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ABSTRACT 

The chromatographic plate height, resolution and time requirements in supcrcritical fluid chromatography depend on the physical 
properties ot" the mobile phase (pressure, mobile phase comlm~sition, temperature and linear ~¢locity), on the chemical structure of  the 
analyte, which determines vapour pressure and solubility, and on various properties o f  the stationat3, pha~. If  a gi~-n homologous 
series of compounds, or a tcs't mixture simulating a homologous ~ries. is u,~-d with a specific chromatographic column, the chromato- 
graphic properti~ for the compounds in thes'e t~.~t mixtures" will vary with pr,.,'ssure, mobile phase compofition, temperature, velocity 
and the relative molecular mass of  the individual compounds. If in addition to a suitable column a temperature is chosen which, for 
simplicity, is kept constant, and which is known to lead to good or even optimum resolution, the pressure, composition and relative 
molecular mass dependence of  the Van Dcemter plate height minimum, as determined expcrimentaUy at this temperature, t~tn b¢ used 
lbr predicting an optimum linear velocity programme. This velocity programme can be u~,d either as a stand-alone programme or L~an 
be adapttxt to and superimposed on pn.'s'sure or composition prognmlm~, or e~en on combined pn.~sure--~mposition programmes. 
The linear velocity dependenoe of  plate height and n.~olution fi.w a mobile phase compo~'d of  a mixture of~srlmn dioxide and methanol 
on a column packed with unbonded silica gel is pn.~ented. This dependene~ was measun.xt at different pr~,'xsun.~ and compositions. 
employing four condensed aromatit~ as a tt.~t analyte. Each chromatogram of the analyte was therefore measured at constant temper- 
ature, velocity, pressure and composition, varying the last three physical properties bet~een chromatograms~ The data are p~.~nted as 
Van Deemter plots and as th~x--dimensional plots showing the dependence of r~olution and ~=apat.fty factor on velocity and either 
pressure or composition. Based on these data, the change in the linear velt~.'ily suitable for pr~,'~sure programm~m, mobile pha.~ 
composition programmes and for increase in the relative molecukw mags of the analyte is discussed. The conclu.~on is that a pn.-ssure 
(density) programme nceds a superimpos~xl negative iing-ar vdocity programme for the purpo~  of  dectrasing the plate height and 
increasing the resolution, whereas such a programme is not n ~ . . ' . ~ "  to a comparable ~xtent for composition programming. If 
compounds with a wide range of  relative molecular magses are scpamttxl, the superimposing ol'a negative linear velocity programme on 
to a composition progm~mme is also advantageous. For programming the physical properti~ o f  a mobile pha.~, i.e.. pre.,~sure, density, 
composition, tempenRure and vel~'ity, a number of  clo.~ly related gxluations are proposed and some corresponding programme curves 
are shown. Hardware ntx'ds for programming are also briefly d i~u~ 'd .  

INTRODUCTION 

Supercritical fluid chromatography (SFC) has 
been established as a routine method in some areas 
ofanalytical chemistry. For the further development 
of SFC, a general knowledge of the possibilities for 
the optimization of efficiency a.~d resolution by 

Corre.~pondence to: E, Klesper, Lehrstuht fiir Makromolekulare 
Chemic, Aachen Technical University, Worringer Wee I, 
W-5100 Aachen, Germany. 

