1.2. 

These aspects include: safety, cost, chromatographic per

formance, cri ti cal proper ties, reactivi ty/inertness, sol

vent strength, compatibility with the detection mode, 

purity and stability. 
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Table 1.2: Some posstbte choices of mobile phases suita

bl.e for SFC. 

p T Pc 
ö a 

c c 
fluid 

[atm] [oC] [g/ml] [cal/ml ] 0 
• 

5 

. 
n-pentane 33.3 196.6 0.282 5. 1 

1-butane 36.0 135.0 0.221 5.2 

n-butane 37.5 152.0 0.228 5.3 

SF& 45.6 0.752 5.5 

Xe 57.6 16.6 1.113 6. 1 

N20 71.5 36.5 0.452 7.2 

i-propanol 47.0 235.2 0.273 7.4 

co2 72.9 31.3 0.448 7.5 

NH 3 111.3 132.5 0.235 9.3 

H20 217.3 364.2 0.322 13.5 

a) Hildebrand solubility parameter under typical SFC con

ditions viz. a reduced temperature Tr= T/Tc of 1.02 and 

a reduced density Pr= p/pc of 2. 

One selection criterion is based on the intended field of 

appl ications. If, for instanee, thermolabi le components 

are to be analyzed, one would preferably choose a mobile 

phase with a relatively low critica! temperature. Certain 

applications may furthermore require a specific detection 

mode which calls for compatibility between the mobile 

phase and the dateetion principle; flame ionization datec

tion is incompatable with hydrocarbons whereas spectro

scopie detection is senseless without appropriate trans

parancy. 

A critica! temperature which is near ambient has the ad

vantage that a minimum of heat is required to reach super-
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critica! conditions and enables sampling in the liquid 

state without the necessity of a steep temperature gra

dient. Such a temperature gradient may complicate sampling 

as the fluid properties change drastically. 

The demand for mobile phase inertness will generally rule 

out a fluid like ammonia which is bound to react with some 

of the analytes, the stationary phase as well as the in

strumentation itself if no adequate precautions are taken. 

The instrumentation may also play a decisive role in the 

choice between non-corrosive fluids. Some fluids possess 

too high a critica! pressure to be acceptable as it causes 

analysis pressures to exceed the pressure limitations of 

the pumping equipment or sampling device. Although super

cri ti cal water may have very interesting chromatographic 

features, as it is a very powerful solvent capable of dis

solving for instanee silica, it is generally ruled out 

because of the rather extreme critica! pressure (and tem

perature). 

High pressures also forma safety risk especially with 

fluids that are in the gas phase at ambtent conditions; 

they tend to expand violently if a leakage in the instru

mentation occurs. The hydrocarbons, being combustable 

fluids, form also a safety hazard as they are operated at 

both a high pressure as well as a relatively high tempera

ture. 

The cost of tbe mobile pbase, wbicb depends on availabili

ty and desired degree of purity, bas also to be considered 

in the cboice of a mobile pbase. Xenon for instance, is 

far too expensive to be used in a routine situation. Xenon 

bas also an infavorable cbromatograpbic cbaracteristic 

wbicb it shares with SF 6 : both substances have high molec

ular weights and therefore a relative·ly low diffusivity 

compared to for instanee C0 2 or N2 0. 

Additional demands to the fluid characteristics are formed 

by stability and the available degree of purity. Some 

fluids, eg. halogenated or branched alkanes, ketones and 

acetonitrile, are known to decompose under certain condi

tions [1]. The degree of purity is of importance since low 
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levels of impurities may alter the retention behaviour of 

analytes. It ~ay also cause detection problems as for in

stance encountered in the combintion of C0 2 with flame 

tonization detection: increased noise, wander and base 

line level. 

An aspect of minor importance is formed by the compressi

bility of the fluid in the solvent delivery system: A high 

compressibility requires large volume changes during pres

surization but enables a smooth i.e. pulsless flow. 

A measure for the solvent strength is formed by the Milde

brand solubility parameter [2]. It may be seen as a (semi) 

quantitative measure for the well known rule 'like dis

solves like'. The solubility parameter is defined as: 

( 1. 1) 

in which E represents the molar cohesion energy and V the 

molar volume. The cohesion energy is to be interpreted as 

the difference in the fluids internal energy at a particu

lar state and the value found extrapolating to zero densi

ty at the same temperature. The cohesion energy is there

fore a measure for the molecular interaction forces in the 

fluid. 

Two substances are mutually dissovable if their solubility 

parameters do not .differ more than 2 (cal/ml). This ap

proach works reasonably well for apolar binary systems and 

may be used to characterize the solvent power of a fluid 

[3. 4, 5]. 

Another, but similar, approach is the law of corresponding 

states [6]. This law is a generallzat ion, stating that 

those fluid properties dependent on molecular forces are 

related to the critical constants in the same way for all 

substances. The equation oj state for each individual sub

stance may be different but,·if reduced parameters i.e. 

fractions of the critica! properties, are used instead of 

the actual pPT data, the reduced equations of state become 
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identical. In effect the critica! point is taken as the 

origin. 

The law of corresponding states may also be used to ex

amine whether or not two fluids have a similar behaviour 

and are therefore to be expected to possess a similar sol

vent power towards analytes. If the law of corresponding 

states is, for instance, applied to the pPT data of nitro

gen and methane, a nearly perfect match is obtained. This 

implies that at the same reduced conditions, nitrogen and 

methane show very sim i lar behaviour. Since SFC involves 

the use of near-critical fluids, it may be understood that 

other than molecular interaction considerations would have 

to influence the hypothetical choice between nitrogen and 

methane as a mobile phase for SFC. Such a considerat ion 

might for instanee be favorable diffusivity or the analy

sis temperature in the separation of thermolabile compon

ents. 
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Fig. 1.3: Isotherms for supercriticaL C0 2 • 

24 



The fluid most widely used as a mobile phase for SFC is 

C0 2 being cheap, safe, readily available at sufficient 

purity, stable, non-reactive, compatible with universa! 

gas phase detectors such as FID and MS. fairly compres

sible as a liquid, capable of dissolving a wide range of 

components [7], and last but not least due to its favor

able critica! properties (see figure 1.3). 

1.3 INSTRUMENTATION FOR SFC: AN OVERVIEW 

A supercritical fluid chromatograph is not essentially 

different from the instrumentation used in the two other 

forms of column fluid chromatography; GC and High Perfor

mance LC. The basic instrumental outline for fluid chroma

tography is sketched in figure 1.4. 

i-~ 
I 

1 

3 
6 

Fig. 1.4: Basic instrumentation for column ftuid chromato

graphy {see text for details). 

The heart of a fluid chromatograph is formed by the analy

tica! column in which the separation is effected. Through 

this column, a carefully controlled continuous flow of 

mobile phase is maintained by means of some sort of fluid 

25 



delivery system (1). generally either a pump (HPLC) or gas 

cylinder (GC). 

Part of the sample to be analyzed is transferred into the 

column (3) using a sample introduetion device {2). The 

sampled portion is carried along the column by the mobile 

phase at a predetermined temperature set by the column 

oven (6). Separation of the various substances present in 

the sample, is effected as a consequence of differences in 

migrating speed. These differences find their ortgin in 

the specific partition coefficients, that is the amount 

present in the stationary phase over the amount in the 

mobile phase, of the analytes. This action is called the 

retention mechanism. 

The total average time spent in the column is be equal to 

the sum of the time necessary to traverse the column at 

the average mobile phase velocity and the average time 

spent in the stationary phase. After passing through the 

column, the presence of the analytes is detected by means 

of a detector (4). By monitoring the detector signa! du

ring the analysis, a chromatagram (5) is obtained. The 

chromatogram, which reflects the separation obtained, con

sists of series of more or less resolved peaks correspond

ing with the detected amounts of the various analytes. 

Apart from separation. an unwanted side-effect takes place 

during component elution. Due to various mechanisms, the 

initia! (narrow) sample band is broadened, thereby causing 

dilution with mobile phase and counteracting the separa

tion. The in-column band broadening may be minimized by 

choosing the appropriate operating conditions but is in

herent to the separation process. The total varianee (a 

measure for peak width) as observed in the chromatogram, 

is also determined by factors such as the initia! band

width caused by sample introduction. dead-volumes and de

tector response characteristics. It is needless to say 

that these extra column contributtons should be kept as 

small as possible in order to obtain the narruwest peaks. 
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Having described the essentials of a fluid chromatograph, 

a more detailed discussion of demands placed at the va

rious parts of SFC instrumentation, is presented in the 

following sections. 

The soLvent deLivery system 

A solvent delivery system for SFC should be able tó supply 

the mobile phase fluid at a desired pressure with minimal 

fluctuations. Its pressure control should be versatile 

however since a wide range of pressures .is called for and 

one may wish to vary the pressure during analysis in a 

predetermined way. Presently most analysises are performed 

at constant fluid composition. It may however prove to be 

useful to alter the fluid composition during analysis 

which will complicate the delivery system. 

The sampLe introduetion device 

The objective of this part of the instrumentation is to 

transfer (part) of a sample into the analytica! column. 

ideally in the form of a plug of negligible width. Care 

must be taken to avoid discrimination i.e. the sampled 

portion should have the same composition as the 

sample. The introduetion device should be able 

stand high pressures and allow introduetion of 

amounts of sample. 

original 

to wi th-

various 

The sampled amount has to be matebed to the column capaci

ty and performance as well as the detector sensitivity 

[8-11]. Too large a sampled amount may overload the 

column, causing peak shape deformation and deteriorates 

separation. Too little amount per component causes inde~ 

tectablility; one cannot distinguish the component peak 

from the noise present in the detection signa!. 

The anaLytical coLumn 

In SFC two types of analytica! columns are used: packed 

and open-tubular columns [12, 13]. Some of the features of 

both column types are presented in table 1.3. 
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Table 1.3: Compartson of packed and open-tubular columns. 

Feature packed Open-tubular 

permeability low high 

pressure drop high low 

length short long 

sep. power low high 

rnass-flow ra te high low 

~mple capacity high high 

ameter large small 

The advantages of capi llaries over packed columns find 

their origin in the better permeability of the capillary 

column. The specific permeability coefficient, B0
, is 

32/d 2 for open-tubulars respectively 1000/d2 for packed c p 
columns. in which de stands for the inner diameter of the 

capillary and d for the diameter of the particles used in p 
the packed column. Typtcal values for de are 50 to 25 ~m 

whereas in contemporary packed columns partiele diameters 

range between 10 to 3 ~m The pressure drop. AP. over a 

column may be estimated using the Darcy equation: 

AP ( 1. 2} 

in which T) represents the mobile phase viscos i ty, L the 

length of the column and u the mobile phase velocity. 

The efficiency of a column is largely determined by the 

inner diameter respectively partiele diameter used. A 

higher efficiency. smaller diameter. wi 11 therefore lead 

to more pressure drop. The pressure drop per unit of 

length being much larger for the packed column types. 

Large pressure drops can however not be accepted in SFC 

since this will influence the retention of analytes. This 
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restricts the length of especially the packed columns and 

thereby the number of theoretica! plates that may be gene

rated. Capillary columns have therefore a much larger 

separation power than packed columns. 

An advantages of packed columns is the fact that they 

possess a larger permeable cross-sectional area than found 

in open-tubulars. This results in a higher rnass-flow rate 

through packed columns. Due to this higher flow rate, 

packed columns are less effected by dead-volumes as well 

as the sample volume introduced into the column (see chap

ter 2). The sample capaci ty, i.e. the amoun t of analyte 

that may be introduced without significant distartion of 

the peak shape, is also larger for packed column as the 

amount of stationary phase is generally much higher than 

in cap i llaries. 

Although packed columns generate less theoretica! plates 

per unit of pressure drop, they require less time to do so 

compared to contemporary capillary columns [12]. This is 

caused by the rather large inner diameter of contemporary 

open-tubulars which does not allow a high separation speed 

(see chapter 4). It is therefore concluded that packed 

columns may be used for fast analysis of relatively simple 

mixtures whereas contemporary cap i llaries requi re langer 

analysis times but have a higher separation power allowing 

separation of relatively complicated samples. 

The detectton deutce 

The kind of detector chosen. determines the position of 

the rnass-flow restrictor. which will be discussed in the 

next paragraph. Detectors based upon principles such as UV 

VIS absorbtion or fluoresence [14, 15] may be operated at 

a high pressure i.e. the pressure used during analysis. 

Detectors such as the flame ionization detector (FID) or 

mass spectrometer (MS) [S. 16], being essentially gas

phase detectors, operate at a low, (sub-) ambient, pres

sure. Th is kind of detector types requi res therefore de

compression of the fluid prior to detection. 

The mobile phase used should be compatible with the se-
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lected detection device as mentioned previously in para

graph 1.2. The rnass-flow rate has also to be matebed to 

the detector type since detectors such as a FID or a mass

spectrometer. are capable of handling only limited amounts 

of column effluent. 

The mnss-flom rnte restrtctor 

The most eminent instrumental difference between SFC and 

GC, HPLC is formed by the need for a rnass-flow restrictor 

when dealing with SFC. Since SFC incorporates the use of a 

highly compressible fluid at high pressures, appropriate 

action should be taken to avoid large rnass-flow rates i.e. 

unacceptably high mobile phase velocities, and inherent 

large pressure (density) drops over the analytica! column. 

Unlike GC, such a presssure drop is not acceptable since 

solute retention is not merely influenced by temperature 

alone: HPLC on the other hand does not suffer from the 

large pressure drops involved since the liquid phase is a 

relatively incompressible medium when compared to a gas

I ike fluid. 

The position of the rnass-flow rate restrictor is, as men

tioned previously, determined by the detector type. Great 

care should be taken if the restrictor is coupled to the 

analytica! column prior to detection since the introdue

tion of dead-volumes will distort the separation obtained. 

Since such a restrictor is also used as an interface, it 

should be capable of transporting the column effluent to 

the detector without producing artifacts; predominantly 

condensation or precipitation of the analytes during de

compression. 

Post detector restrietars are less of a problem since they 

will neither introduce relevant dead-volumes nor serve as 

an interface. 

Ideally the rnass-flow restrictor should be variabie there

by allowing variation of the linear velocity which is 

largely deterrnined by the rnass-flow rate. At high rnass

flow rates and post-detector decompression, eg. packad

columns with UV-detection, this may be feasible using com-
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mercial mass-f low controllers. The very small mass-f lows 

involved in open tubular SFC presents more of a problem, 

especially if the restrictor is also to be used as an 

interface. 

The column oven 

The column temperature plays an important role' in SFC 

instrumentation. The on-column fluid state is determined 

by both the pressure generated by the solvent delivery 

system as well as the temperature of the column. The oven 

should he very temperature stable since small fluctuations 

may lead to large density variations especially at near 

critical conditions. The fluid state does not only in

fluence solute retention but together with the rnass-flow 

rate determines the mobile phase velocity as will be dis

cussed in chapter 3. 

It might prove usefull to use an oven with versatile tem

perature programming facilities, which in combination with 

the pressure programming capabilities. allows for a wide 

range of carefully controlled fluid states during analysis 

i.e. fluid state programming. 

1.4 INSTRUMENTATION FOR CAPILLARY SFC 

During the experiments the instrumentation was modified 

several times. The final design, sketched in figure 1.5, 

will be discussed in this paragraph. Vital parts such as 

the sampling device and restrietar/detector interfacing 

will be subjected to a more thorough evaluation in the 

chapters two and three. 

The instrumentation is intended for use wi th capi llary 

columns. Flame tonization detection was chosen since it is 

a basically non-selective, sensitive and therefore general 

purpose detector which may he looked upon as a model for 

an even more versat;ile detection system: the maas-spectro

meter. Carbon dioxide was selected as the mobile phase for 

reasons pointed out in paragraph 1.3. 
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Fig. 1.5: SampLe i.nstruaentatlon for caplttary SFC (see 

text for details). 

The solvent delivery system (1) consists of a Varian 250 

ml syringe pump (Model 8500, Varian, Wallnut Creek, CA, 

USA) modified for use under pressure control [17]. A 

Perkin Elmer 500 ml syringe pump (Model 601, Perkin Elmer, 

Norwalk, CT, USA) is used to supply precompressed lique

fied co2 (2) drawn from a cylinder equipped wi th stand

pipe (3). This precompression pump allows fast and effi

cient filling of the actual solvent delivery system and is 

used as a general souree for liquefied C0 2 • 

A micro-computer, interfaced with the modified Varian pump 

electronics, forms the pressure control unit (4). This 

combination allows flexible control and smooth, time 

dependent, adjustment (programming) of the fluid pressure. 

A Valco sample introduetion valve (Model A-3-Ni4W. Vici 

AG., Schenkon, Switzerland) with a 40-60 nl internal loop 

volume was found to be a satisfactory basic sampling de

vice (5) in combination with capillary columns. The valve 

is pneumatically actuated (Model ULCI-220V, Vici AG., 

Schenkon, Switzerland) and timed by means of a home build 

adjustable timer (6) enabling fast switching between the 
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load and inject position. Only part of the sample-loop 

volume is introduced, using this so called called movtng 

tnjectton technique. 

During the experiments a number of analytica! columns (7) 

were used wi th inner diameters in the range of 75 to 25 

~m. These columns, made out of fused silica, where coated 

with immobilized apolar stationary phases such as SE54 and 

OV73. The stationary phases have to be immobilized, as 

they are liable to dissolve in the supercritical mobile 

phase. Fused silica forms an adequate material for narrow 

(sub 100 ~m ID) bore columns due to its flexibility and 

strength. Coupling of narrow bore columns, avoiding daad

volumes which are pernicious to overall performance is 

rather difficult. The end-restrictor is therefore prefera

bly made an integral part of the analytica! column despite 

the disadvantage of poor replacibility. Narrow bore fused 

silica columns generally possess sufficiently smal! outer 

diameters to allow virtually zero-dead volume coupling 

with the FID since the column exit may be positioned just 

below the f lame base. A Varian gas-chromatograph {Model 

3300, Varian, Wallnut Creek, CA, USA) equipped with an FID 

is used for temperature control (8) of the column and can 

be USed from approximately 300 °C down to 30 °C. 
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CHAPTER 2 

EVALUATION OF SAMPLE INTRODUCTION TECHNIQUES 

Sum.mary 

In this chapter an evaluation of sample introduetion tech

niques is given. Criteria for the maximum allowable 

sampling time and volume with respect to their influence 

on peak-shape and band-width are establised and applied to 

specific SFC sampling conditions. The sample introduetion 

techniques discussed are based on sample val ves and in

clude sample splitting, direct sample introduction, (purg

ed) moving injection and the application of a retention 

gap. The combination of purged moving injection wi th a 

retention gap is demonstrated to have most favorable 

characteristics. Further diversification of sampling tech

niques, such as on-column preconcentration and the use of 

the mobile phase fluid to dissolve samples, is the subject 

of the last paragraph of this chapter. A potentially 

powerful introduetion technique, incorporating both cryo

genic focussing as well as changing solvent strength dur

ing sampling is proposed. 
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2.1 INTRODUCTION 

Sampling plays a key role in any separation technique. The 

sampled amount of a solute of interest should be large 

enough to allow detection. which forms one of the major 

problems in trace analysis. Too large a sampled amount 

may. on the other hand, cause overloading of the analyti

ca! column by major sample components i.e. cause deviation 

from 'normal' retention behaviour and peak symmetry. The 

initia! band width should furthermore not destruct the 

separation power of the column. This confines sampling to 

strict limits [1. 2, 3]. Other demands made with regard to 

sampling are reproducibility and consistency i.e. the 

sample entering the column and the original sample should 

have the same composition; no discrimination is to occur. 