gradient programming is important. The first gener- 
ation of commercially available capillary SFC in- 
struments were designed to achieve pressure (den- 
sity) programmes by controlling and programming 
the pressure at the column inlet, thereby usually 
increasing the flow-rate through a capillary column 
whenever a "'fixed" ~strictor was employed at the 
column outlet. As is well recognized, the problem 
with this pressure programming technique is an 
increase in the linear velocity in the column, which 
may strongly decrease plate numbers, i .e.,  efficiency. 
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A second problem with the first generation of 
capillary SFC instrumentation was that the change 
in the nature of the mobile phase via programming 
of a composition gradient was not possible. A means 
of solving these problems was shown independently 
by different groups using pressurized gases or liquids 
as programmable counter pressure media at the 
outlet of open-tubular and other microcolumns 
[I-3]. These difficulties were not inherent in the use 
and commercialization of SFC instruments employ- 
ing larger diameter packed columns because regu- 
lating valves at the column outlet could be used t¥om 
the beginning of  the development of SFC apparatus. 
Recently, self  controlling regulating valves as part 
of feedback loops have been introduced for larger 
diameter packed columns [4-7]. The regulation 
devices allow pressure and composition gradients 
independently of each other and of the feed rate of 
the pumps, which means that these devices allow 
also independent linear velocity programming tbr a 
continuous optimization of efficiency. Instruments 
using such valves have already become commercial- 
ly available and more are expected t.~ follow. 

An SFC instrument that is capable of  all these 
gradient programming techniques, including tem- 
perature programming, offers both the capability 
and the problem of finding the optimum single or 
combination gradient method. For instance, the op- 
timuna velocity programme to be superimposed on a 
composition programme, a pressure programme or 
a temperature programme ix not entirely obvious 
and few relevant data are available in the literature. 
It can be expected, however, that the combination 
of a velocity programme with a temperature pro- 
gramme, or vice versa, should be applied, considering 
that a negative temperature programme reduces 
diffusion and diffusion coefficients, which is to be 
counteracted by a negative velocity programme. 
whereas a positive temperature programme increases 
diffusion and the velocity probably needs increasing. 
It might be expected also that in combination with 
other positive gradients, i.e., pressure and composi- 
tion. a usually negative velocity programnae is useful 
if optimized efficiency and resolution are required 
throughout a separation. 

This paper reports first the influence of linear 
velocity on plate height at ditTerent pressures and 
compositions, choosing a constant tcnlperature of 
150 C. The chromatographic system consisted of a 

column packed with unbonded silica which had been 
modified with methanol (see Experimental). The 
mobile phases were composed of mixtures of  carbon 
dioxide (COn) and methanol and the test analytc 
consisted of a mixture of tbur condensed aromatic 
hydrocarbons. All individual chromatograms were 
obtained keeping thc linear velocity, pressure, com- 
position and temperature constant. Analogous work 
on thc same system at constant pressure, composi- 
tion and temperature at the more simply attainable 
constant flow-rates instead of constant linear veloc- 
ities will bc presented elsewherc [8]. The prcscnt 
results are expressed as the usual Van Dccmtcr plots 
[9] of plate height ~vrsus linear velocity at constant 
pressure, composition and temperature. Because 
these Van Decmtcr plots werc obtained at differcnt 
pressures and compositions, it can be seen how a 
change in pressure or in composition affects the 
plots. This is equivalent to obtaining a first answer 
about how a pressure or a composition programme 
is to be combined with a vclocity programmc. Some 
intbrmation can even bc obtained about suitable 
ternary combinations of programmcs for velocity. 
pressure and composition. Previous studies of Van 
Dccmter plots with different unbondcd, bonded or 
coated silica phases in packed columns have shown 
significant difl'erences in the HETP for different 
stationary phases and for the same stationary phase 
applied with different analytes [!0 13]. Both results 
are to be expected on account of the different 
irlterdiffusion coefficients and capacity factors of 
the analytes. The mobile phases in these prcvious 
studies were pure CO.,. and CO.,-methanol mixtures. 

This paper also reports on the influence of  linear 
velocity on the capacity factors and resolution at 
different pressures and compositions at a constant 
temperature of  150 C. The resuhs are presented in 
three-dimensional graphs, in which capacity factor 
and resolution are plotted against velocity and either 
pressure or composition. Again, inlk~rmation is 
obtained from this type of plot about suitable 
combinations of  velocity, pressure and composition 
Ibr binary gradient programmcs. 