Sampling in capillary SFC is generally performed with low 

volume (<100 nl) sampling valves. The transit times of the 

valve should be kept as short as possible, for this will 

be benificial to sampling profiles and reduces pressure 

pulsing due to no-flow positions during transit. Sampling 

with a valve, places technological limitations to the 

maximum allowable temperature and pressure, the widest 

possible pressure range being obtained at ambtent tempera

tures. As a consequence, the valves are generally mounted 

outside the column oven. For most mobile phases used in 

SFC this causes the sample to be transferred into a liquid 

phase below its .critica! temperature. In order to avoid 

the detrimental effects of boiling (fig. 2.1a} upon trans

port from the sample valve to the column oven, sampling is 

performed at supercritical pressures {fig. 2.1b}. In other 

words. the sample is transferred into a pseudo-cri ti cal 

phase. 

The sampling technique most commonly used in SFC is split 

sampling. Split sampling is, although useful, of limited 

applicability. Diversification of sampling techniques, 

l ike in GC [ 4. 5] and to some extend in HPLC. should 

therefore be one of the research goals in the field of 

SFC. 
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a b 

1--f 1 cm/min 

Fig. 2.1: Resulting chroaatogram {a) mith and {b) without 

batting tn the interface bet•een saapltng deutce and 

column ouen. 

2.2 EXTRA-COLUMN CONTRIBUTIONS TO BAND BROADENING APPLIED 

TO SAMPLING 

The limit of performance for a column-chromatographic sys

tem is set by the separation power of the column employed. 

The resolution, Rs' a quantitative measure for the separa

tion obtained between two neighbouring peaks, is defined 

as: 

R = s ( 2. 1) 

The resolution depends on the retention time difference 

(tb-ta) betwè'en two consecutive peaks (a, b) and their 

mean standard deviation oab· The ratention time differ-
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ence, being basically a thermadynamie quantity, originates 

ideally from the separation process inside the analytica! 

column. The peak standard deviation does not only depend 

on the dispersive mechanisms inside the analytica! column, 

but is also determinded by various extra-column contribu

tions to band broadening. These include broadening caused 

by sampling. connecting tubing. detector response etc. 

[6]. 

Whereas the retention time difference and on-column band 

broadening are inherent to a certain separation process. 

these extra-column contributtons are not. In order to ob

tain the best possible resolution and detectability, extra 

column contributtons should be kept as small as possible. 

In genera!. the various broadening mechanisms may be look

ed upon as response functions. a response function being 

the output generated by a specific mechanism upon a sharp 

pulse input. Since the actual band shape is the result of 

a number of band broadening contributions, the output of 

the corresponding consecutive response functions should be 

taken as the input for the next. 

sample ~ mixer ~ column ~ detector ~ response 

Fig. 2.2: Band broadening contributtons in a hypothetical 

chromatographtc system. 

This mathematica! procedure simulating the actual process 

is called convolution. It may for instanee be used to cal

culate the total chromatographic response if the various 

response functions {mixer, column. detector) as well as 

the input band form (sample} are known, like in the hypo

thetical chromatographic system depicted in figure 2.2. 
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Whereas calculation of the final response requires appli

cation of the convolution procedure. the peaks total vari 

ance, its standard deviation squared, is readily obtained 

by summation of the individual contributions: 

2 

"tot 
(2.2) 

In which the indices refer to the various parts of the 

chromatographic system presented in figure 2.2 

These contributtons are known quantities for a large num

ber of response functions; those most relevant to SFC are 

given in table 2.1. Knowledge of the varianee induced by 

the different band broadening mechanisms is of great help 

in system design and evaluation. 

From the chromatographers viewpoint, asymmetrical band 

broadening is highly undesi rable, especially exponent i al 

decay (tailing). Tailing becomes apparent whenever an ex

ponential T equals the standard deviation a of the other

wise symmetrical peak as shown in figure 2.3. Apart from 

causing additional band broadening which negatively influ

ences resolution, quantification by peak area is hindered 

due to inaccurate estimation of the peak bounderies. Fur

thermore, the peak top location becomes less suited as a 

means for component identification, since exponentlal band 

broadening is accompanied by a shift in peak-top location, 

as is also illustrated by figure 2.3. 

In system design, it is generally good practise to avoid 

fittings and connectors, especially if sharp diameter 

changes are involved. The combination of on-column end

restrictars with gas-phase detection, as frequently used 

in capillary SFC, introduces effectively no extra-column 

band broadening. In such cases the sampling device becomes 

the most critica! part of instrumentation with regard to 

extra-column band broadening. 
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Table 2.1: Properties of various response functions [6]. 

NAME SHAPE APPLICATIONS CHARACT. 2nd MOMENT 
TIME: T [s] a2 [s2] 

t 

Gaussian ./1\_ analytica! column 
6 at 

2 

r". connecting tubing at 

plug ___j.L_ 
I I 

fast sampling valve V/F a T
2 /12 

0 .. 
exponent.ial J\_ detect. electronics RC b 

T2 
mixer chamber V/F a 

0 . 
semi 1\_ slow sampling valve valve 

transit 3T 2 /80 parabol ie 0 • (circular openings) time 

a) V characteristic volume [ml]; F = flow rate [ml/s] 

b) R, C : characteristic reststance resp. capacity of the electrical network 



T/0 
0 

t 100 0.1 
0.3 
0.6 

H 
-+1-++ 1.0 

80 

60 

40 

20 

-3 -2 -1 0 1 2 3 4 

Fig. 2.3: Effect of exponenttal band broadenlng on peak

shape and top-tacation for uarious T/O ratios. 

In order to evaluate the maximum allowable band broadening 

caused by one particular part of the instrumentation, in 

this case the sampling device, all other contributions but 

that of the column are assumed to be negligibla. 

If a factor Q> is allowed between the total and column 

broadening: 

<I> 

0 tot 
= 

0 col 
(2.3} 

using: 2 02 + 02 0 tot = col sam (2.4) 

41 



the maximum allowable sampling varianee may be obtained 

from: 

t) a~ol (2.5} 

Band broadening contributtons are usually evaluated for an 

unretained component, since the effects of extra-column 

contributtons will be most profound. In case of capillary 

columns (chapter 4, [7]), the column varianee for an unre

tained component may be substituted by: 

;-;: [ 1 + q2 ] d 3 L 
(12 c 
col,t 3 D2 2304 q m 

or 

2 11"2 ;-;: [ 1 
+ q ] d6 L a col, v = 

192 q c 

in which: 

and 

d column diameter; 
c 

L column length; 

Dm binary diffusion coefficient; 

q u / uopt 
u mobile phase velocity; 

optimum mobile phase velocity. 

0 t(ime} * F = 0 v(olume) 

F = flow rate = 2 ~ 1r d c 

(s2] (2.6) 

[m&] (2.7) 

(2.8) 

(2.9) 

For a given value of <P {eq. 2.3), substitution of the 

column varianee (eq. 2.6 or 2.7) into equation 2.5, leads 

to an expression for the maximum allowable sampling vari 

ance. Combination with the appropriate second moment for a 

given sampling profile (table 2.1}, supplies us with an 
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estimate for either the maximum allowable characteristic 

volume, V, or the characteristic time, T. Only in those 

cases in which the actual sampling profile is known, they 

may be translated into more familiar quantities such as 

the sample volume or time required to introduce the sample 

into the system. The actual sampling profiles are general

ly non-ideal and usually mixed forms of those gi ven in 

table 2.1. 

It must be noted that, as may be readily seen from the 

equations 2.5 - 2.7, whereas the sampling volume depends 

largely on column-dimensions, the sampling time is also 

inversly proportional to diffusivity in the mobile phase. 

For a plug sampling profile, sample calculations for 

maximum allowable band broadening contributions, applying 

to capillary SFC with C0 2 as a mobile phase, are given in 

table 2.2. These calculations were made for a 5% extra

column band broadening contribution (~ = 1.05), column 

dimensions 50 ~m ID by 10 meters length. Furthermore: 

Diffusion coefficiènt 

Plug sampling profile 

Characteristic volume 

Table 2.2: SampLe caLcuLations for maximum aLLowabLe 

sampLing time resp. voLume at various mobiLe phase ve

Locities. (conditions: see text) 

reduced sampling time sample volume 
velocity 

[s] [nl] 

q = 0.5 5.4 29 

q = 1 2.4 26 

q = 2 1.3 29 

q = 5 0.78 42 

q = 10 0.54 59 
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Whenever the sample volume plays a limiting role, like in 

exponenttal decay or in the case of too large sample-loop 

volumes, sample splitting may be employed to reduce the 

extra-column band broadening. Sample splitting involves 

the introduetion of an additional flow which is vented 

after sampling; the split ratio heing the ratio of the 

vented flow over the flow through the column. As a result 

of sample splitting, less sample enters the column and a 

substantial decrease in the sample time is brought about 

which is especially beneficia! in the case of exponenttal 

decay (T = V/F}. The sample volume becomes less critica! 

at high mobile phase velocities, contrary to the sampling 

time. Under such condi ti ons the time constants of the 

chromatographic system 

may not be compensated 

limiting. Another case 

(eg. 

for 

of 

sampling, 

by sample 

a 1 i mi ting 

detection), which 

split t ing. become 

time constant is 

found in slow valve motion. For the conditions used to 

calculate the maximum allowable sampling characteristics 

as given in table 2.2. a valve transit time of 0.8 [s] at 

ten times the optimum velocity, would contribute 5% to the 

obtained total standard deviation, regardless of the 

sampled volume. 

2.3 EVALUATION OF SAMPLING TECHNIQUES 

Sample splitting 

The sample introduetion technique most commonly used in 

conjunction with capillary SFC, is sample splitting after 

transfer of the total sample loop volume. It is a widely 

used technique in both GC as well as SFC despite cbarac

teristic disadvantages such as discrimination of sample 

components [SJ or uncertainty about the actual sampled 

amount. [9] 

In GC. sample splitting involves mixing of a specific 

sample volume with mobile phase in order to establish a 

homogeneaus whole. Subsequently. part of this mixture is 

allowed to enter the column while the remainder is vented. 
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The objective of sample splitting is to reduce the amount 

of sample entering the column, since narrow bore columns 

possess very little sample capacity. As discussed before, 

its main advantage originates from the fact that the total 

flow through the sampling device is magnitudes larger than 

through the column. This causes rapid flushing of the de

vice, allowing short transfer times and reduces dead

volume effects. 

Al though sample spl i tting is an essentially simple tech

nique, its performance is influenced by a large number of 

factors. First of all, the sample profile at the split 

point largely determines the sample variance. This sample 

profile is the resul t of the sample transfer into the 

splitter device, the splitters volume and the flow profile 

ins i de the splitter. If a short transfer time and plug 

flow without flow disturbances is assumed, then the ini

tia! sampling profile is maintained. Increasing the resi

dence time in the splitter and/or introduetion of parabol

ie flow profiles, which is a more realistic situation then 

plug flow, 

or less 

tend to diffuse the sample profile into a more 

gaussian shape. Al though gaussian prof i les 

generate the least extra varianee (table 2.1), the in

crease in hypothetical sample volume causes the sample 

varianee to be at best equal to that of an ini tal plug 

profile. An ill designed splitter, eg. containing eddies, 

will act as an exponentlal mixer with corresponding larger 

sampling variances [10]. 

Another factor of importance is formed by the flow ob

struction due to the presence of the analytica! column. If 

the ratio between the open and obstructing cro•s sectional 

areas becomes too small, the flow profile will be disturb

ed to such an extent that both the split-ratio as well as 

the sample profile will be effected [11]. In a well de

signed splitter system, the linear flow veloeities through 

both the column (u 1 ) as well as the surrounding split-co 
vent path way (usplit} should he (approximately} equal, 

thereby forming an isokinetic splitter (see figure 2.4). 

A typtcal (commercial) sample splitting device for SFC is 

illustrated in figure 2.5. 
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Fig. 2.4: Scheaatics of a splitter device at the split 

point. 

us, uc linear vetocity through resp. split (A
5

) and 

column (Ac) cross-sectionat area. 

5 __..... 

4 

+ 

t t 
2 3 

Fig. 2. 5: Commercial sample split ti.ng device (SGE Inc., 

Austin, TX, USA) for SFC [9]. 

1: sample valve; 2: 1/16 inch nut; 3: coJ.uan; 4: glass

ttned tubtng; 5: split restrtctor. 
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There are significant expertmental differences between 

sample splitting in SFC and GC: 

- split ratios are generally smaller in SFC; 

- contrary to GC, splitting is usually performed with no 

or only partial mixing with the mobile phase. 

Sample splitting in SFC is not accompanied by an equiva

lent of the evaporation step in GC. 

- Whereas the mobile phase state in GC during sampling is 

not all too much different from column condi tions, SFC 

usually employs sampling in a pseudo-cri ti cal mobile 

phase which is subsequently heated to analysis condi

tions. This may involve drastic change of the fluid 

properties. 

The adjustment of the split ratio presents some problems. 

The split-flow restrietars used are generally of the same 

design as the end-restrictor i.e. 5-10 J.Lm short length 

open tubular or tapered restrictor. For the open tubular 

restrictor types, if bath the split- as wellas the end

restrictor are kept at the same temperature, the split 

ratio is in first approximation equal to the ratio of the 

restriotor lengths. By adjusting the length of the split

restrictor, the required split ratio is obtained. Beyond a 

certain split ratio however, no further decrease in trans

fered sample is observed due to infavorable flow-profiles 

at the split point. 

The split restriotor performance is crucially important. 

Deviation from smooth decompression, especially at high 

flow rates, will lead to flow variations which in turn rnay 

cause irreproducible sampling as well as peak deforrnation 

due to pressure pulses. The combination of a mobile phase 

like co2 and a split restrictor at ambient temperature for 

instance, leads to a discontinuous (sputtering) split flow 

as a result of the formation of solidified co2 due to 

adiabatic expansion. This is one of the reasons why both 

the split- and the end-restr.ictor should preferably be 

kept at the same ternperature. 

Although tapered restrietars possess superior characteris-
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tics over open tubulars, they are less suited as a split

restrictor since they are not easily adjusted and there

fore offer less flexibility. 

In GC it is a well known fact that the rnass-flow through 

the analytica! column is notinvariant with the split 

flow. This indicates a pressure drop over the splitter 

device. The same applies to split sampling in SFC. the 

effect becoming more profound with increasing split flows. 

Ciosure of the split flow line after sampling in order to 

save mobile phase is not to be advised since it will lead 

to full pressurization of the splitter device causing al

teration of the flow conditions. 

Direct sample introduetton and movtng tnjectton 

Direct sample introduetion is less frequently used in 

capillary SFC. Typical problems using this sampling tech

nique are effective, unflushed, dead-volumes and excessive 

sampled amounts. In order to overcome the latter problem, 

using a sample valve, there are two obvious solutions at 

hand: 

1- reduce the sample volume i.e. the sample valve loop 

volume; 

2- partlal transfer of the sample contained in the sample 

loop. 

Bath alternatives are served by modern, pneumatically 

actuated HPLC sample valves (cf. fig. 2.6) having internal 

loop volumes of 40 to 100 nl. Very short transit times 

(< 50 ms load to inject) reduce pressure drop effects due 

to intermediate blocking of the flow and produce negligi 

ble band broadening during transit. 

The sample profile of full-loop sampling with fast transit 

from load to inject, is believed to be a plug foliowed by 

exponentlal decay; the sample loop eventually acting as a 

mixer chamber (see figure 2. 7). As is readily seen from 

this figure, simple reduction of the sample volume (al 

ternative 1} is no real salution since it causes asymetri-
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cal band shapes. Termination of the sample transfer before 

exponential decay occurs will however result in plug-like 

profiles. 

fused ~\ 
silica tubing · 

removable fused_' 
silica assembly · 

valve 

Fig. 2.6: Va.l.co !Rodel A-3-Ni4W internat loop injection 

va.Lve (Vtci AG., Schenkon Switzerla.nd). 

Fig. 2.7: Sa.!Rple profile of full loop sa.•pting 1Dith a. 

short transit time (loa.d to tnject). 
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This is intended in the so-called moving injection tech

nique [10. 12] which involves partial transfer of the loop 

volume by fast switching back and forth between the load 

and inject positions of the valve, the duration of sam

pling being controlled by a timing device. 

Although the rnaving injection technique offers a workable 

salution to reduction of the sampled amount, it does not 

remave problem of unflushed dead-volume(s). The most dif

ficult part in on-column sampling is therefore formed by 

dead-volume free conneetion of the analytica! column to 

the sample-valve (see figure 2.8). Depending on the column 

outer diameter. the valve loop hole (typically 0.25 mm) 

and the accuracy of positioning, a residual volume of 5 to 

50 nl is formed. The sharp diameter changes involved give 

rise to turbulances, and as a result enhance mixing. When 

acting as a mixer chamber, characteristic decay times (T) 

of 0.5 resp. 5 seconds have to be reckoned with at optimum 

mobile phase velocity. 

-1 

Fig. 2.8: Coupling of sample valve and column. 

1: column; 2: 1/32 inch nut; 3: valve body; 4: 'Vespet · 

ferrute; 5: sample loop; 6: 250 ~m toop hole; 7: rotor. 
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Purged movtng tnjection [13] 

As discussed before (section 2.2). characteristic sampling 

times depending on flow. may be reduced by increasing the 

flow through the sampling device. This strategy is used in 

the so-called purged moving injection technique, a combi 

nation of split and moving injection (see figure 2.9). 

1 

~, 

• 
'--- ... 