Because gradient programmes having a good se W 
aration effect may lbllow relatively simple mathe- 
matical equations, a self-consistent yet of simple 
cqt, ations appears desirable lk~r programming the 
different parameters of the mobilc phasc. Therelbrc. 
a basic equation was developed that is applicable to 
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velocity, flOW, pressure, density, composi t ion or  
temperature programmes,  singly or in combinat ion  
as simultaneous or  consecutive programmes. Em- 
phasis was placed on employing a minimum of  freely 
choosable constants in the equations, yet retaining 
maximum flexibility. Some hardware requirements 
for using the programmes  are discussed with ;t view 
to combining GC with SFC by pressure or density 
prognunmes in tile same chromatogram. 

EXPERIMENTAL 

The chromatographic  equipment used was a 
modified Hewlctt-Packard (Waldbronn. Germans)  
HP 1084B with a Model  LC-75 UV detector (Pcrkin- 
Elmer, Dfisseldorf. Germany)  modified to be 
equipped with a high-pressure UV detector call tbr 
pressures up to 350 bar as described previously 
[7.14]. The pressure-regulating system was com- 
posed of  an electronically controUed Hitec valve 
(Bronkhorst Hite¢. Ruurlo.  Netherlands) [71. tbl- 
lowed in series downst ream by a Tescom I Elk River. 
IVIN. USA) back-pressure regulator analogous to 
published arrangements  [4]. The complete pressure 
programming system consisled of  these vahes,  an 
IBM AT PC and an ADI)A converter as described 
previously [7]. 

The carbon dioxide cluem 199.995%, purit3 J I Lin- 
de. Cologne. Germanyl  was preprcssurizcd ~sith 
helium in the storage cylinder and delivered as a 
liquid to the pump.  the cxlindcr being turned upside 
down. The methanol  l Merck. Darmstadt.  Germany)  
was delivered from liquid storage bottles which were 
part of  the original equipment of  the HP 1084B 
chromatograph.  A laboratory-made analytical col- 
umn (250 mm x 4.6 mm I.D.). packed with Li- 
Chrospher Si 100 (5 $tn't particle diameter) (Merck) 
by a slurry packing procedure [15]. was used. The  
column was condit ioned with methanol at 300 C 
and 300 bar betk~re use according to an earlier 
procedure employing 1.4-dioxane [16] instead of  
methanol. It is found that this conditioning leads to 
reaction of  methanol  wit.'a the silica, as ix shown by 
the C content o f  the silica after conditioning. As the 
analytc a polyaromatic  hydrocarbon mixture com- 
posed of naphthalene,  anthracene, p3 rcnc and cilry- 
sent was used at ¢Ollcenlralions bclxxecz: 1 - 10 2 
and I • Ill 3 tool 1 of  each component  in hcptanc. 
l 'hc sample x~,as injected hx mcan.~ of a P, hcod.~nc 

Model 7 ! 25 valve (I(..T Handelsgesellschaft, Frank- 
furt, Genamny) equipped with a 20-/d sample loop. 
The temperature o f  the eolumn was kept constant at 
150C by use o f  a Hen:aus (Hanau. Germany)  
forced circulation sir  oven. 

The clution time o f  the soh,cnt heptane was taken 
as the dead time. to. whereby the pulse o fheptane  led 
to a negative peak in the UV detector. The linear 
velocity, u. determined from to and u = L/ to  ( L  = 
column length), was ,~,aried by changing the mobile 
phase pump flow-rate, and hinged from 0.07 to a 
maximum of  1.05 cm/s at 150 bar and 150 C. Both 
o f these va I ues a rise beta use o f ha rd wa re tim i t a t ions 
of  the instrument used. Thet~eby. the max imum 
linear velocity attainable was lower at higher than at 
lower pressures. The  opt imum linear velocity, u,, m, 
was obtained from the Van l~'emter plots by both 
splines and bext estimates. Similar results were 
obtain~t in both instanct.~. 