' 

5 

Fig. 2.9: Purged movtng tnjectton. 

1: saaple valve; 2: oven walt.; 3: purge restrictor; 4: 

fused-silica ttntng; 5: T-connector; 6: column. 

If plug shaped sampling is assumed, the sampled volume 

will depend on both the sampling time and the flow rate 

through tbe sampling device. Introduetion of an additional 

flow i.e. increasing the flow rate while keeping the sam

pling time fixed, will result in a larger fraction being 

flusbed out of tbe sample loop. If this additional flow is 

vented over a purge restrictor, the sample volume entering 

the column will be independent of the purge ratio as long 

as there exists incomplete transfer of the loop volume. 

For instance, a purge ratio of 4:1 increases the total 

flow and therefore the sampled portion by a factor 5. 
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Since the sampled portion is splitted 4:1, the same amount 

willenter the analytica! column as would have been the 

case without purging. This is depicted in figure 2.10. 

4 
T. 
~ 

F p 

+ 

+ 
I 

+ 

+ 
I 

+ 

+ 
I 
+ 
I 

~+ 

Fig. 2.10: Comparison of the sampted amount with (-+-) and 

without (---) purging at a constant sampling tiae (t 1 ). 

Purge ratio Fp: Fe = 4:1; Fp' Fe: FLow rate through the 

purge tine resp. the coLumn. 

It must be noted that effeetive sample splitting is ob

tained, as soon as the product of total flow through the 

sample loop times the sampling time exceeds the plug vo

lume. This is however not the objective of this technique. 

It is not meant to decrease the sample amount entering the 

column. but to decrease the broadening effects caused by 

coupling of the column to the sample-valve by introduetion 

of a purge flow. Preservation of the initial (symmetrical) 

sample profile, being the main advantage of this tech

nique, is illustrated in figure 2.11. Differences in peak

height and width are due to alteration of the flow condi

tions with column inlet pressure (see chapter 3). 
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85 100 115 135 150 165 180 200 (atm) 

Fig. 2.11: Xeasured totat peak profiLes at vartous 

pressure condtttons ustng purged moving tnjection. 

Cotumn: 5.5 m * 50 JLm ID; Oven teaperature: ~JO °C; FID 

detection temperature: 250 °C; On-cotumn drawn tapered 

restrtctor; Sampte: Cyctohexane; Mobtte phase: C0 2 • 

Purged movtng tnjection combined with a retention gap 

Most sampling techniques used in SFC may be adapted to be 

used in conjunction with a retention gap. A retention gap 

is simply a piece of column without stationary phase, 

placed between the sampling device and the analytica! 

column. Retention gaps were first introduced in capillary 

GC by Grob [14, 15] as a means of 'repairing' sampling 

artifacts resulting from on-column sampling. Basically the 

idea was that components present in the sample plug move 

through the retention gap at mobile phase velocity. Upon 

contact wi th the stationary phase ins i de the column the 

component velocity is suddenly decreased by a factor 

{l+k}; k being the solute capacity factor. Thus an effec

tive compression of the solute sampling profile is brought 

about. reducing thereby the sampling variance. Later on, 

another positive mechanism, the solvent effect, was found 

to be very effective but beyond the scope of this text 

since it is believed to be irrelevant to SFC. 

The application of a retention gap serves another purpose 

in SFC with ambient sampling. Sampling at ambient tempera

ture causes part of the analytica! column to be at an un-
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def ined temperature, whi le the mobile phase is heated up 

to analysis conditions. This causes unpredictable broaden

ing and deformation effects, especially for high boiling 

components, as is demonstrated in figure 2.12. 

C16 
C20 

C24 

28 

C32 

a 

C36 

16 

C20 

24 

C28 
C32 

b 

C36 

Fig. 2.12: Saapling of n-alkanes •ithout {a) and •tth ap

plication of a retentton gap {b) using co2 at 200 atm. 

Column: 10 m x 50 ~m ID (OV73 0.2 ~m film thickness); Oven 

temperature: ~0 De; FID detector teaperature: 250 DC; On

column embedded tapered restrtctor. 

A conneetion of the retention gap with the analytica! 

column which does not introduce band broadening nor tail

ing. is rather difficult to create. Combination with split 

sampling or purged moving injection however, is simple 

since it only requires shifting of the split/purge point 

to the coupl ing; the extra flow reduci.ng band broadening 

effects. The design of a purged moving injection device in 

combination with a retention gap is sketched in figure 

2. 13. 

The inner diameter of the piece of tubing used to al ign 

both capillaries is chosen to fit tightly around the ana

lytica! column. Whereas the inner diameters of both capil-
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laries preferably are the same, the outer diameter of the 

retention-gap should be chosen somewhat smaller in order 

to facilitate the vented mobile phase with a flow path. 

Too large a diameter difference will cause alignment pro

blems. 

' ' 

1 

3~:---
• ,.--· 

' ' ' 

--, Js 6 

.. --------- ... ~ 

' 

I 
I ---.. 

• .. _________ .J 

,.-a 

' ' 

'7 

Fig. 2.13: Purged mouing injection deuice combined with a 

retention-gap. 

1: saaple ualue; 2: retentton gap; 3: T-connector; 4: 

purge-restrictor: 5: allignment tubing; 6: column; 7: 

union; 8: ouen wall. 

lt is needless to say that both capillary ends should be 

pos i tioned close to each other in order to avoid band 

broadening. Rectangular cutting and very close positioning 

will produce the best possible flow behaviour at the 

coupl ing point. 

For a 200 ~m OD retention-gap inside a 250 ~m ID allign

ment capillary, the worst possible alignment with a 250*50 

~m analytica! column, still would produce a 40% area over

lap of the flow paths. This corresponds to a 30 ~m di

ameter hole and is considered to be sufficient. In this 
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example, the cross-sectional area available to the vented 

flow is nine times larger than the column cross-sectional 

area and should therefore form no obstruction to even high 

flow rates. 

If split sampling is intended, this type of coupling be

tween a retention-gap (pre-column) and the analytica! 

column is believed to have superior qualities over the 

split-sampling device discussed in one of the previous 

sections, due to a better flow profile at the split point 

and mixing of the sample with mobile phase. 

Another distinct advantage of the application of a reten

tion gap, is the fact that it guards the analytica! column 

by preventing insoluble materfals to reach the analytica! 

column. 

Further deuetopments in sample introduetion techntques 

Like in all matters concerning SFC, it proves useful to 

find allegorles of well known GC and HPLC solutions to 

specific sampling problems. Sametimes the SFC analogy is 

easily found and implemented, like the previously discus

sed application of a retention-gap. At other times, more 

difficulties are encountered like finding the analogy to 

on-column preconcentration. On-column preconcentration is 

a widely used technique in both GC as well as HPLC if com

ponent concentrations in the sample are too low to allow 

detection. 

A GC on-column preconcentration technique is cryogenic 

focussing. This technique, allowing relatively large sam

ple volumes, is based on reduction of vapor pressure by 

trapping the components of interest in a short cooled 

zone. After completion of sampling the components are re

leased by flash heating. The retention mechanism in SFC 

unfortunately does not, contrary to GC. merely depend on 

vapor pressure but is also determined by interactions with 

the mobile phase (solubility). Hot trapping i.e. decreas

ing interaction with the mobile phase as a consequence of 

decreased density, is a SFC alternative to GC's cryogenic 

focussing which is bound to fail since it involves an in-
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crease in vapor pressure. The HPLC salution to on-column 

preconcentration makes use of differences in solvent 

strength between two mobile phases. The sample is intro

duced into the system using a mobile phase in which sample 

components do not possess mobility. After sampling. this 

mobile phase is replaced by a 'better' solvent capable of 

eluting the sample components. The solvent strength as 

used in HPLC forms the key to on-column preconcentration 

in SFC. This may be implemented by using Helium as an ini

tia! carrier instead of C0 2 or any other suitable super 

critica! mobile phase. Relatively large sample volumes 

(multiple samples) are transferred into the system, using 

a suitable high-pressure introduetion device, by the 

Helium gas stream at an appropriate temperature; cf. GC's 

cryogenic focussing. The solvent is allowed to evaparate 

and subsequently vented whereas the sample components are 

trapped. Switching to the intended supercritical phase, 

the better solvent, is to be compared with the HPLC mech

anism, the solutes being allowed to gain mobility and sub

jected to separation. To avoid pressure pulses, both the 

intended supercritical phase as wel! as the Helium should 

be at an equal pressure, prior to mobile phase switching. 

Combination with a variabie purge flow allows efficient 

solvent venting, the resulting sampling system hearing 

close resemblance to the instrumentation used in some LC

GC combinations [16]. 

Dissolving samples in the mobile phase, sarnething that is 

strived for in HPLC since i t reduces al teration of the 

mobile phase properties by the (bulk) solvent, is another 

promising analogy. In the case of SFC, the sample. possi

bly dissolved in an organic solvent, is 'dissolved' in the 

mobile phase at a suitable fluid state i.e. liquid, pseudo 

or supercritical. Dissolving the sample may either be done 

off or on-line. Discrimination and/or dilution are typi

cal problems encountered whenever the mobile phase is used 

as the solvent. Further difficulties are encountered when 

using fluids such as C0 2 and N2 0 which are not a liquid at 
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ambient conditions and therefore difficult to handle in 

the preparation of off-line solutions. 

The formerly mentioned drawbacks of mobile phase dissolved 

samples are nihilated for the combination of (supercriti

cal) extractions [17, 18] and SFC, if the same fluid is 

used for both extraction as well as the mobile phase. In 

such cases the sample is representative for the extract 

(no discrimination occurs). The previously described on

column preconcentration technique for SFC forms an ideal 

combination with mobile phase dissolved samples in the 

case of trace analysis. 

2.4 SYMBOLS 

letter symbols 

c 
D 

m 

characteristic electrical capacity 

d 

analyte diffusion coefficient in the mobile phase 

column inner diameter 
c 

F flow rate 

column length 

reduced linear velocity; q = u/u t op 

L 

q 

R 

R 

characteristic electrical resistance 

s 
t 

V 

resolution 

retention time 

characteristic volume 

Greek letters 

c:f> factor coupl ing the allowed total peak width to band 

broadening caused by the column alone. 

a peak standard deviation 

T characteristic time 
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CHAPTER 3 * 

IMPLICATIONS OF THE USE OF MASS-FLOW RESTRICTORS IN 

CAPILLARY SFC 

Summary 

Mass-ffow restrictors are indispensable in SFC. In this 

chapter emphasis 

used in cap i llary 

mands placed on 

are demonstrated 

is laid on interfacing restrictors as 

SFC with gas-phase detection. The de

these so-called interfacing restrictors 

to be higher than is the case for post-

detector rnass-flow restriction. The theory of compressible 

flow is applied on tapered and constant diameter restric

tors, being the most frequently used types. Based on this 

theory, the flow characteristics of these restrictors are 

described and experimentally verified. The main conclu

sions of this study are a linear dependency of rnass-flow 

rate on applied pressure and the possibility of incomplete 

pressure drop over the restrictor, something which is ad

the case of interfacing restrictors. The 

the established linear dependency of the 

vantageous in 

implications of 

rnass-flow rate on applied pressure with respect to the in

column linear velocity as function of column oven tempera~ 

ture is extensively treated. 

* R.W. Bally and C.A. Cramers, HRC&CC, ~ (1986) 626. 
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3.1 INTRODUCTION 

Since SFC involves the use of relatively high pressures 

and solute ratention is, at least partially, determined by 

pressure (density). rnass-flow restrietars are an essential 

part of SFC instrumentation; they both determine linear 

velocity as well as limit the pressure drop over the co

lumn. 

The rnass-flow rates involved in capillary SFC are general

ly much lower than those found using paeked columns and 

require therefore a more eareful eontrol. In those cases, 

eg. flame ionization detector or mass spectroscopy, where 

dateetion oeeurs in the gas-phase rather than in the su

percritical fluid, the restrictor also serves as an inter

face. These interfacing restrietars place the highest de

mands on performance. This chapter will therefore largely 

deal with the performance of interfacing restrictors; 

general conclusions are of course also applicable to non

interfacing situations. 

The three restrictor types most frequently used in combin

ation with eapillary columns [1] are presented in figure 

3. 1. 

a b c d 

Fig. 3.1: Restrictor types frequently used in ca.ptl.la.ry 

SFC. 

a.) consta.nt dia.meter restri.ctor; b, c) tapered restri.c

tors; d) frit restrictor. 
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The ideal interfacing restrictor for (capillary) SFC would 

have the following characteristics: 

steady flow; 

- immunity from plugging; 

capability of flow rate variation; 

- non-discriminating decompression; 

- no contributton to extra-column band broadening. 

A restrictor incorporating all these features is yet to be 

found. The requirement of flow regulation is, for in

stance, difficult to combine with the other demands. 

Although restrictor performance is clearly vita! to capil 

lary SFC, most reports are of a qualitative nature [2-6]. 

Exceptions are Sm i th deal ing wi th the performance of ca

pillary restrictors [7] and our treatment concerning the 

comparison of tapered and constant diameter restrietars 

[S, 9]. Onderstanding of the performance of restrictors 

used in SFC will allow a better instrumental design. It 

will also serve in the explanation of phenomena such as 

the apparently contradictory observation regarding linear 

velocity; a decrease in velocity with increasing pressure 

under certain conditions. 

Changes in the fluid velocity are generally accompanied by 

changes in the fluids state (pressure, temperature densi 

ty}. At low veloeities these changes are smal! compared to 

the fluid state at rest. In such cases the flowing medium 

may be considered to be incompressible. This applies for 

instanee to the conditions inside the analytica! column in 

capillary SFC. However, it certainly does not apply to the 

restrictors used. Decompression over a restrictor involves 

large (apparent) velocity changes as is clearly demon

strated in the following example: 

Using the law of conservation of mass, puA constant, 

it is learned that for an 50 ~m ID analytica! column and 

an on-column density of 0.5 g/ml. the velocity (appa-
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rently) increases a factor 50,000 during decompression 

to atmospheric pressure over a 5 MID ID restrictor at 250 

oe. 

When such high veloei ty increases are involved however, 

the changes in fluid density (state) are essential and 

have to be treated by the compressible flow theory, gene

rally known as Gas Dynamics. 

In the following, Gas Dynamics will be applied to descrip

tion of the characteristics of tapered and constant di

ameter restrictor. These types are most frequently used in 

combination with capillary SFC. The relevant conclusions 

of restrictor characteristics towards SFC will also be 

discussed; two key issues being: 

pressure drop (fluid state changes) over the restrictor; 

- rnass-flow rate and the related on-column linear velocity 

as a function of column head pressure. 

Experimental verification of the theory was obtained using 

supercritical co2 as a mobile phase fluid. 

3.2 THEORY OF COMPRESSIBLE FLOW APPLIED TO RESTRICTORS 

In this paragraph the theory of compressible flow will be 

applied to tapered and constant diameter restrietars [10, 

11, 12]. A full treatment of compressible flow, as found 

in interfacing restrictors, would be far too complicated. 

It would for instanee involve the use of the complete 

equation of state for a supercritical medium like co2 
[13]. Being a polynomial of 70 terms, this would be highly 

impracticle. 

The theory of compressible flow is mainly built upon four 

basic laws, viz. conservation of mass, Newton's second law 

of motion and the first and second law of thermodynamics. 

Starting from these general equations and by making the 

following assumptions, a set of sufficiently accurate 
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equations descrihing the problem may be derived: 

- the fluid properties are assumed to be constant over any 

cross sectional area of the restrictor (one-dimensional 

approximation) and the flow is assumed to be time inde

pendent (steady flow). This implies that all fluid pro

perties in one-dimensional steady flow are just a func

tion of the position, x, along the axis of the restric

tor; 

the fluid is a perfect gas i.e. its internal energy and 

enthalpy depend only on temperature whereas the specific 

heats c and c are constauts over the temperature range 
V p 

involved; 

- extraneous farces (eg. gravitation) are negligible; 

the flow is assumed to be adiabatic, i.e. heat transfer 

through the wall of the restrictor is considered to be 

small and can, therefore, be ignored. 

The analysis of compressible flow made under these assump

tions can be used as a model for actual flows. When ap

plied to the flow of real i.e. non-ideal fluids, some of 

these assumpt i ons are over-simpl i f icat i ons. The general 

conclusions based upon this model are however, not believ

ed to be in gross error. 

The theory of Gas Dynamics used in the next sections, is 

fully described in reference [11]. Parts of the theory, 

considered necessary to appreciate the conclusions based 

upon it, are presented. 

FLow through tapered reetrietars 

In this section the compressible flow theory is applied to 

the flow through short tapered restrietars as sketched in 

figure 3.2. This tapered restrictor ·is attached to the 

column, which may be considered to be a sufficiently large 

reservoir. The fluid contained in this reservoir is at a 

constant specific state, Pt, pt and Tt. 

The rnass-flow rate, m, is constant throughout the system 

and may be written as: 
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or 

p u A 

dp 
p 

+ 

constant 

u 
+~ 

A 

(3.1) 

0 (3.2) 

in which p, u and A denote respectively the local density, 

velocity and cross-sectional area of the taper. 

---u -- m _....,.. 

--- m 

x 

Fig. 3.2: Properties of ftow through a taper. 

As a consequence of the assumption of adiabatic flow, the 

flow will be treated homenergie i.e. the total energy 

content of the fluid is constant. This may be written as: 

dh + u du 0 (3.3) 

01' 

(3.4) 

where h symbolizes the specific heat content of the fluid. 

A final assumption is the absence of friction as a conse

quence of which the flow is considered to be isentropic 

i.e. there are no entropy (s) changes involved. 
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Resuming: The tapered restrictor is connected to a suf 

ficiently large reservoir containing a perfect 

fluid at rest. The reservoir conditions are Pt' 

p and T . During decompression over the taper, 
t t 

heat is converted into velocity. The rnass-flow 

rate is constant througout the system. 

During decompression, the fluid is continuously accelerat

ed since the same rnass-flow is forced to flow through a 

decreasing area while the density of the fluid decreases 

simultaneously. It will prove convenient to express the 

fluids velocity in termsof the velocity of sound, a, 

using the so called Mach-number, M: 

M 
u 
a 

The velocity of sound, a, is defined as: 

'T RT 

(3.5) 

(3.6) 

(3.7) 

Combining the equations 3.1-3. 7, an expression re lating 

the changes in cross-sectional area, veloei ty. pressure 

and density may be derived: 

dA 
-A-

du 
u 

(3.8) 

The major conclusions to be drawn from this equation are: 

- The maximum velocity that may be attained during decom

pression over the restrictor corresponds to a Mach num

ber equalling unity. 

This situation will only occur at the exit of the re

strictor for which dA = 0 holds. 

These conclusions are crucially important since it limits 
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the velocitytoa maximum. This is contradictory toa 

straight forward calculation of the exit velocity as was 

demonstrated in the example presented in the introduetion 

of this chapter. There a velocity increase was predicted 

that would certainly lead to a velocity higher than the 

velocity of sound. 

At the maximum velocity, the pressure (density) drop over 

the restrictor cannot be completed to the pressure of the 

as the mass flow rate is fixed. The surroundings, Ps. 

fluids pressure at the exit of the restrictor may there-

fore be higher than the pressure of the surroundings, 

which in the case of SFC is generally (sub-) atmosperic. 

This is of particular interest since an incomplete pres

sure drop decreases the chances of solutes losing mobility 

in the fluid during decompression. 

The fluids pressure in the exit-plane of the restrictor is 

given by: 

= (3.9) 
2 

Below sonic outlet veloeities (M < 1}, Pe will be equal to 

the pressure of the surroundings, Ps. In practical SFC 

situations however, using a tapered restrictor, sonic out 

let veloeities do exist. The exit pressure will then fully 

be determined by the inlet pressure of the restrictor, Pt. 

Two other chromatographically important aspects of re

strictor characteristics, are: 

- the rnass-flow rate, rn, it will allow; 

- the ternperature drop due to adiabatic decompression. 

The rnass-flow rate is of irnportance since it. at least 

partially, determines the linear velocity inside the ana

lytica! column whereas the temperature should not drop 

below supercritical. 
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m (3.10} 

T (3.11} 

Again an interesting si tuation occurs when sonic outlet 

velocities, denoted by an asterix, are attained. 

Under such a condition, the restrictor characteristics are 

given by: 

-y+l 

(3.12} 

( 3. 13) 

{3.14) 

It follows that the rnass-flow rate is at maximum, as is 

velocity, and determined by the initia! fluid state, "T and 

the smallest cross-sectional area of the taper, A*. In 

such a case, the rnass-flow rate exit pressure and tempera

ture have become independent of the pressure of the sur

roundings; the flow is said to be choked. In SFC terros 

this means that the rnass-flow rate will be the same 

whether an atmospheric or high vacuum, as found in mass 

spectrometric detection, surrounding pressure situation 

exists. 

This phenomenon is further illustrated with the aid of 

figure 3.3. 
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Fig. 3.3: Ftow characteristics of a tapered restrtctor. 

Consider the configuration shown in figure 3.3, which re

presents a tapered restrictor with i ts flow discharging 

into the surroundings that possesses a variabie pressure, 

p . 
s 

At P
5
/Pt = 1, the pressure throughout the restrictor will 

be constant and no flow will occur (situation 1). As soon 

as Ps is slightly reduced {situation 2), a subsonic flow 

is established while Pe P
6

• Lowering P
5 

(situation 3), 

the flow remains subsonic, P = P , but the rnass-flow rate e s 
increases. The rnass-flow rate will keep on increasing with 

decreasing Ps until the velocity at the exit of the taper 

reaches the local velocity of sound (M = 1). At this point 

{situation 4} a critica! pressure ratio Pe/Pt exists: 
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p 
*,e {3.15) 

Decreasing Ps to even lower values (situation 5) will not 

change the pressure ratio P /Pt. Since both the flow 
*,e 

velocity as well as the exit-pressure are constants under 

these conditions, the rnass-flow rate is also constant and 

at the maximum given by equation 3.12. This implies that 

further expansion of the fluid will take place beyond the 

exit of the restrictor. A jet will be formed in which the 

fluid may accelerate to a supersonic speed, which in its 

turn may lead to the formation of shock waves. 

It must be pointed out that at choked conditions, the mass 

floW rate is linearly dependent on the reservoir pressure, 

Pt' whilst being inversely proportional to the square root 

of the reservoir temperature, Tt. 

FLow through constant diameter restrietars 

In this section the flow through constant diameter re

strictors will be considered. The instrumental set-up is 

similar to that of the tapered restrictors; the column to 

which the restrictor is attached is considered to act as a 

reservoir containing the fluid at constant conditions. 

Again the flow is assumed to be hamenergetic (eq. 3.3) and 

steady (eq. 3.1). For pipes however, negligence of viseaus 

effects would be a poor approximation. Instead, viscosity 

is taken into account using the conventional pipe friction 

factor, f, defined by: 

f = 
T 

(3.16) 

wi th T denoting the shear stress at the wall, leading to 

the surface friction force, Ff: 

{3.17) 
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in which de denotes the pipe diameter. 

The friction factor, f, is generally a function of the 

Reynolds number (Re) and the Mach number (M). If f = f(Re) 

is assumed then f ~ f(x) since pu is constant and there

fore the Reynolds number. 

Due to the fact that friction is involved, the flow is not 

isentropic; entropy changes do occur and are related to 

the viscous effects through: 

pT ds (3.18) 

The term (pT ds) is to be thought of as the loss of pres

sure due to friction. This may be expressed as: 

ds 
-R- (3.19) 

The subscript t is again used to refer to reservoir condi

tions. More precisely, the subcript t refers to the condi 

tions obtained when the flow is stopped under isentropic 

and frictionless condi tions. Whereas T t and ht are con

stant throughout the entire flow region, Pt and conse

quently pt are position dependent due to friction. 

Since irreversibilities, ds > 0, have been introduced, it 

wi 11 prove useful to investigate the entropy as functïon 

of enthalpy and the Mach number at a given rnass-flow rate. 

The rnass-flow rate is given by: 

m puA (3.20) 

with 

f(m) 'Y-1 Mz] - [ 
-2-

'Y+l ] 
2(7-1) 

(3.21) 
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in which Pt Pt(x). M = M(x) whereas Tt (eq. 3.14} as 

well as the product Pt•f(m) are constant. 

f (M) reaches a maximum at M = 1; P t reaches therefore a 

minimum at M 1 whi le the entropy reaches a maximum, s* 

(eq. 3.19}. 

The entropy change with increasing distance travelled 

along the pipe may be expressed as: 

ln f{M) (3.22) 
R 

Substitution of the enthalpy (eq. 3.4) leads eventually to 

the required relationship between the entropy and enthalpy 

which is depicted in figure 3.4. The lines corresponding 

to constant rnass-flow are called Fanno-curves. 

M:: 1 

s 

m/A= o 

increasing 

m/A 

Fig. 3.4: Entropy change as f~ction of enthalpy at various 

mass-flow rates. 
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Resuming: due to friction. the entropy is bound to in

crease with distance travelled along the pipe 

and will become maximal at sonic fluid veloei

ties (M = 1). This situation is, of course, 

only reached at the exit of the pipe. 

Equation 3.20 is less sui ted to evaluate the rnass-flow 

rate through an open tubular restrictor, which as pointed 

out previously is an important chromatographic parameter. 

Instead, the following equation is presented: 

m 
= 

p 
e r:Y M e 

(3.23) 

This equation relates the rnass-flow rate to the actual 

reservoir conditions, denoted by the subscript l, and the 

conditions found in the exit plane of the pipe {subscript 

e). 

It is concluded from this equation that: 

-At Me < 1, the exit pressure, Pe' is bound to be equal 

to the pressure of the surroundings, P
5

; 

- Increasing the rnass-flow rate will finally result in 

sonic outlet velocities; 

Subsequent increases in the mass-f low ra te wi ll eau se 

the exit pressure to rise above the pressure of the sur

roundings. Alternatively, the rnass-flow rate and exit

pressure have become independent of the surrounding 

pressure. A situation of choking by friction has occured 

{cf. 3.12). 

In the case of pipe flow there is yet another factor to be 

reckoned with i.e. pipe length. This will be illustrated 

with the aid of figure 3.5. 

The pipe inlet is assumed to be a taper, its smallest area 

being equal to the cross-sectional area of the pipe. The 

reservoir conditions and pressure of the surroundings are 
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the same for all cases considered. Only for the longest 

pipe (situation 4) the pressure drop is complete {Pe = P
5

) 

and the flow subsonic throughout. 

If the pipe length is decreased (situation 3), sonic flow 

speed is attained at the outlet of the pipe and the rnass

flow rate bas increased, as has the exit-pressure. The 

rnass-flow rate and exit-pressure will reach a maximum at 

pipe length zero (situation 1), leaving a taperunder the 

assumption of isentropic (frictionless) flow. 

\]~ .... 
r, r1 •s 

1a=1b 
Pe = P *2 

0.0 \l_jp 
MI 

p t 2 s 

fTI 
1.0 la 2b 

Pe = P*3 

\_I I •s p t 3 

(I I 
3a 3b Pe =Ps 

• \.I I 
t 4 •s 
(I I 

4a 4b 

Fig. 3.5: Influence of pipe length on aass-flo~ rate and 

exit-pressure. 

Tapered versus constant diameter restrietars 

In this section a comparison between both types of re

strictors at sonic outlet veloeities will be made. 

Consider the following experiment: 

A large reservoir (Ptl' Tt 1 ) is equipped with a tapered 

and a constant diameter restrictor (pipe), both dis

charging their flow into the atmosphere. The reservoir 
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pressure is high enough to ensure sonic outlet veloei

ties and therefore choking; 

- The throat-area of the taper is selected to be A~ t . · ~. aper 
Its rnass-flow rate equals mt a per 
The pipe is selected to have a cross-sectional area 

Apipe with Apipe > Anozzle· Its length is chosen such as 
to ensure a lower mass-f low ra te, m . than through p1pe 
the taper: 

By reducing the pipes length. its rnass-flow rate is 

adjusted until m . = mt . p1pe aper 

Since in bath situations M = 1 holds. the exit veloeities 

are. by definition, equal to the local velocity of sound, 

which for a perfect gas is the same in bath situations. At 

equal mass-f low rates (m 

that: 

puA}. it is easily varified 

or 

p A 
*.tap er *, taper p . A i M,p1pe p pe 

(3.24} 

(3.25) 

The pressure drop over the pipe is therefore larger than 

that of the taper since its exit pressure is a factor 

A 
M,nozzle smaller. 

A pipe 

If a smaller pipe diameter is chosen, less pipe length is 

required to restriet the rnass-flow rate to m*.nozzle· A 

trivia! choice, provided that entrance flow distortions 

are neglected, would be a pipe of length zero and a cross

sectional area equal to that of the th:roat area of the 

nozzle i.e. a diaphragm. 

An increase in the reservoir (column) pressure will result 

in the same mass flow rate change for both restrietars 

which may be verified by camparing equation 3.12. substi-
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tuting P for P (eq. 3.9), with equation 3.23. * t 
At sonic outlet conditions. which are faster attained in 

the case of a taper than for a pipe of a certain length. 

both rnass-flow rates are linearly dependent on column 

pressure. The temperature drop over the restrietars wi 11 

also be the same and is given by equation 3.14. The tem

perature plays an important role in the val i di ty of the 

assumptions made to evaluate the flow through restrictors, 

as will be discussed in the next paragraph. 

3.3 EVALUATION OF INTERFACING RESTRICTORS 

A common nuisance in SFC with gas-phase detection (eg. 

FID. MS) are signa! distortions in the form of spiking, 

'christmas-tree' shaped peaks and excessive noise. These 

distortions have two probable causes: 

the solute; 

- the mobile phase I chromatographic system. 

In both causes the restrietars used in capillary SFC play 

a vital role. Of lesser importance are for instanee pump 

noise i.e. pressure pulses due to stepwise displacement of 

the pumphead. 

As al ready suggested by Myers [14]. part of the signal 

distortions originate from analytes losing solubility 

during decompression over the restrictor. Either solute 

clusters are formed, giving rise to sudden bursts in the 

detector signal (spikes), or flow instability is induced 

by temporary reduction of the flow rate due to precipita~ 

tion [7]. In the latter case this subsequently causes 

density to increase thereby allowing components to regain 

mobility etc. as a result of which peak splitting is to be 

expected or in worst cases plugging of the restrictor. 

Whenever a purge/split restrictor is applied. care must be 

taken to ensure a continuous flow over that restrictor. A 

sputtering flow eg. due to temporary blocking as a result 

of adiabatic expansion or precipitation, will be translat-
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ed into flow f luctuations and therefore increased noise 

and/or peak splitting. Flow fluctuations may also be the 

result of thermostat temperature instability, as will be 

discussed in paragraph 3.4. 

One way to solve the problem of reduced solubility is to 

decrease the influence of density by a sufficient increase 

of thermostat and restrictor temperature as suggested by 

Chester [5], or thermal decomposition (pyrolysis) prior to 

detection [15] which is however rather senseless in com

bination with a mass-spectrometer. 

Sinceloss of solubility is one of the most probable 

causes for detection artifacts, the obvious salution is to 

maintain the solvating power i.e. density high as long as 

possible. As discussed in the previous paragraph, this may 

be accomplished by using the restrictor(s) under choked 

flow condi ti ons. thus causing an incomplete pressure drop 

over the restrictor. The remaining decompression will, as 

a consequence, take place in the detector medium, thereby 

diminishing the chances of detection artifacts. 

The compressible flow theory discussed in this chapter 

applies however to perfect fluids i.e. fluids of which the 

internal energy depends only on temperature while its 

specific heats are constants. Supercritical fluids as used 

in SFC, are certainly not ideal let alone perfect. The 

theory is applicable however if a sufficiently high inter

facing/restrictor temperature is chosen. For C0 2 for in

stance, P/p is nearly constant at 200 °C as are c and c 
p V 

over a wide pressure range. In such cases the general pre-

dictions based upon this theory are believed to apply al

though bo th 'Y and R are to be rep laced by appropr ia te 

values [11]. Furthermore, the assumption of adiabatic flow 

for long constant diameter restrictors is not likely to 

hold since at least part of the decompression will be iso

thermal. As they have infavorable characteristics as an 

(interfacing) restrictor. they are of lesser importance to 

this discussion. 
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A convenient expertmental metbod for studying interfacing 

restrictor behaviour towards detection signa! distartion 

is the use of impur~/doped C0 2 in combination with a FID. 

Instead of sampling and evaluation of the resulting chro

matographic bands, the FID signa! may continuously be 

monitored. Hence all signa! distortions may be looked upon 

as noise which should be minimized and free of typtcal 

distortions such as spiking and rapid base-line fluctua

tions. Low volatile impurities, being soluble in liquefied 

co2. have the tendency to be trapped inside the analytica! 

column at low pressures; they possess a threshold pressure 

[14] below which they do not migrate. Evaluation of the 

detector signa! at low pressures therefore enables estima

tion of the 'clean' detector signa! or 'true' signa! to 

noise ratio, since volatile components are less liable to 

induce detection problems. The effects caused by less 

volatile substances may be studied by applying higher 

pressures, causing their migrat ion, roughly in order of 

their volatility. 

The pressure drop over a constant diameter restrictor, as 

discussed in paragraph 3.2, is bound to increase with in

creasing length until it is completed. This is a matter of 

fact regardless of the validity of the assumptions made 

for pipe flow. As a consequence, signa! distartion should 

follow the same tendency. Experimental verification re

vealed a noise level for a 0. 9 m. constant diameter re

strictor being 500 times larger than that of a 0.3 m. re

strictor of the same diameter which was still approx. 10 

times larger than the 'true' noise level~ The spiking fre

quency was also found to increase wi th increasing re

strictor length. 

Expertmental proof that spiking originates from solute 

clusters entering the flame was found in the observations 

that spiking reduces the bare signa! level. while the 

amount of reduction was approximately equal to the average 

spiking level. This is illustrated in figure 3.7. 
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Fig. 3.6: Typtcal noise and spiktng recorded using a con

stant diameter restrtctor. 

Fig. 3.7: Bare signaL Level reduction by spiking. 

The noise level was observed to increase very rapidly with 

increasing detector signal level, which is another way of 

saying that high sample concentrations are more liable to 

distortion. 

Upon changing to a tapered restrictor. noise levels were 

found to be of the same order of magnitude as the 'true' 

noise level over a wide pressure range. Tapered restrie

tars are operated under choked flow conditions at all 

practically acceptable SFC conditions. The tapered re

strictor was inserted through the FID lining, its outlet 

being even with the top of the flame tip. No detection 
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problems due to decompression beyond the taper exit were 

observed. The use of short constant diameter restrictors, 

causing relatively high rnass-flow rates at high exit ve

locities, necessitates pulling back the restrictors exit 

from the flame tip in order to ensure a steady burning 

flame. 

Tapered restrictors have another distinct advantage over 

constant diameter restrictors. The latter type requires a 

coupling device between the analytica! column and the re

strictor since different inner diameters are involved. 

Tapered restrictors can be made to form an integral part 

of the analytica! column. An on-column taper does not pro

duce extra column contributtons to band broadening, con

trary to coupling devices. Reduction of the band broaden

ing contributions by purging is neither beneficia! to mass 

flow nor concentration sensitive detection devices; the 

application of a make-up flow is even less feasible. 

Fused silica tapered on-column restrictors are currently 

produced in two different ways: 

1- By drawinga taper in a cool flame (fig 3.8a) [5]; 

2- By melting the column tip, a sharp taper is formed in

side the column due to viscosity. Subsequently the 

excess silica is polisbed off while applying a pressure 

on the column, until the required pin-hole is produced 

(fig 3.8 b,c) [4]. 
"' 1 )lm 

1 mm 

b c 

Fig. 3.8: Different types of tapered restrictors. 
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ad 1) A drawn taper is very fragile and its tip is hardly 

visible. Since the taper bas to be positioned inside 

a detector, it may prove necessary to shield it with 

a sleeve. This sleeve, probably made of a wider bore 

fused silica capillary, will hinder heat-transport, 

consequently a langer heated zone is required, as 

will be discussed shortly; 

ad 2) Applicable tapers of this sart are producible if the 

wallof the column bas a sufficient thickness eg. 

150 ~m wall thickness for a 50 ~m ID column. In that 

case the taper measures ca. 0.5 mm; the thoat area 

being, smaller than, + 1 ~m. 

Since tapered restrictors, as predicted by the compressi

ble flow theory, proved to possess favorable characteris

tics [4, 5] over constant diameter restrictors, this type 

was chosen for future experimental work. 

The temperature of the fluid befare decompression is an 

important factor. Since adiabatic expansion over a short 

taper is a rather good assumption, decompression is aceom

panled by a loss in temperature as given by the equations 

3.11 and 3.14. The temperature at the exit should stay 

well clear of the supercritical temperature of the fluid 

involved {304 °K for C0 2 ) in order to avoid phase separa

tion. At higher temperatures the fluid will alsobehave 

more idealy, consequently it will follow the predictions 

based upon compressible flow theory more closely. 