The plate height t H ETPI was calculated from the 
column length. L. the retention time of  the eluted 
peak. t,. and its peak width at halt-height, wo .,. by 
means of  the equation 

L (w,, ,)-" 
H H P  = 5.sh , ,  

The capacity fi~ctor, k .  and the resoluuon be- 
lx~ccn peaks i and I. R,~, xxerc calculated according to 
/,' =(t ,  - t,,) t,, and [17] 

I , ,  ,L ,  
R,~ = -r In 4 12~ gu u'; + w~ x 

with d~ > 0. where/~j  is the depth o f  the valley 
between the two peaks i and .,.; go ,s the average 
height of  the two peaks, w' is the peak width at 
half-height and k u is the distance between the 
baseline intercepts o f  the tangents to the peaks. For 
determining d~ i. on each peak a tangent is drawn on 
that side of  the peak xxhich is adjacent to the other  
peak. The average resolution R*, is the arithmetric 
mean of  the R~. 

R,,*, = ~" R* n (31 

~silct'c ~l is the number  of  pca~ pairs in the anal3:': 
mixture, i.e.. t~ = 3 ill the present case. For  the 
plotting of the thrcc-dimcn.~ional graph~, in x~ hich h" 
i~ plotted on one of  the axes and R,,* is represented by 
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shading the three-dimensional surface, a computer 
programme (Unimap; Uniras European Software 
Contractors, Lyngby, Denmark, and Dilsseldorf, 
Germany) was used as described in detail previously 
[18]. 

RESULTS AND DISCUSSION 

The HETP in SFC, as opposed to gas chromatog- 
raphy (GC), depends on physical properties of the 
mobile phase other than temperature and linear 
velocity. The HETP in SFC is in addition a function 
of pressure or density and mobile phase composi- 
tion, besides also being dependent, as in GC, on the 
physical properties of the sample components, i .e . ,  
vapour pressure and chemical structure, and on the 
stationary phase. 

If in SFC a given stationary phase and a given 
homologous series of components, or a test mixture 
simulating a homologous series, is used, the HETP 
values for the compounds in these mixtures then 
vary only with pressure, mobile phase composition, 
temperature and velocity. At a given pressure, 
composition and temperature the experimentally 
determined Van Deemter curves show a plate height 
minimum at an optimum linear velocity, uo~,t, for 
each compound in the. analyte mixture. Provided 
that the dependence of the Van Deemter plate height 
minimum and of the corresponding t~o~, t on pressure, 
composition and temperature ia k~,~vn for a given 
analyte mixture, a suitable velocity programme can 
be derived for the separation either as a stand-alone 
programme or for superimposition of the velocity 
programme on a pressure, composition or tempera- 
ture programme. 

First, the linear velocity dependence of the H ETP 
lbr a binary mobile phase composed of different 
relative amounts of CO., and methanol will be 
presented. All experiments were performed with a 
test mixture of naphthalene, anthracene, pyrene 
and chrysene on an unbonded, normal-phase Li- 
Chrospher 100 (5 tma) silica gel stationary phase. 
The experiments were carried out at a range o1" 
pressures and compositions but ahvays at a constant 
temperature of 150'C. The reasons for choosing a 
constant temperature of 150 C were to reduce the 
number ofchromatograms needed for the study and 
because it was found that the optimum resolution 
was obtained at ca.  150C with, however, significant 

changes in the optimum temperature with pressure 
and composition. 

In the Van Deemter plots in Figs. 1-5 increasing 
amounts of methanol (2.5, 5, 10, 20 and 30%, v/v) 
were employed for the CO~-methanol binary mobile 
phase. In Fig. la-c the mobile phase is CO2 with 
2.5% ofmethanol. An increase in pressure from 150 
(Fig. In) via 200 (Fig. lb) and 250 bar (Fig. lc) to 
300 bar (Fig. Id) leads generally to a decreased, and 
in part unchanged or even increased, plate height at 
uopt. This decrease in HETP conflicts with the usual 
notion that increasing pressure tends always to 
increase the plate height. Chryscnc shows increasing 
HETP with increase in pressure. The bchaviour of 
chrysenc may be explained by a larger decrease in the 
interdiffusion coefficient with pressure than occurs 
for the smaller molecules, 