An isobaric on-column temperature rise is however aceom

panled by a loss in density and therefore a loss in solu

bility. In order to minimize precipitation/ clustering due 

to lack of solubility, the heated zone should be just long 

enough to ensure a sufficient temperature rise of the 

fluid. On the other hand, a temperature rise will increase 

the vapor pressure of eluting components. If the vapor 

pressure increase domina tes over the loss in solubi 1 i ty, 

no detection problems are to be expected. The actual re

sult of increased temperature prior to decompression is 
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therefore sol u te dependent [7, 16], whi le the sui table 

temperature is determined by sample composition. An inter

face temperature of 520 570 °K was found to be appropri-

ate in most circumstances. 

The application of temperatures high enough to facilitate 

thermal decomposition should prove useful in combination 

with detectors such as the FID. The feasibility of this 

concept seems to be rather difficult since so far no 

1 i te rature on thi s combinat ion is a va i lable. Very high 

temperatures would allow larger throat areas of the taper 

since the rnass-flow rate is reciprocal to the square root 

of absolute temperature (eq. 3.12} thereby diminishing the 

chances of a blocked restrictor by particles of whatever 

origin. 

3.4 DEPENDENCE OF LINEAR VELOCITY ON MASS-FLOW RATE 

An extremely important aspect concerning column efficiency 

and speed of analysis is the linear velocity (u} or dead

time (t 0 ). These quantities depend on the rnass-flow rate 

through: 

m 
r 

m c 

in which: 

mr rnass-flow rate through the end-restrictor; 

me rnass-flow rate through the column: 

(3.26) 

pc on-column density, a function of thermostat tem-

perature and Pt; 

uc on-column linear velocity; 

Ac column cross-sectional area; 

Vc column void volume; 

t 0 dead-time; 

Pt applied total (reservoir) pressure; 

Tt (total) temperature prior to decompression. 
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It should be noted that the restrictor is first and fore

rnost a rnass-flow restricting device. as is readily seen 

frorn this equation. Frorn the previous paragraphs it will 

be clear that the rnass-flow rate through a (tapered) re

strictor depends on geornetry, (total) ternperature and ap

plied pressure. 

As already pointed out, there exists a linear relationship 

between the rnass-flow rate and applied pressure for both 

tapered as well as constant diameter restrietars under 

choked flow conditions. Since this was derived for a 

perfect gas. it can notgenerally be applied to any kind 

(state) of fluid. In the case of C0 2 at sufficiently high 

ternperature it does apply over a wide pressure range, 

si nee the isotherrns tend to linearity under those circum-

stances ( cf. fig. 3. 11) resernbling the isotherms of an 

i deal gas. 
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Fig. 3.9: Measured p/t 0 as functton of applted pressure. 

Condt t tons: column ID 50 JLIR; column ouen teaperature 40 

°C; tnterface temperature: solid line= 200 °e, braken 

Hne= 300 °e . 
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Qualitative experimental proof of this linear relationship 

is readily available from monitoring the base-line level 

at different pressures. Impurities present in the fluid 

will cause a linearly proportional base-line level on ap

plied pressure. 

Quantitative experimental verification was obtained by 

dead-time measurements using Methane for an unretained 

component. Figure 3.9 illustrates this experimental veri

fication for a drawn tapered restrictor {cf. fig 3.8a), 

t'he quantity pc/t 0 being proportional to the rnass-flow 

rate. This experiment was performed at two different 

interface temperatures. The broken line in figure 3.9, 

corresponding to the rnass-flow rates at the higher temper

ature, is slightly but significantly lower than the mea

surements performed at the lower temperature, as predicted 

by gas dynamics. 

11) 
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1.0 

50 100 150 200 250 
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Fig. 3.10: Measured tinear vetoeities (+) as function of 

apptied pressure at various cotumn oven temperatures. 

Curves are catcutated from the average mass-ftow rate. 

Conditions: tapered restrictor: Ax< 1 ~m; cotumn ID 50 ~m; 

Interface temperature 250 °C. 
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Fig. 3.11: Density as function of pressure at various tem

peratures [13]. 

Since the product of on-column density with linear veloci

ty corresponds to the rnass-flow rate of the restrictor, 

this product should be just as (linearly) dependent on 

total pressure. This causes the linear velocity, or dead

time, and density to be equal complex functions of pres

sure as is illustrated by the figures 3.10 and 3.11 

These measurements were performed at various thermostat 

temperatures with an embedded tapered restrictor (cf. fig 

3.8c) and clearly demonstrate the rnass-flow rate indepen

denee on the column-oven temperature. 

Since the 1 inear veloei ty changes wi th the column-oven 

temperature, a stabie thermostat is required, especially 

at near-critical analysis conditions. 

lf the fluid would have been an ideal gas, then a constant 

linear velocity with varying pressure would have been ob-
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tained. since: 

u c 
p 
p 

c RT 

in which c and c' represent constants. 

(3.27} 

As is seen from this equation, the linear velocity would 

be proportional to thermostat temperature. 

This is not the case for a non-ideal fluid. 

Using the van der Waals equation of state, expressed in 

reduced properties i.e. PR=P/Pc. TR=T/Tc and PR=p/pc: 

3p~ 

extrema in the linear velocity occur at: 

ê T 
3 r 

These extrema are clearly visible in figure 3.10. 

(3.28) 

{3.29) 

By applying a higher thermostat temperature, causing im

proved linearity of the corresponding isotherm, a smoother 

transition of linear velocity with applied pressure is 

obtained. 

The experimental data presented in figure 3.10 also form 

an indirect proof for ·the virtual lack of pressure drop 

over the analytica! column as the rnass-flow rates appears 

invariant with various mobile phase velocities. Direct 

measurement of the column pressure drop revealed a value 

smaller than the accuracy ( < 0. 1 MPa) of the pressure 

gauge. 

For a nozzle with a larger rnass-flow rate. changes in the 

linear velocity as a function of applied pressure will 

become more dramatic, as is shown in figure 3.12. 
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Fig. 3.12: Linear vetocity changes as function of applied 

pressure at various temperatures for a hypothetical taper

ed restrictor of tlDice the rnass-flow r·ate dependenee on 

pressure as for the expertmental results presented in 

ftgure 3.10. 

3.5 SYMBOLS 

letter symbols 

a velocity of sound 

A (cross-sectional) area 

c specific heat at constant pressure 
p 

cv specific heat at constant volume 

d column inner diameter 
c 

f pipe friction factor 

Ff shear force 

h specific enthalpy 

m rnass-flow rate 

M Mach number 
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P pressure 

R specific gas constant 

Re Reynolds number 

s specific entropy 

t 0 system dead-time 

T temperature 

u flow velocity 

Greek letters 

'Y c /c 
p V 

p density 

T component of tangantial stress 
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CHAPTER 4 

FACTORS DETERMINING SEPARATION AND SPEED OF ANALYSIS IN 

CAPILLARY SFC 

Summary 

In this chapter, the factors determining separation and 

speed of analysis in capillary SFC will be discussed. A 

modified Golay-Giddings equation for the plate height in 

SFC is presented and used in a comparison of the analysis 

times of GC, SFC and HPLC under resolution normalized con

ditions. On basis of the mobile phase diffusivity, it is 

concluded that variabie rnass-flow restrietars are requir

ed, if SFC is to have flexibility in the choice of the 

mobile phase state. In a comparison of various correlation 

methods for mobile phase diffusivity with data from the 

literature, the Wilke-Chang metbod gave the most reliable 

results. A tentative model fór the complex (relative) 

retention behaviour as function of the fluid state is 

described. Special attention is given to the (relative) 

retention varlation at resp. constant temperature, pres

sure and density. The possibilities and limitations of 

fluid state programming form the last subjects of this 

chapter. Out of the numereous possible fluid state pro

grams, three special cases are discusséd as well as side 

effects due to compression which cause faster elution and 

less band width than would have been the case without com

pression during analysis. 
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4.1 INTRODUCTION 

The objective of any separation technique is to obtain 

sufficient resolution between componentsof interest. A 

second goal is to perfarm this separation in a minimum of 

time. 

A quantitative measure for the first goal, the resolution, 

R
5

, between two closely adjacent peaks, is: 

R 
s 

At r 

4a 
( 4. 1) 

where Atr equals the difference in retention time, tr' and 

a represents the (average) standard deviation of the two 

peaks expressed in time units. 

This equation may also be expressed in more fundamental 

terms: 

R 
s 

wi th 

(4.2) 

kb: the solute capacity ratio of the latter eluting 

peak of the pair (a,b); 

a the relative retention, a = kb/ka ; 

N the number of theoretica! plates, a measure for 

the separation power of the column. 

A specific resolution, unity is generally considered to be 

sufficient, for a pair of solutes at certain analysis con

ditions, requires a fixed number of theoretica! plates. 

The number of plates generated by a column depends on its 

length, L, and the theoretica! plate height. H: 

N {4.3) 

The theoretica! plate height dependsin its turn, among 

others, on the (average) linear velocity of the mobile 
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phase, u: 

u 
to 

(4.4) 

with t 0 the time needed for an unretained component to 

traverse the column. The retentien time of a retained com

ponent is given by: 

t 
r 

t 0 (l+k) (4.5) 

The analysis time needed to generate the required number 

of plates is therefore: 

t = r 

N H 

u 
(l+k) (4.6) 

By combination of the equations 4.2 and 4.6, eliminating 

the plate number. an alternative expression for the reten

tien time is obtained: 

t 
r 

16 
H 

(4.7} 
u 

This equation is attributed to Purnell [1]. It clearly 

shows that the retentien time under resolution normalized 

conditions i.e. constant Rs' k and a, depends on the ratio 

of plate height and average linear velocity. Contrary to 

the linear velocity however, the plate height is not free 

to choose, as it is itself determined by: 

- linear velocity; 

- solute retention; 

- column dimensions; 

solute diffusivity in mobile and stationary phase. 

The objective of this chapter is to describe the factors 

determining separation and speed of analysis in capillary 
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SFC. These major topics, as concluded previously, are 

linked together by the column efficiency which will be the 

subject of the next paragraph. Subsequent paragraphs will 

deal with the influence of the mobile phase state on an

alysis time through the diffusivity in the mobile phase 

and capacity ratio. The last paragraph of this chapter is 

devoted to the implications of changing the solvent state 

during analysis. Fluid state programming is widely used as 

a means of time reduction in the analysis of samples com

posed out of solutes with a large, initial. capacity ratio 

difference. 

4.2 THE GOLAY-GIDDINGS EQUATION 

The early chromatographers lacked a thorough understanding 

of the various factors inf luencing column efficiency. A 

first attempt was made by van Deernter in 1956 [2]. The van 

Deernter equation gives a (semi-) empirica! relationship 

between the theoretica! plate height and mobile phase 

velocity for packed columns. A large impravement was made 

by Golay, who in 1958 publisbed a paper in which a sound 

theory was presented [3]. The same paper also sparked of 

the use of capillary columns in GC. Later on this theory 

was further extended by Giddings and others [4, 5] in 

order to account for compressibility effects in the mobile 

phase. The resulting equation, linking all factors in

fluencing capillary column efficiency, has been widely 

accepted and gives an accurate estimate of the theoretica! 

plate height: 

96(1+k) 2 D 
H 

[ 

2D 

u:·o + 

F 1 + 6k + llk 2 

94 

m,o 3(1+k} 2 D 
s 

(4.8) 

(4.9) 



In this equation df stands for the film thickness of the 

stationary phase, de for the column inner diameter, D
5 

D represent the solute diffusion coefficient in m,o 

and 

the 

stationary respectively the mobile phase and u 
0 

is the 

mobile phase linear velocity. The subscript (o) refers to 

column outlet conditfans which in SFC means just prior to 

decompression over the end-restrictor. The factors f 1 and 

f 2 are pressure drop correction terms. For ideal gases 

these factors are attributed to Giddings [4] and James and 

Martin [6] respectively. 

(P4 - 1) 
9 

f 1 § 
(P3 1)2 -

(4.10) 

3 
p2 1 

f2 2 p3 - 1 
(4.11) 

P, being the ratio of column inlet over outlet pressure. 

If P equals unity, valid for incompressible media, so do 

both f~ and f 2 . For P>>l, f 1 reaches a maximum of 9/8 and 

farms therefore only a small correction term contrary to 

the factor f 2 which has a limiting value of zero for P 

approaching infinity. The factor f 2 relates the exit ve

locity, u
0

, to the experimentally readily available aver

age linear velocity through: 

u (4.12) 

If the theoretica! plate height is measured as a function 

of linear velocity, a minimum is obsèrved at a specific 

velocity. This optimum velocity may be predicted from the 

general plate height equation (eq. 4.8) by differentlating 

with respect to u
0

. 
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u = 
o,opt [ 

D ,----m,o I 
-d- v ft-Y1 

c 

F(f1-Y1) + 64 ka; (f2+Y2) ]o·s 
48 (l+k) 2 

in which [7, 8]: 

öf1 
Y1 u « f1 

0 óu 
0 

óf2 1 [ 3 

1 ] Y2 u 2 f2 
0 au p2 + p + 1 

0 

(4.13) 

(4.14) 

(4.15) 

Since the factor f 1 is nearly invariant and approximately 

unity, y 1 is negligible with respect to f 1 • 

The factor óf' being named the reduced film thickness [9], 

is defined as: 

(4.16) 

ó~ is proportional to the ratio of the diffusion times in 

stationary and mobile phase [10]. 

Substitution of the linear velocity in equation 4.8 by the 

reduced linear velocity, q, being defined as: 

q (4.17) 

while neglecting y 1 , eventually leads to the following 

derived plate height equation: 

H (4.18) 
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F f1 2 + 64 k ö2 f2 
(4.19) 

F f 1 
2 + 64 k {j2 (f2+y2)ft f 

F f12 + 64 k ö 2 (f2+Y2} f1 
>V {4.20) 

48 (l+k) 2 

In those forms of column chromatography in which the mo

bile phase may be looked upon as being incompressible, 

under column (analysis) conditions, the pressure correc

tion terms are unity In such cases. applicable to for 

instanee HPLC. the equations 4.18 and 4.13 reduce to: 

H d [ 1 
+ q ] f c q 

(4 21) 

D 
1 

u = 2 
m 

opt -d- f c 
(4.22) 

f = 
48 (l+k) 2 

(4.23) 

It should be noted that the pressure drop correction fac

tors, as defined in the equations 4.10, 4.11 and 4.15, are 

valid only for ideal gases. In the case of real f luids 

like in SFC, they should be replaced by {density drop) 

correction terms applicable to the non-ideal fluid involv

ed. Capillary SFC is basically however a low density drop 

technique since the majority of decompression takes place 

over a rnass-flow rate restrictor as is discussed in pre

vious chapters. Negligence of the correction factors (f~. 

f 2 ), i.e. treating the fluid as being incompressible dur

ing the separation process (eq. 4.21. 4.22), is therefore 

a rather good assumption. 

It is learned from equation 4.21 that, under a regime (or 

the assumption) of negligible pressure drop, column effi-
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ciency is independent of the kind and state of te mobile 

pbase for columns wi th the same reduced film thickness 

whether they are used in GC, HPLC or SFC. The same cannot 

be said for the optimum mobile phase velocity, as will be 

discussed in paragraph 4.3. 

The importance of the reduced film thickness on column 

efficiency is demonstrated in figure 4.1 in which the term 

f is plotted against the capacity ratio for various values 

of öf. The limiting value for f, represented by the dasbed 

line, equals circa 0.48 as k approaches infinity. 

2.0 

t 
~ 

1.5 

df 

1.0 

3.0 

2.0 
1.5 

0.5 1.0 
0.5 
0 

0 
5 10 15 20 

k--.... 

Fig. 4.1; Combtned mass-transfer terms (f) as function of 

the capacity ratio for various reduced fiLm thicknesses. 

A special case is formed by a reduced film thickness of 

0.5. Below this value, f never exceeds the limiting value 

whereas above 0.5 a maximum at a finite capacity ratio, 

kmax' is observed 
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16 ó~ - 1 
k = max 2 16 óf - 4 

(4.24) 

At high values for óf this maximum shifts towards k = 1 

and the column performance is drastically effected (eq. 

4.21), especially in the k-range which is of most practi

cal importance. 

4.3 COMPARISON OF ANALYSIS TIMES FOR CAPILLARY GC, SFC AND 

HPLC 

The time required to generate a number of theoretica! 

plates under resolution normalized conditions, is of major 

importance to any separation technique. This paragraph 

wil! deal with the influence of the mobile phase on the 

analysis time, something that is illustrated by a compari

son of the three fluid chromatographic techniques. 

The column efficiency is, as mentioned before, independent 

of the kind and state of the mobile phase, if columns with 

the same reduced film thickness are used (strictly speak

ing this applies only to incompressible fluids). The cor

responding optimum linear velocity however does depend on 

the mobile phase used through the mutual diffusion coeffi

cient D {eq. 4.13, 4.22). 
m 

For a given mobile phase under resolution norma1ized con-

di ti ons, the analysis time wi 11 therefore be inversely 

proportional to Dm. An equation va1id for all forms of 

capillary fluid chromatography, reads: 

f 1 

t = N-
r f2 

64 k ó; ~ l 
96 (l+k} 

(4.25) 
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This equation links the analysis time to column character 

istics (d
0

, öf' density drop). diffusivity in the mobile 

phase (D ). the required plate number and capacity ratio m,o 
of the solute. The term ~ in this equation may readily be 

set to one. ~ deviates only marginal from unity especially 

if either low (P < 1.25) or high (P > 10) pressure drops 

are combined with a relatively smal! reduced film thick

ness (öf < 0.3). 

In order to campare the analysis times of the three fluid 

chromatographic techniques, we have to restriet ourselves 

to negligible density drop situations. In capillary chro

matography this does not only apply to HPLC and SFC, but 

in approximation also to a wide range of GC situations 

(d
0 

> 250 ~m). especially at near optimum conditions. 

For incompressible fluids, and situations of negligible 

density drop, equation 4.25 reduces to: 

t 
r 96 (l+k) ] 

d~ 
-D

m 
(4.26) 

A number of important conclusions are to be drawn from 

this equation: 

100 

The retention time depends largely on the diffusivi ty 

in the mobile phase. In order to obtain comparable ana

lysis times under resolution normalized conditions, the 

column inner diameter has to be matebed to the mobile 

phase diffusion coefficient. 