Turning to Figs. 2-5, with 5, 10, 20 and 30% of 
methanol in the mobile phase, the results with 
respect to the pressure dcpendcncc of HETP at uop~ 
are similar to those in Fig. I. For Figs. 2-5 the HETP 
again decreases or remains about the same with 
incrcasc in pressure as far as naphthalene, anthra- 
ccnc and pyrene are conccrncd, but tends to increase 
for chrysene. It should be noted, however, that the 
scatter of the data for the HETP in Figs. 1-5 is 
considerable. Nevertheless, the bchaviour of the 
three lower relative molecular mass compounds is 
clear and that of chryscne stands out. 

The second effect of pressure, which is also of 
significance, is the shift ofthe H ETP minimum in the 
Van Deemtcr curves to lower values of the optimum 
velocity, uopt, when the pressure increases. At the 
samc time, there is a tendency for narrowing the 
range of the low HETP around thc location of uop~, 
stecpcning the slopes of the low- and the high-veloc- 
ity bt:anches of the Van Deemter curves. Neverthe- 
less, there is still a reasonably wide range of velocity 
that can be used even for the highest pressure 
(300 bar). The curves indicate also that, generally, a 
lower linear velocity for the minimum is found when 
the relative molecular mass or the size of the sample 
molecule increases. Considering that naphthalene is 
eluted first and chrysene last during the separation 
and taking the Van Deemter plots for 10% methanol 
as an example (Fig. 3), the velocity might be reduced 
during the separation by pt'essurc programming 
fi'om about u = 0.4 cnys for the elution of naph- 
thalene to 0.15 cm s t\w the elution of chrysene to 
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obtain low HETPs for all compounds in the mixture. 
Even if the pressure is kept constant, a decrease in 
the linear velocity during the separation appears to 
be advisable. 

Turning now explicitly to the iniluence of the 
composition of the  mobile phase on the Van Deemter 
curves, one might compare different compositions at 
the same pressure, that is, 2.5, 5.0, 10.0, 20.0 or 
30.0% (v/v) methanol at, for instance, 200 bar 
(Figs. lb, 2b, 3b, 4b and 5a). If one compares the 
different compositions at 150 bar, a trend for the 
H ETP minimum to move to lower linear velocities is 
observed when the proportion ofmethanol increases. 
This trend is smaller, however, than that observed 
when at a constant composition the pressure is in- 
creased from 150 to 300 bar. Moreover, comparing 
the movement of  the HETP minima to lower u,,pt 
when the methanol content is increased, it is seen 
that at lower pressures the shift of  uo~ is more 
pronounced than at higher pressures, The first 
observation, i.e., the smaller influence of  composi- 
tion on uol,t, can possibly be explained by smaller 

decrease in the free volume and the diffusion 
coefficient of the mobile phase when the more 
powerful solvent, here methanol, is added at concen- 
trations up to 30°/,, at constant pressure, as com- 
pared with a larger decrease in the free volume when 
the pressure is raised from 150 to 300 bar at constant 
composition. To give an example of  the decrease in 
linear velocity when employing a composition pro- 
gramme at constant pressure: if a composition 
programme is run from 2.5 to 30% methanol at 
200 bar, the velocity might be decreased from about 
0.4 to 0.2 cm/s. Thereby, the starting velocity 
(0.4 cm/s) is derived from the Van Deemter curve of 
the first-eluting compound, naphthalene, and the 
final velocity (0.2 cm/s) is obtained from the last- 
eluting compound,  chrysene. 