Table 4.1 lists estimates of corresponding column 

diameters for GC, SFC and HPLC. A comparison is made 

for contemporary GC columns (100 and 250 ~m) as well as 

for columns used in contemporary SFC (25 and 50 I.Lm). 

Widely used inner diameters for capillary HPLC are yet 

to be established. 



Table 4.1: Estimates of comparable column inner diamet

ers for the three flutd chromatographic techniques 

(conditions see text). 

technique D [cm 2 /s] d [J.Lm] m c 

GC 10-l 100 250 790 1580 

SFC 10-4 3 8 25 50 

HPLC 10-5 1 2.5 7.9 16 

Note: The use of 50 and 25 J.Lm ID columns in contempora

ry SFC implies analysis times being a factor 40 resp. 

10 times larger than found in GC using a 'standard' 250 

J.Lm ID column, under resolution normalized conditions. 

Reduction of the retention time by an increase in 

linear velocity is very limited as is demonstrated in 

figure 4.2. The reason for this limitation is the fact 

that the ratio H/u becomes constant at high veloeities 

(eq. 4.7). For the range, optimum to infinite velocity, 

only a factor two is gained, 95% of which is already 

obtained at five times the optimum velocity. 

I 5 

4 
tR 

tR,min 3 

2 

2 3 4 5 6 7 

q 

Fig. 4.2: Influence of velocity on analysis time. 
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Identical stationary phase contributions to plate 

height, require equal reduced film thicknesses (lif). 

The diffusion ratio, Dm/D
8

, range from approx. 10,000 

for GC to 1 for true liquid-liquid chromatography 

(LLC). This implies a relative phase, 

100:10:1 for respectively GC:SFC:LLC. 

of 

Fora given reduced film thickness, using the inner 

diameters given in table 4.1, estimates of comparable 

actual film thicknesses and phase ratio's may be cal

culated. The results are presented in table 4.2 

Table 4.2: Estim.ates of comparabl.e film. thicknesses and 

the ratio's R = dc/df for the three fl.uid chromatographic 

techniques (conditions see text}. 

D óf = 0.3 lif = 0.5 s 

[cm 2 /s] d df IR d df IR 
c c 

GC 5. 10-6 250 0.53 470 250 0.88 280 

50 1.34 37 50 2.23 22 

SFC 8. 10-7 25 0.67 37 25 1.11 22 

8 0.21 37 8 0.35 22 

HPLC 5. 10-7 .5 0.17 15 2.5 0.28 9 

4.4 MOBILE PHASE DIFFUSIVITY IN SFC 

Although the mobile phase diffusion coefficient does not 

influence the maximum column efficiency (eq. 4.21), it is 

of major importance to any column chromatographic tech

nique, since it does determine the optimum velocity (eq. 

4.22) and therefore the analysis time (eq. 4.26). 

Variations in the mobile phase diffusivity are very common 
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in fluid chromatography as a result of alteration of the 

analysis conditions. For SFC this means adjusting the 

column head-pressure pressure and/or temperature. Starting 

from some initia! conditions, the pressure is usually 

raised 

weight. 

al ready 

thereby 

crease. 

in order to elute molecules of a higher molecular 

This causes the diffusion coefficients, which are 

lower due to the higher molecular weight, and 

the optimum linear velocity (eq. 

For invariable end-restrictors, 

4.22) to de

an increased 

column head-pressure results, as discussed in chapter 3, 

in an increased mass flow which in its turn generally 

causes the linear velocity inside the analytica! column to 

increase. As aresult of both the decreased diffusivity 

(optimum velocity) and increased rnass-flow (actual linear 

velocity). the reduced linear velocity, q, may increase 

dramatically thereby causing the plate height to increase 

with the samefactor as q. An attempt to reduce the in

crease in reduced veloei ty by a temperature induced in

crease in diffusivity, is generally bound to fail. A tem

perature increase, reduces density and will therefore 

generally increase retention. Si nee a retention increase 

is unwanted, it is compensented for by an increased pres

sure. The resulting linear velocity increase generally 

outweighs the desired increase in optimum velocity, thus 

causing an increased reduced velocity and plate height. 

The instrumental souree of these probieros is formed by the 

invariabi l i ty of the end-restrictor. An obvious solution 

is therefore the use of controllable end-restrictors, 

capable of confining the reduced linear velocity within 

chromatographically acceptable values i.e. about five 

times u t This involves knowledge of or estimates for op 
solute diffusivities in the mobile phase as a function of 

the fluid state. Due to a lack of experimental data, one 

has largely to depend on estimates. Out of the numereous 

correlation metbods available for these estimations [11], 

non of which are directly applicable to SFC however, the 

two methods most frequently used in GC resp. HPLC will be 

evaluated for SFC purposes. 
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Fulter, SchettLer and Giddings [12, 13]. 

The metbod proposed by Fuller and co-workers is a widely 

used and reliable correlation technique for the estimation 

of hinary diffusion coefficients in low pressure gas sys

tems at moderately to high temperatures. 

(4.27) 

Where T is the temperature in Kelvins, P the pressure in 

atmospheres, 2v the sum of atomie diffusion volumes (tabu

lated) and Ma' Mb the molecular weights of the solute (a) 

resp. solvent (b). 

Wilke and Chang [14]. 

The metbod developed by Wilke and Chang is intended for 

estimation of the binary diffusion coefficients in liquids 

at infinite dilution (D~b). 

7.4 10-s 
yo·6 11b a 

Mb moleculai weight of the solvent (b); 

T temperature [°K]; 

Tlb solvent viscosity [cP]; 

(4.28) 

V solute molal volume measured at its normal boil a 
ing point [cm 3 /mol]; 

Q Dimensionless association factor. This factor is 

unity for unassociated solvents. 

It is difficult to give a definite guideline to which cor

relation technique should be used for SFC under specific 

conditions. The Wilke-Ghang method, was found to be more 

reliable than Fuller, Schettler, Giddings since i t pre-
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Table 4.3: Comparison of catcutated diffusion coefficients 

for Naphtatene in C0 2 with data from the Literature [16]. 

T p p Tl D •105 
ab [cm 2 /s] 

[oC] [bar] [g/cm ] [cp] exp FSG wc 

15.2 172.0 0.943 ----- 8.43 30.5 ----

40.7 116.2 0.695 0.058 12.8 52.4 13.3 

40.5 171.3 0.806 0.072 11.6 35.3 10.7 

40.4 I 351.3 0.898 0.100 9.80 17.3 7.7 

54.9 170.6 0.704 0.058 13.4 38.6 13.9 

54.9 238.9 0.800 0.069 12.0 27.5 11.7 

FSG: Calculated according to Fuller, Schettler and 

Giddings: WC: Calculated according to Wilke and Chang. 

125 

N 

I~ 100 
~ 

<J:) 

;: 
.! 

t' 75 .... 
"' 0 
u 
"' ..... 
> 

50 

25 

100 200 300 

pressure (bar) 

315 

325 

335 

345 

360 

380 

400 

400 

Fig. 4.3: Viscosity of C02 at various fluid states [18]. 
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diets diffusion coefficients which are in close agreement, 

over a wide temperature and pressure range, with the 

scarcely available experimental values [15, 16]. This is 

illustrated in table 4.3. 

It must be noted that the Wilke-Chang metbod strongly de

pends in the availability of reliable viscosity and solute 

molal volume data [17]. 

4.5 RETENTION BEHAVIOUR IN SFC 

Partion coefficient dependenee on fLuid state 

In this paragraph an overview of the theory dealing with 

the partition coefficient, and thus capacity ratio, de

pendence on fluid state will be presented. The partition 

coefficient, K, is a thermodynamica! quantity being the 

ratio of solute concentration in the stationary and mobile 

phase. K is related to the capacity ratio, k, through the 

column phase ratio, ~; ~ being the volume of mobile phase 

over the volume of stationary phase. 

K ~ k {4.29) 

The partition coefficient may also be defined in basic 

thermodynamic terms: 

K e {4.30) 

in which AG 0 is the standard free energy change of the 

partitioning process and R the universa! gas constant. In 

daily practice, the partition coefficient is replaced by 

the capacity ratio, k, which is experimentally easier to 

obtain {eq. 4.5). Both eq. 4.29 and 4.30 apply to the 

three forms of fluid chromatography, the factors influenc

ing the free energy change differ however. 
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In GC, AG 0 may in first approximation be replaced by the 

partial molar heat of solution of the solute in the sta

tionary phase, AHs AHs in its turn is related to the 

partial vapor pressure of a component i. pi. which at in

finite dilution is given by: 

{4.31} 

." 

The activity coefficient at infinite dilution, f 1 , is used 

to express the deviation between the actual partial vapor 

pressure p. and the vapor pressure p~ of an ideal mixture 
1 1 

and therefore corrects for the influence of the stationary 

phase. 

If experimental values of ln(k) versus 1/T were to be 

plotted for GC, ideally a straight line is obtained, the 

intercept being ln ~. 

Under certain experimental condi ti ons, high temperatures 

and low densities, the same kind of behaviour is expected 

for SFC since the effect of solute/mobile phase interac

tions reduces to zero. If. starting from such conditions 

and at constant pressure. the temperature is allowed to 

decrease. more and more deviation from the GC behaviour is 

observed. This should be attributed to an increase in 

density and therefore increased interaction between the 

solute and mobile phase; in effect SFC begins to show LC 

behaviour in which solvatation is the dominant factor. 

It is a good approximation to assume AG 0 to be equal to 

the difference in partial molar heats of solution in the 

stationary, AHs repectively mobile phase, AHm: 

AG 0 = AH - AH s m (4.32) 

ln(k} may therefore be written as: 
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ln(k) - In(~) {4.33} 

This model of capacity ratio dependenee on temperature is 

depicted in figure 4.4. 

Fig. ft.ll: ln(k) as function of 1/T at constant pressure. 

Dashed Line represents (ideaL) GC behaviour. 

t 
0.8 

0.6 

0.4 
ln(k) 

0.2 

0 

-0.2 

-0.4 C36 

-0.6 C32 

C28 
-0.8 

C24 
-1.0 

C20 

-1.2 
C16 

-1.4 
2.5 

1/T (:t: !000) 0
1<-1 .,. 

Fig. 4.5: ln(k) versus 1/T for uarious n-al.k.anes at a 

constant pressure of 200 bars an a 0.2 ~m fil.a thickness 

(OV 73) 50 ~m ID coLumn. 
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A first formalization of this retention behaviour model 

for SFC was given by Chester and Innes [19]. They accom

panied their theory with capacity ratio measurements of n

alkanes up to 16 carbon atoms at various temperatures and 

pressures. Additional measurements, over the same tempera

ture range by our group, showed similar behaviour for 

higher n-alkanes up to 36 carbon atoms, as shown in figure 

4.5. 

The retention behaviour at constant temperatures but vary

ing densities, was previously described by Fjeldsted et 

al. [20]. They found a linear relationship between ln(k) 

and density: 

ln(k) = ln(k0 ) + S•p (4.34) 

in which k 0 represents the capacity ratio at zero density, 

which is the k found under GC conditions. Chester and 

Innes combined this equation with their findings (eq. 

4.33), resulting in: 

AH 
S•p m 

R•T 
(4.35) 

and 

AH 
ln{k 0 ) 

s 
ln(/3) = -

R•T 
(4.36) 

Since there exists a linear relationship between the ca

pacity ratio and density over a wide density range, this 

implies a constant S. AHm must therefore be directly pro

portional to density at a given temperature. 

After having described the retention dependenee at con

stant pressure and constant temperature, a logtcal step is 

the description at constant density: 
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AH 
ln(k) = c(p) -

s (4.37) 

with: 

c(p) - ln{(j) (4.38) 

From equation 4.37 it is learned that at constant density, 

ln(k) has a linear relationship with 1/T which is the same 

as found in GC. 

Although the model presented is tentative, it serves well 

as a guideline for the prediction and explanation of re

tention behaviour as found in SFC. A truly quantitative 

model would have to incorporate effects such as stationary 

phase swelling due to the mobile phase [21] and solute/

solvent repulsion at very high densities [22]. 

Retattue retention 

From the chromatographers point of view, the importance of 

the description of solute retention of individual com

ponents, is overshadowed by prediction of the relative 

retention, a, which is the ratio of the capacity ratio of 

two adjacent components in the chromatogram. The relative 

retention, largely dominates the resolution obtained be

tween two components at a given number of theoretica! 

plates (eq. 4.2}. or from another perspective the number 

of plates required to obtain sufficient resolution. 

Relative retention is best studled using a homolog series 

of components. For the homolog series of n-alkanes, serv

ing as a case study, the following conclusions can be 

drawn: 
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Constant pressure: ln(a) = ln(kb) ln(ka) follows the 

same relationship with 1/T as the individual components 

i.e. the relationship depicted in figure 4.4 and 4.5. 

At very high temperatures (zero density), a tends to 

unity. The same applies to the high density side (low 



temperatures) at constant pressure. The maximum a is 

found near the maxima of the two components. This 

maximum in the curve shifts towards higher temperatures 

with increasing pressure. 

Constant temperature: ln(a) decreases linearly with 

increasing density over a wide density range. At {very) 

high densities, this linear relationship ceases to 

exist; a tends to unity [22]. This is consistent with 

the observations that group separations may be carried 

out using SFC. In such a case, all homologs co-elute 

but with a certain retention being different from other 

homolog series. 

Constant density: There exists very little experimental 

results of constant density analyses in SFC. Since the 

solute/mobile phase interaction may be assumed to be 

constant in this mode, it is fair to assume a same 

dependenee of the relative retention as found in GC 

i.e. a decreasing a with increasing temperature. 

4.6 POSSIBILITIES AND LIMITATIONS OF FLUID STATE PROGRAM

MING 

The objective of every separation technique is to obtain 

sufficient resolution between the various sample compon

ents an acceptable analysis time and to allow detection of 

those components. For a sample consisting out of compon

ents spanning a wide range of volatility, molecular 

weight, polarity etc. it may be very difficult to live up 

tothese demands at constant analysis conditions. Either 

insufficient resolution is obtained in the first part of 

the chromatagram or the analysis consumes an unacceptable 

amount of time. A solution to this problem is to alter the 

conditions during the analysis. This alteration of analy

sis conditions is called programming. 

In SFC prograrnming there are generally two parameters to 
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be reckoned with. 

wbile the second 

The first parameter 

is formed by 1 inear 

is the fluid state 

veloei ty. For non-

variant end-restrictars the linear velocity is not free to 

cboose as it depends on tbe fluid state and the restrictor 

characteristics on applied pressure. 

Out of the numerous possibilities for fluid state program

ming, three special cases will .be discussed as they cor

respond to the previous discussion on retention behaviour. 

Linear density programming: At a fixed temperature a 

certain pressure program is applied as aresult of 

which a linear density increase with time is obtained. 

At relatively low temperatures, i.e. near critica!, 

this technique is of limited use since it involves high 

pressure increases in a short time to generate the 

higher densities. As discussed previously, this negat

ively influences column efficiency whereas the relative 

retention approaches unity. Both factors cause a rapid 

decrease in resolution at the upper end of the density 

program. At relatively high temperatures, linear densi 

ty programming becomes identical to linear pressure 

programming. 

Linear pressure programming at constant temperature: At 

relatively low temperatures this technique may be look

ed upon as being asymptotic density programming; the 

density increase with pressure decreases at the upper 

end of the pressure program. As a result a slower de

crease in relative retention is obtained thereby allow

ing a better resolution. An increase in the analysis 

temperature results in a less steeper density gradient 

during pressure programming. The result of optimizing 

the analysis temperature is demonstrated in the chroma

tograms of figure 4.6a and 4.6b which represet the 

analysis of a crude oil using C0 2 as the mobile phase 

at same pressure conditions but at different tempera

tures. 
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Fig. 4.6: Crude oit anatysis. 

Cotumn: 10 m X 50 ~m (OV73, 0.2 ~m fitm thickness); AnaLy

sis temperature: a) 80 °C, b) 150 °C; Eabedded on-cotumn 

tapered restrictor; FID detection temperature: 250 °C; 

Pressure program: 100 atm. isobar ie (10 min.), pressure 

ramp: 7.5 atm/min to 275 atm. 
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Iso-densi ty programming: In this programming mode the 

density is kept constant while the pressure and temper

ature are simultaneously varied during analysis. A 

large number of l inear pressure and temperature pro

grams can be found which allow (near) constant densi

ties; eg. programming the pressure from 100 to 217 bars 

and at the same time the temperature from 40 to SO °C 

results in a constant density of 0.64 g/ml for C0 2 • lso 

density programming may prove useful as it appears to 

be a special kind of temperature programmed GC; compar

ed to GC, a significant decrease in the analysis tem

perature is induced by density, i.e. the approximately 

constant solute/solvent interactions for the various 

components. The potentlal of this programming mode has 

just recent ly been recognized [23]. Since densi ty is 

kept constant, the linear velocity will be proportional 

to the rnass-flow rate and therefore the flow character

istics of the end-restrictor on applied pressure. 

An interesting side-effect of pressure or density program

ming is in-column fluid compression; the increase of the 

total amount of fluid present inside the column. This ef

fect was first described by Smith et al. [24] and does not 

apply to isodensitity programming in which case the amount 

of fluid inside the column is constant. 

In-column fluid compression has two aspects: 

a positive contribution to linear velocity and there

fore a reduction of column dead-time; 

influence on the width of an eluting peak. 

Both effects are best recognized by visualizing a non

retained peak of initia! width a 0 situated at the entrance 

of the column containing a fluid of initia! density p 0 • A 

no-flow situation is assumed i.e. the column is sealed at 

the exit. A sudden density increase by a factor two in a 

time dt causes the peak to be transferred over a distance 

of half the columns length with a corresponding velocity 

0.5L/dt. The peaks original volume is also compressed by a 
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factor two causing the peak width to be halved. Repetition 

of this process causes the peak to be transferred further 

over the column but with a decreasing length per step. The 

same reasoning applies to the peak width. Both effects 

depend therefore on the distance, x, travelled through the 

column. 

Smith correctly calculated the compression velocity to be: 

u c 

where R 

(4.39) 

!:!.e. 
dt 

The contribution of the compression component to the total 

linear velocity is sizeable for long columns at high dens

ity changes. But even at a linear density increase of 0.7 

g/ml in 20 minutes the contributton is noticable. For a 10 

~eters column and an initia! density of 0.25 g/ml a com

pression velocity of 2.5 cm/s is obtained at the columns 

entrance. Halfway through the density program at half the 

column length it is still 0.5 cm/s. Such veloeities are 

significant with respect to the optimum velocity which is 

circa 0.5 cm/s. 

If the compression contribution to linear velocity becomes 

very high, peak shape deformation may result as the equi

librium between the component fractions in the mobile 

resp. stationary phase becomes disturbed. Although rapid 

density changes due to fast programming are unlikely, they 

may for instanee occur as a result of a sputtering res~ 

trictor. In such cases compression/decompression contribu

tions have to be reckoned wi th, causing band broadening 

and possibly 'christmas tree' shaped peaks. These effects 

will be most eminent at the beginning of the column and at 

low densities, conditions that generally exist during 

sampling. 

The resulting effect of a pressure program on the width of 
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an eluting peak is more difficult to describe since it 

invol ves changing capaci ty rat i os. di ffusion coeff icients 

as well as changing linear velocities. 

A general equation for the variance, 

at t can be derived: 

of a peak eluting 

r 

0 

where: 

t 
r 

I 

a 0 the initia! peak standard deviation; 

Po the initia! density; 

p(t) the density as function of time; 

the density upon elution; 

{4.40) 

column varianee as a function of time {densi-

ty). 

This equation may be interpreted as: the total varianee is 

the sum of variances. the in i tial peak varianee con tribu

tion being reduced by a factor (p 0 /pe) 2
• while any comple

mentary varianee created under a condition p(t) is even

tually reduced by (p(t)/p } 2 upon elution; the varianee 
e 

created in the beginning of the column is further reduced 

than at the end of the column where hardly any reduction 

exists. 

An alternative expression for the resulting varianee is 

given by equation 4.41: 

(4.41) 

in which a 2 represents the chromatographic band broadening 
c 

without correction for the compression effect. The com-

pression correction factor, C, in this equation may assume 
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a value between unity ( no compression) and at best p 0 /pe. 

The peak width upon elution is at best therefore a factor 

p 0 /pe smaller than it would have been without the compres

sion effect. 

Due to the compression effect on elution time and band 

width, the detectability is improved since the peaks elute 

as narrower bands than without it. A specific application 

of the compression effect might therefore be a rapid in

crease in density after a sufficient separation between 

components of interest is obtained. 

4.7 SYMBOLS 

letter symbols 

c(p) 

c 
d 

c 
df 
D m 
D m,o 
Dab 
Do 

ab 

capacity ratio at constant density p (eq. 4.33} 

compression correction factor 

column inner diameter 

film thickness of the stationary phase 

binary diffusion coefficient solute/mobile phase 

D at column outlet conditions 
m 

binary diffusion coefficient (eq. 4.27} 

binary diffusion coefficient at infinite dilu

tion (eq. 4.28} 

Ds binary diffusion coefficient solute/stationary 

phase 

ro 
f 1 activity coeffient at infinite dilution 

pressure drop correction term (eq. 4. 10) 

pressure drop correction term (eq. 4. 11} 

1 + 6k + 11k2 

fi 

f2 

F 

AG 0 standard free energy change of the partitioning 

process 

H height equivalent of a theoretica! plate 

AHm partial molar heat of salution in the mobile 

phase 

AHs partial molar heat of salution in the stationary 

phase 
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k solute capacity ratio 

k 0 solute capacity ratio at zero density 

K partition coefficient (eq. 4.30) 

L length of the analytica! column 

Ma molecular weight of the solute 

Mb molecular weight of the solvent 

N number of theoretica! plates 

p pressure; ratio of column inlet over outlet 

pressure 

pi partual vapor pressure of a component over a non 

ideal mixture 

p~ partial vapor pressure of a component over an 

ideal mixture 

q reduced linear velocity (eq. 4.17) 

R universa! gas constant; dp/dt 

R resolution 
s 

S capacity ratio change on density (eq. 4.35) 

t time 

t retention time 
r 

t 0 column dead-time 

T temperature 

u average mobile phase velocity 

uc compression velocity 

u 0 u at column outlet conditions 

v atomie diffusion volume 

Va solute molal volume at its normal boiling point 

x distance .migrated over the column 

y 1 pressure drop correction term (eq. 4.14) 

y 2 pressure drop correction term (eq. 4.15) 

Greek letters 

a relative retention {eq. 4.2} 

~ column phase ratio (eq. 4.29) 

öf reduced film thickness {eq. 4.16) 

~b viscosity of the mobile phase 

n solvent association factor 

p density 

Pe density upon elution 
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Po initia! density 

IR dc/df 

a peak standard deviation 

a2 peak varianee due to chromatographic band broa-
c 

dening 
a2 peak varianee u pon elution 

e 
a2 initia! peak varianee 

0 

~ ma ss transfer function (eq. 4. 19) 

f ma ss transfer funetion (eq. 4.23) 

'l1 mass transfer function (eq. 4.20) 
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APPENDIX 1 * 

LIQUEFIED CARBON DIOXIDE EXTRACTION OF SOLID MATERIALS 

Sum.mary 

In a preliminary study the use of the mobile phase fluid 

for sample dissolvement was examined by means of two ex

traction techniques using liquefied C0 2 • The objectives 

were to obtain samples that are compatible wi th SFC and 

estimation of component solubility in the liquid. It was 

soon realized that both techniques, viz. high pressure 

Soxhlet extraction and liquefied C0 2 stripping, may also 

be used as a laboratory extraction technique if suffi

ciently optimized and controllable. The main advantage 

over other extraction techniques is the high volatility of 

C0 2 at ambient temperature which allows easy evaporation 

of the solvent at low temperatures; the extracts obtained 

are virtually solvent free. 

* R.W. Bally, E.A.A. Vermeer, C.A. Cramers and J.A. Rijks, 

in P. Sandra (Editor), 8th Symp. Capillary Chromatography, 

Rivadel Garda, 1987, Huethig Verlag, 1987, p. 1050. 
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Al.l INTRODUCTION 

One of the main fields of SFC that require additional re

search is sample introduction. Contemporary problems as

sociated with sample introduetion can be divided into two 

groups: 

-sample introduetion techniques (discussed in chapter 2); 

the form in which the sample is introduced. 

Fluid chromatographic techniques generally require the 

sample to be dissolved. This solvent should be capable of 

dissolving aLL sample components and create no inter

ference with the chromatography. A logica! choice for the 

solvent is therefore to use the same fluid as used as the 

mobile phase, sarnething that may be accomplished in both 

SFC and HPLC. In the case of SFC there are two options at 

hand. Ei ther the sample is immersed in the 1 iquid or in 

the supercritical phase. The latter option requires the 

sample valve to operate under elevated temperatures which, 

present ly, reduces the maximum allowable pressure on the 

valve. Although the supercritical fluid may possess a 

higher solubility than the corresponding liquid [1], it is 

believed that the solubility in fluids like co2 is not too 

much apart from that found in the liquid at room tempera-

ture, which is near critica!. 

established that liquid co2 
Earlier investigations have 

is an excellent solvent for 

most organic com~ounds [2, 3, 4]. 

The main reason for initiating this study was to investi

gate the use of C0 2 as a solvent for sol id samples. The 

objectives were to obtain solubility data and to create an 

on-line possibility of sample dissolvement and sampling 

i tself. 

It was soon realized that extraction forms a logica! and 

desirabie extension of these initia! objectives. Extrac

tions using liquefied or supercritical fluids show many 

prospects either as a stand-alone technique or in the com

bination with SFC, particularly when mass spectrometric 
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detection is used [5]. Such a combination will allow opti

mization/control of (industrial} extraction procedures as 

it facilitates both quantitation and identification of ex

tracted materials. 

For practical reasons, it was opted to start off the re

search wi th the investigation of two off-1 ine extraction 

techniques using l iquef ied C0 2 as the extraetanee. These 

two techniques are: 

high pressure Soxhlet extraction: 

liquefied co2 stripping. 
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Fig. A.l: Pressure-Temperatur~ diagram for C0 2 
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Although these techniques may eventually be modified to 

facilitate on-line extraction/sampling they were investi 

gated as stand-alone laboratory extraction techniques. 

Extracts obtained wi th high pressure Soxhlet extraction 

and liquefied C0 2 stripping are certainly compatible with 

supercritical fluid chromatography, as the extracted com

ponents have proven solubility in the mobile phase. Com

patibility with gas chromatography is not necessarily the 

case as the liquefied co2 is well capable of dissolving 

substances of a low volatility which would require (very) 

high analysis temperatures. 

Using liquefied C0 2 both methods share the same advantage 

over conventional extraction techniques i.e. easy remova

bility of the solvent after extraction as co2 is gaseous 

under ambtent conditions (see figure A.l). The extract is 

therefore obtained without residual solvent. Enrichment of 

impurities present in the solvent is, contrary to conven

tional techniques, less of a problem since impurities pre

sent in C0 2 are generally very volatile and evaparate to

gether with the co2. 

Al.2 HIGH PRESSURE SOXHLET EXTRACTION 

Introduetton 

The high pressure Soxhlet extraction technique was first 

described by Jennings [6] and developed in order to obtain 

solvent free extracts. 

Addi tional advantages of this metbod are the relatively 

low operating temperature and absence of light during the 

extraction procedure thereby diminishing possible degrada

tion of components. Counting of the number of extraction 

cycles gives an estimate for the volume of liquid co2 used 

to extract the sample. Quantitation of the extracted com

ponents, allows for estimation of the solubility of those 

components in liquid co2. 
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Instrumentati.on 

The equipment consists of a high pressure stainless steel 

container, containing a slightly modified Soxhlet extrac

tor as shown in figure A.2. 

Fig. A.2: Schematic design of the high pressure Soxhl.et 

extractton equtpment. 

1: screws; 2: pressure gauge; 3: needle val.ve; ~: coolant; 

5: theraocoupl.e; 6: fl.oat-swi'tch 11:1ires; 7: condenser; 8: 

gl.ass Soxhl.et; 9: float-switch; 10: sample; 11 water bath. 
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A thermocouple and a float-switch were added to the origi

nal equipment (J&W Scientific Inc., Rancho Cordova, CA, 

USA). The thermocouple, tagether with the pressure gauge, 

is used to monitor and control the conditions of the ex

traction procedure. The float-switch was added as an indi

cator of the liquid co2 level inside the extraction part 

of the Soxhlet. The heart of this float-switch consists of 

a tapered glass bulb on top of which a platinurn strip is 

attached. In the on position of the float-switch, the 

platinurn strip rests on two contact wires. As soon as a 

certain level of liquid C0 2 in the Soxhlet extractor is 

reached, the glass bulb will start to float. As a result 

the platinum strip is lifted frorn the contact wires; the 

float-switch is in the off position. The on/off position, 

which rnay be determined by monitoring the voltage drop 

over an electrical resistance, forms therefore a binary 

indicator of the liquid co2 level. 

Operution 

Prior to extraction, the device is loaded wi th an excess 

of the amount of solid C0 2 required for a proper function

ing of the ex tractor. The needie valve is fully opened 

until the cover plate is closed handtight. Then, success

ively, the needie valve is closed and the cover plate 

secured tightly while the solid C0 2 in the cold lower part 

of the barrel is continuously sublimating/melting. This 

step, which is r~ther time consurning, can be speeded up by 

heating the container bottorn in a water bath. As soon as 

the co2 inside the container is at room temperature, the 

excess C0 2 , indicated by the combined weight of the equip

ment and C0 2 , is vented via the needie valve. During the 

evaporation step no external cooling is applied to the 

cold finger. Since there is no liquid C0 2 formed inside 

the Soxhlet extractor during this procedure, the float

switch remains in its original position i.e. contact = on. 

After dipping the container again in a water bath up to a 

predetermined depth and at a corresponding optima! temper-
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ature, the cooling of the cold finger (in our case -4 °C) 

is started so that C0 2 condensas and drips onto the sam

ple. As soon as enough liquid C0 2 bas assembied inside the 

extraction part of the Soxhlet extractor, the float-switch 

contact is broken as the glass-bulb starts to float and is 

lifted from the contact wires. Whenever the liquid C0 2 

reaches the syphoning point, the 1 iquid is transferred to 

the round-bottom flask and the float-switch closes again, 

thereby signalling the end of one extraction cycle. The 

heat supplied at the bottorn of the container evaporates 

the co2 and, provided the appropriate conditions are 

chosen, the whole process repeats ltself dynamically. 

Even with the addition of a float-switch, a pressure gauge 

and a thermocouple to the Soxhlet (see Fig. A.2). it ap

peared rather difficult to establish a set of eperation 

conditions ensuring (continuous) multistep extraction. The 

overall quantity of co2 present in the system must provide 

sufficient liquid co2 to reach the syphoning point in the 

extractor. On the other hand, the liquid C0 2 quantity 

should not exceed the avai lable residual volume of the 

receptor flask. At the same time the heat transfer into 

and from the system should be in balance with the required 

stationary state in the system. Otherwise the C0 2 will be 

predominant ly present in ei ther the 1 iquid or the gas 

phase. In either case, multistep extraction will not 

occur. 

The extraction process is stopped by a carefully control

led depressurization of the container. First the cold 

finger cooling is shut off. After the initia! temperature 

and pressure are restored. and successive gradual decom

pression. the extract is obtained from the round bottorn 

flask. 

With the equipment used in this study, an overall amount 

C0 2 of 145 g. was selected, while this amount generates 

virtually no liquid C0 2 in thè system at room temperature. 

This is essential in order to avoid excessive and violent 
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boiling upon decompression of the barrel after terminatien 

of the extraction according to the procedure described 

above. This procedure. however, limits the applicability 

of the method, because only components with a negligible 

volatility will be quantitatively recovered. For more 

volatile substances the barrel should be caoled to a sub

zero temperature prior to decompression as advised by 

Jennings [6]. Using this alternative, water condensation 

onto the extract bas to be prevented carefully. 

Once the amount of C0 2 bas been selected, optimization of 

the operating conditions is greatly enhanced by means of 

both float-switch position monitoring as well as the tem

perature and pressure measurements. Part1cularly, counting 

the number of extraction cycles, is of significant import

ance for the reproducibility of the recovery of various 

solutes. 

Representative examples, at a given set of expertmental 

conditions, of temperature and float-switch recordings are 

presented in figure A.3. The temperature of the gaseaus 

C0 2 outside the Soxhlet extractor (figure A.3a dasbed 

line) between the first and last extraction cycle, appears 

to be circa 29 °C whi le the pressure is 60 bars. Under 

these conditions a cycle time between 5 to 10 minutes is 

obtained (figure A.3a solid line). 

The potentlal applicability of the thermocouple as a cycle 

indicating device, as shown by the dasbed line in figure 

A.3b, is based upon the temperature difference between 

gaseous and liquefied C0 2 in the extractor. The tempera

ture of the gaseaus co2 is slightly, but significantly, 

higher than that of the liquefied C0 2 • Although the 

thermocouple may eventually replace the float-switch, for 

the moment it is preferred to establish a successful set 

of operation 

the ex tractor. 

conditions using both registration outside 

being a more sens i tive measure than pres-

sure, as well as the float-switch position. 
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Fig. A.3: Temperature and fLoat-switch position recordings 

of high pressure SoxhLet extract ion. Sotid Line: ftoat

swi tch contact position (0= off; 1= on). Braken tine: 

temperature (a= outside the extractor; b= inside the ex

tractor). Operation conditions: 1~5 g. C0
2

; water bath 53 

°C; insertion depth approx. 3 cm; coLd finger -~ °C. 
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At the given experimental conditions and with the equip

ment used in this study, 2.7 moles of the 145 g (= 3.3 

moles) of gaseaus C0 2 occupy in the hulk volume of the 

stainless steel container (± 750 ml) whereas 0.6 rnales are 

left for 

ml at a 

the liquid phase, 

liquid temperature 

corresponding with approx. 35 

of 23 °C [7]. Out of this 

liquid volume, 25 ml's are required to reach the syphoning 

point. The excess 10 ml is available to ensure continuity. 

A decrease in the total amount of C0 2 wi 11 resul t in a 

decreased overall density. At the same temperature how

ever, the vapor pressure of the gas and therefore i ts 

density will he constant (see figure A.4). Hence less C0 2 

will be available in the, for the extraction process need

ed, liquid phase. In order to maintain a sufficient amount 

of liquid, more cooling and/or less heating is required. 

An increase in the overall amount of C0 2 also requires 

adaptation of the heat balance, obviously in the opposite 

direction. 
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Fig. A.4: Coextsttng gas-ttqutd denstttes (sotid line) and 

the corresponding vapor pressure (broken line) for co2 as 

a functton of temperature. 
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Although a range of 130-160 g C0 2 was observed to be prac

tically acceptable, continuity of the cycles appeared more 

difficult to control the closer the limitsof this range 

were approached. 

A sample chromatagram of a high pressure Soxhlet extract 

of aparaffin sample, with.a congealing range of 50-60 °C, 

is presented in figure A.5. 

isobar ie 
(150 atm) 

---1 
15 

150 175 

20 

200 225 ~?SQ 
pressure~ (atm) 

25 30 (min) 

Fig. A.5: Chromatagram obtained etth SFC of a high pres

sure Soxhl.et extract of a paraffin sampl.e. Instrumenta

t ion: see chapter 1. Col.umn: 11 m. (50 ~m ID, df = 0.2 ~m) 

OV-73 fused sitica capil.l.ary (Rescom, Kortrijk, BeLgium) 

fitted with an on-coLumn restrictor [8]. 

A1.3 LIQUEFIED CARBON DIOXIDE STRIPPING 

Introduetion 

The liquefied C0 2 stripping technique developed at our 

laboratory is a preparative variant of the metbod de

scribed by Stahl for the deposition of extracts, obtained 

with liquefied co2. as a starting band on chromatographic 

thin layers [9]. 
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Although. at least at this stage, the metbod is not highly 

reproducible. it is fast {appr'ox. 10-25 min. extraction 

time). easy to opera.te and bas the same advantage as high 

pressure Soxhlet extraction of no residual solvent present 

after extraction. 

The metbod is especially sui ted as a. precursor to high 

pressure Soxhlet extraction since it offers a quick gla.nce 

at the results to be expected from a particula.r sample 

with this latter, more time consuming, but a.lso more re

producible technique. Calcula.tion of the volume of liquid 

C0 2 used during stripping, enables estimation of the re

quired number of extraction cycles. 

Extraction efficiencies over 50 % are obtained so far 

within 20 minutes with sand samples spiked with n-hydro

carbons with more than 16 carbon atoms. Careful optimi

zation will certainly increase these figures. 

The stripping technique is certainly easier to modify to

wards on-line sample introduetion in both supercritical 

fluid as well gas chroma.tographic systems [10] than is the 

high pressure Soxhlet technique. 

Instrumenta.tion 

The equipment used for liquefied C0 2 stripping is shown in 

figure A.6 a.nd consists of a. sample container {Chrompack 

HPLC cartridge system, Chrompack, Middelburg, The Nether

lands). a short length of 150-100 ~m ID fused silica ca

pillary, an expansion chamber and deceleration part fitted 

with a reception flask. The liquefied C02 is supplied by 

either a cylinder equipped with a stand-pipe or a pump. 

Operati.on 

The operation of this system is very simple. Liquefied C0 2 

is passed through the sample. The components that are dis

solved in the liquefied co2 are transported into the ex

pansion chamber via the fused silica capillary, serving as 

a rnass-flow rate restriction. Due to adiabatic expansion 

of the liquid/gas, the expa.nsion chamber cools down to 

approx. -78 °C, the sublimation temperature of co2 (see 
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figure A.l). Part of the C02 becomes solidified during 

this process, thereby trapping the extracted components 

dissolved in the liquid. The particles are swept into the 

deceleration part by the remaining co2 gas stream, where 

they are allowed to precipi.tate. Finally, the particles 

are collected in the reception flask, whereas the gas 

emerges at the top of the deceleration part. 

liquid 
co2 

CHROMI'o\CK 
hpk: camidae 

solid 
co2 

gas 

{ 

Fig. A.6: Schematic design of the liquefied C02 stripping 

equipment. 

Due to the sublimating C0 2 , the temperature of the recep

tion flask is kept low, thus preventing component escape. 

At the end of the extraction procedure, the solid C0 2 is 

allowed to sublimate, while taking appropriate measures to 

prevent atmospheric water condensing onto the extract. 
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Compared to high pressure Soxhlet extraction. this tech

nique, which is principally carried out in an open system, 

is less appl icable for substances wi th a moderate vola

tility. Consiclering the sublimation temperature of C0 2 and 

the vapor pressure of extracted components at this temper

ature, quantitative trapping may, as a rule of thumb, only 

be expected for components with a boiling point above 

110 °C. Otherwise, serious losses are to be reckoned with, 

particularly during the starting up period when the in

strumentation is only partially cooled to -78 °C. 

The design of the expension chamber and the position of 

the fused silica outlet therein are crucially important to 

the formation of solid co2. which should be maximized in 

order to minimize losses via the vented gas stream. A 

minimal distance between the outlet of the capillary and 

the entry of the expansion chamber has a positive effect 

on the formation of solid C0 2 • At too short a distance 

however, a safety hazard is created due to blocking of the 

expansion chamber. It was experimentally confirmed that 

optimization of the formation of solid co2 results in 

maximized recoveries. 
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SUMMARY 

The idea that gas, liquid and supercritical fluid chroma

tography are just particular forms of one basic technique, 

that is fluid chromatography, is lately more and more ac

cepted. Within fluid chromatography, SFC takes an inter

mediate position and forms as such the transition between 

gas and liquid chromatography. This position finds. among 

others, expression in the used instrumentation, columns. 

speed of analysis and field of application. SFC is there

fore not to been seen as a competitive but as a complemen

tary technique. The use of supercritical media, which are 

not to been seen as an ideal gas or 1 iquid. leads to 

severe theoretica! and instromental problems. The develop

ment of SFC into a usabie chromatographic technique, forms 

the subject of this thesis, in which the instromental as

pects of the technique take a special place. 

In chapter 1, SFC is defined. The definition of SFC is not 

as straightforward as it may seem at first glance. The 

technique is defined as a form of fluid chromatography in 

which at least the temperature of pressure of the mobile 

phase is supercritical while maintaining a significant 

level of solvent/solute interactions. Criteria for mobile 

phase selection are presented and applied to a number of 

mobile phase fluids that are more or less suitable for 

SFC. It is reasoned why C0 2 is widely recognized as being 

the most universally applicable mobile phase fluid. After 

discussing tbe requirements of the various parts that make 

up a SFC chromatograph, a research instrument that may 

serve as a basis for routine instrumentation is presented. 

Chapter 2 deals with the evaluation of sample introduetion 

techniques. Cri ter ia for the maximum allowable sampling 

time and volume, with regard to their influence on peak 

form and width, are established and applied to specific 

SFC sampling conditions. The sample introduetion tech

niques discussed, are all based on sample valves and in

clude sample splitting, direct sample introduction, 
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(purged) rnaving injection and the application of retention 

gaps. The combination of a retention gap with purged rnav

ing injection is found to give most favorable resul ts. 

Further diversification of sampling techniques, such as on 

column preconcentration and the use of the mobile phase 

fluid to dissolve samples, farms the subject of the last 

paragraph of this chapter. A potentially powerful sample 

introduetion technique that incorporates aspects of cryo

genic focussing as well as variation of the solvent 

strength after sampling, is proposed. 

Mass-flow rate restrietars are indispensable for SFC. In 

chapter 3, in which the implications of the use of rnass

flow restrietars is treated, special attention is paid to 

interfacing restrictors. as used in capillary SFC in com

bination with gas-phase detection. The demands placed at 

this type of restriotor are much higher than is the case 

for post-detector restrictors. The theory of compressible 

flow is applied to the two most frequently used interfac

ing restrictor types. that is the tapered and constant 

diameter restrictor. Based on this theory, the flow cha

racteristics of these restrictor types is described and 

experimentally verfied. The main conclusions of this study 

are: the possibility of incomplete pressure drop over the 

restrictor, which is of major importance in the case of 

interfacing restrictors, and the linear dependency of the 

rnass-flow rate on applied pressure. The implications of 

this linear dependency on the in-column linear velocity as 

function of column oven temperature, is extensively treat

ed. 

Chapter 4 deals wi th the factors inf luencing separation 

and speed of analysis. An equation for the r·etention time 

as function of (relative) retention, resolution, plate 

height and linear velocity, is taken as a starting point. 

The plate height in capillary SFC is evaluated using a 

modified Golay-Giddings equation. This evaluation is fol

Iowed by a camparisou of the anaiysis times of GC, SFC and 

HPLC under resoiution normaiized conditions. Estimates for 

camparabie column inner diameters and film thicknesses are 
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presented and compared to values as used in contemporary 

practice of SFC. From an evaluation of various estimation 

methods for mobile phase diffusivity with data from the 

literature, the Wilke-Chang correlation metbod was found 

to give the most accurate results. On basis of the mobile 

phase diffusivity it is concluded that the use of variabie 

restrietars is a neeces i ty in order to provide SFC wi th 

flexibility in the choice of the mobile phase state during 

analysis. The complex {relative) retention behaviour as 

function of the mobile phase state is also described in 

chapter 4. Special attention is paid to the changes in 

{relative) retention as function of the mobile phase state 

at resp. constant pressure, temperature and density. The 

last subject of this chapter is formed by the possibili

ties and limitations of fluid state programming, i.e. 

changing the mobile phase state during analysis. Side 

effects of fluid state programming are the in-column 

pos i ti on dependent compression veloei ty and peak volume 

compression. These effects cause the chromatographic bands 

to elute faster and with less band width than would have 

been the case without compression during analysis. 

In the appendix two extraction techniques, in which lique

fied C0 2 is used, are described. Purpose of this pre

liminary study was to obtain samples that are compatible 

with SFC and estimation of component solubility in this 

medium. It was soon realized that both techniques may also 

serve as laboratory extraction techniques if sufficiently 

optimized and controllable. The ma in advantage of these 

techniques over others is the high volatility of co2 at 

room temperature; the extracts obtained are virtually sol

vent free. The first technique describ~d is high pressure 

Soxhlet extraction. Means to control the technique were 

developed and a succesful set of operating conditions was 

established. This technique was found to give reproducible 

extraction results but is rather difficult to use as well 

as time consuming. The second technique, 1 iquefied C02 

stripping, gives less reproducible results but is fast and 

easy to perform. This technique seems especially suited as 
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a precursor to high pressure Soxhlet extraction as it al

lows a fast estimation of the number of extraction cycles 

needed in this latter technique, to ensure sufficient ex

traction efficiency of specific components in the sample. 
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SAMENVATTING 

Recentelijk begint steeds meer het inzicht te ontstaan dat 

gas, vloeistof en superkri ti.sche chromatografie di verse 

uitvoeringsvormen van een algemene techniek, namelijk 

fluid chromatografie, zijn. De superkritische fluid chro

matografie neemt hierin een intermediaire plaats in en 

vormt als zodanig de overgang· tussen gas en vloeistof 

chromatografie. Deze positie komt onder andere tot uiting 

in de gebruikte apparatuur, kolommen, analyse snelheid en 

toepassingsgebied. SFC dient daarom niet gezien te worden 

als konkurrerende maar als een aanvullende techniek. Het 

gebruik van superkritische media, welke niet te beschouwen 

zijn als ideale gassen nog als ideale vloeistoffen, leidt 

tot aanzienlijke theoretische en instrumentele problemen. 

Het ontwikkelen van kapillaire SFC tot een bruikbare chro

matografische techniek, vormt het onderwerp van dit proef

schrift, waarin met name zal worden ingegaan op de instru

mentele aspekten van de techniek. 

In het eerste hoofdstuk wordt SFC gedefinieerd. Een defi

nitie van SFC is niet zo triviaal als op het eerste ge

zicht lijkt. De techniek wordt gedefinieerd als een vorm 

van fluid chromatografie waarbij tenminste de druk of tem

peratuur van de mobiele fase superkritisch is terwijl er 

tegelijkertijd signifikante solvent/solute interakties 

aanwezig zijn. Dekriteria voor mobiele fase selektie wor

den aangegeven en toegepast op een serie f luids die in 

aanmerking komen als mobiele fase voor SFC. Hieruit blijkt 

dat co2 de meest universeel toepasbare mobiele fase is; 

Nadat de eisen die gesteld worden aan de diverse onder

delen van een superkritische fluid chromatagraaf zijn be

diskussieerd, wordt een research instrument voo,r kapil 

laire SFC gepresenteerd. 

In hoofdstuk twee wordt een evaluatie van monster intro

duktie technieken gegeven. Kriteria voor de maximaal toe

laatbare bemonsteringatijd en volume met betrekking tot de 
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invloed op piek vorm en breedte worden vastgesteld en toe

gepast op specifieke SFC bemonsterings kondities. De be

monsterings technieken die worden besproken zijn gebaseerd 

op het gebruik van monster introduktie kranen en omvatten 

sample splitting, direct sample introduetion en moving 

injection, purged moving injection en de toepassing van 

retention gaps. De kombinatie van een retention gap met 

purged moving injection blijkt de beste resultaten op te 

leveren. Verdere diversifikatie van monter introduktie 

technieken, zoals on-column prekonsentratte en het gebruik 

van de mobiele fase fluid als oplosmiddel voor monsters, 

vormt het onderwerp van de laatste paragraaf van dit 

hoofdstuk. Een potentieel krachtige bemonsterings tech

niek, welke zowel aspekten van cryogene fokussering als

mede verandering van de oplosmiddelsterkte gedurende be

monstering in zich heeft, wordt geïntroduceerd. 

Bij SFC is bet gebruik van massa stroom restrikties niet 

weg te denken. In hoofdstuk drie, waarin de implikaties 

van het gebruik van massa stroom restrikties beschreven 

wordt, 1 igt de nadruk op de karakteristieken van inter

facing restrikties zoals gebruikt in kapillaire SFC met 

gas-fase detektie. De eisen die aan dit type restriktie 

gesteld dienen te worden, blijken veel zwaarder te zijn 

dan in het geval van post-detektor restrikties. De leer 

van kompressibele stroming wordt toegepast op twee van de 

meest gebruikte restriktie types in SFC, teweten de taper

ed en konstante diameter restrikties. Gebaseerd op deze 

theorie, worden de stromings eigenschappen van fluids door 

deze types restrikties beschreven en experimenteel geveri

fieerd. De belangrijkste konklusfes zijn de niet komplete 

drukval over de restrikt ie, hetgeen van groot belang is 

voor interfacing restrikties, en de lineaire afhankelijk

heid van de massa stroom als funktie van de aangelegde 

druk. De gevolgen van deze lineaire afhankelijkheid op de 

"in-kolom" lineaire snelheid als funktie van de tempera

tuur komen uitgebreid aan bod. 

Hoofdstuk vier handelt over de faktoren die de scheiding 

en analyse snelheid in kap i llaire SFC beïnvloeden. Uit-
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gaande 

funktie 

van 

van 

een 

de 

vergelijking voor 

(relatieve) retentie, 

de retentietijd als 

resolutie, schotel 

hoogte en lineaire snelheid, worden deze faktoren bespro

ken. De schotelhoogte in kapillaire SFC wordt geevalueerd 

aan de hand van een gemodificeerde Golay-Giddings schotel

hoogte vergelijking. Deze evaluatie wordt gevogd door een 

vergelijking van de analysetijden in GC, SFC en LC onder 

resolutie genormaliseerde omstandigheden. Schattingen voor 

vergelijkbare kolom diameters en film diktes voor de drie 

fluid chromatografische technieken worden gegeven en ver

geleken met waarden zoals die momenteel gebruikelijk zijn 

in kapillaire SFC. Uit een vergelijking van diverse schat

tings methoden voor de mobiele fase diffusie in SFC met 

gegevens uit de literatuur blijkt dat de Wilke-Chang kor

relatie methode de meest betrouwbare resultaten opleverd. 

Er wordt gekonkludeerd dat de ontwikkeling en het gebruik 

van variabele restrikties nodig zijn teneinde het welsla

gen van SFC als chromatografische techniek te bevorderen. 

Het komplexe (relatieve) retentie gedrag als funktie van 

de fluid toestand wordt beschreven in hoofdstuk vier. Spe

ciale aandacht wordt geschonken aan de verandering van de 

(relatieve} retentie als funktie van de fluid toestand bij 

resp. konstante temperatuur, druk en dichtheid. Het laat

ste onderwerp van dit hoofdstuk wordt gevormd door de 

mogelijkheden en beperkingen van mobiele fase toestands

programmering, dwz. het veranderen van de mobiele fase 

toestand gedurende een analyse. Neven effekten van toe

standsprogrammering zijn de "in-kolom" plaats afhankelijke 

kompressiesnelheid en piek volume kompressie. Deze effek

ten leiden ertoe dat de chromatografische banden eerder en 

met geringere breedte elueren dan het geval zou zijn zon

der kompressie gedurende de analyse. 

In de appendix worden twee extraktie technieken beschreven 

welke gebruik maken van vloeibaar C0 2 • Het doel van dit 

onderzoek was het verkrijgen van monsters die analyseer

baar zijn met SFC en het verkrijgen van schattingen van de 

oplosbaarheid van stoffen in dit medium. Het werd snel 

onderkend dat deze technieken ook als laboratorium extrak-
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tie techniek dienst kunnen doen, mits voldoende geoptima

liseerd en kontroleerbaar. Het belangrijkste voordeel van 

deze methoden boven andere technieken is gelegen in de 

hoge vluchtigheid van co2 bij kamer temperatuur; de ex

trakten worden daardoor zo goed als oplosmiddel vrij ver

kregen. De eerste techniek die beschreven wordt is hoe 

druk Soxhlet extraktie. Middelen om de extraktie te kon

troleren werden ontwikkeld en een suksesvolle set kondi

ties vastgesteld. Deze techniek blijkt reproduceerbare 

extraktie resultaten te geven maar is relatief moei 1 ijk 

uit te voeren alsmede tijds intensief. De tweede techniek, 

vloeibare co2 stripping, geeft minder reproduceerbare re

sultaten maar is snel en eenvoudig uit te voeren. Deze 

techniek lijkt met name geschikt als een voorloper voor 

hoge druk Soxhlet extraktie daar op eenvoudige wijze een 

schatting verkregen kan worden van het aantal extraktie 

cycli nodig, om tot een voldoende extraktie efficientie 

van specifieke komponenten in het monster te komen. 
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STELLINGEN 
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<1985) 2829. 

2 Het feit dat Graydon een hogere "trappinga efficiency" 

vindt bij het gebruik van een gepakte ten opzichte ven 

een kapillaire koude vel, rechtvaardigt de konklussie 

dat dit alleen berust op een verbeterd kontakt tussen 

de damp en oppervlak niet. 

J. W. Graydon and K. Grob, J. Chroma t ogr. , 254 ( 1983) 

265. 

3 Het komplexe retentiegedrag in superkritische fluid 

chromatografie is een van de redenen die een wijdver

breidde toepassing van deze techniek in de weg zullen 

staan. 

4 Het huidige optimisme aangaande de ontwikkeling van 

praktisch bruikbare immunochemische sensoren, ia vol

ledig ongegrond. 

J.R. North, Trends Biotechnol., 3 <1985> 7. 

5 Woolley et al. achrijven de toepasbaarheid van poly 

(alkylhydrosiloxanen> en alkylhydrosilanen voor de de

aktivering van kappilaire scheidingakolommen bij lage 

temperatuur ten onrechte toe aan de grotere reektivi

teit ven de hydragroepen met oppervlakte silanolgroep

en. 

C.L. Woolley, K.E. Merkidee and M.L. Lee, J. Chroma
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6 De door Said gedane aanbevelingen, betre~~ende een be

trouwbare bepaling van de konstenten in een vergelijk

ing voor de retentietijd als ~unktie van de temperatuur 

in gas chromatogra%ie, zijn niet korrekt. 

A.S Said, in P. Sandra <Editor> 8 th. Int. Symp. on 

capillary Chromatohgraphy, Riva del Garda, 1987, 

Huethig Verlag, Heidelberg, 1987, p. 85. 

7 Het toekennen van het Amerikaanse patent op kapillaire 

superkritische %luid chromatogra:fie , getuigt van een 

hoge mate van inventiviteit. 

U.S. Patent 4,479,380 <1984) Novotny et al. 73/61.1C. 

8 Een mogelijk verschil in molaire extinktiekoe%%icient 

tussen het "charge-trans:fer" kemplex TMB I TMB
0

x en 

TMBox' is niet noodzakelijkerwijs de verklaring voor de 

extinktietoename bij het toevoegen van zuur aan het 

reaktiemengsel TMB/H 2 0 2 /Mierikawortel peroxidase. 

<TMB = 3,3',5,5' tetramethylbenzidine) 

E.E Bos et al., J, I•munoassay, 2 <1983> 187. 

P.D. Josephy, T. Eling and R.P. Mason, J. Biol. Chem., 

257 <1982) 3669. 

9 Lezingen op analytisch chemische symposia dienen in

houdelijk een bijdrage te leveren aan methode ontwik

keling of de algemene toepasbaarheid van methode<s> en 

niet te handelen over een apeci:fieke analyse. 

10 Kunstmatige intelligentie bestaat niet. 
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