The effect of  the composition, i.e., of an increasing 
concentration of  methanol, on the magnitude of the 
HETP at Uo~,t is not clear from the present data. On 
the whole, there is no increase in HETP with an 
increasing content of methanol. In detail, at 150 bar 
an increase in methanol content from 2.5 to 30% 
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leads to a smaller HETP at uopt. At 200, 250 and 
300 bar no clear trend to either higher or smaller 
HETP can be discerned. 

It is of interest, of course, to establish what 
influence a change in temperature has on the Van 
Deemter curves. It can be expected, for instance, 
that at higher temperatures higher velocities appear 
to be tolerable. Not many Van Deemter plots in 
which the temperature has been varied have been 
published so far. Therefore, the possibilities for 
comparison with respect to temperature are limited. 
Two published Van Deemter plots for different 
methanol contents in CO,, (3000 psi and 80"C), 
employing Dcltabond CN as the stationary phase 
and carbazole and naphthalene as analytcs, show 
that increasing the content of methanol does not 
significantly increase the HETP at U,,p~ but raises the 
slope of the high-velocity branch [10]. Another Van 

Deemter plot with pure COa at 50°C, employing 
octadecyl-bonded silica as the stationary phase and 
phenanthrene as the analyte, shows a decrease in 
HETP on increasing the pressure from 170 to 
240 bar both for U,,pt and the high-velocity branch 
[11]. The results of both studies appear to be 
compatible with the present results. 

At the same pressure, composition and tempera- 
ture, i.e., for a given Van Deemter plot, the order of 
the HETP for the different analytcs is as expected 
from their interdiffusion coefficients. Naphthalene 
has the lowest and chrysene the highest plate height. 
with anthracene and pyrene being intermediate, as 
seen in Figs. 1-5. In the literature an opposite order 
is found in several instances, i.e., an analyte of a 
lower molar volume has a larger plate height than 
that with a higher molar volume [11,19-21]. One 
may possibly explain this opposite order by the type 
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I 2.0- ~,0 
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of  pores, the pore size and the pore size distribution. 
With on average narrow pores, a narrow pore  size 
distribution and restrictions on cross-section down 
the length of the pores, it is conceivable that the 
larger analytes are ad- or  absorbed mainly near the 
entrance o f  the pores,  whereas the smaller analytes 
may penetrate more  deeply into the pores. This may 
lead to an apparently higher interdiffusion coeffi- 
cient for the larger analytes and an apparently 
smaller interdiffusion coefficient ['or the smaUcr 
analytcs. The stationary phase used in this work 
does apparently not  l'ulfil these conditions as the 
normal order o f  H E T P  tbr analytes o f  different 
molecular sizes is obsc~,ed. 

Although the H ETP is the pret~rred measure lbr 
judging the quality o f  a column, the retention time 
and the resolution are the final critcria for judging 
the time requirement and quality of  a separation for 
a givcn analytc mixture on a specific column.  The 
capacity l'actor is to a first approximation indcpen- 
dent oflincar vclocity and column length, n o t  only in 
GC and HPLC but also, to a lesser extent, even in 
SFC, and is givcn by the ratio of  the retention times 
in the stationary and mobile phases. Therefore, one 
may consider the capacity factor as a dimensionless 
retention time measure,  ha Fig. 6. three-dimensional 
plots are shown with the capacity factor ofchrysene.  
k'(C), plotted on the z-axis and the pressure at the 
column end, p, and the linear velocity, u, on the x- 
and ,v-axes, respectively.. The avcraac, resolution. R'*m, 
is shown as shading on the three,-dimensional sur- 
face of  the graph. The  average resolution, R*, shows 
a definite max imum at low pressures and at interme- 
diate linear velocities. If the pressure is increased, the 
maximum tends to move toward lower velocities. 
This is connected with the decrease in the interdiffu- 
sion coefficient at higher density. The capacity 
factor k'(C) tends to decrease at higher velocities. 
which may be due to the higher pressure d rop  ovcr 
the colunm arising at higher velocities. An increase 
in methanol content  from 2.5% (Fig. 6a) to 20% 
(Fig. 6d) leads to considerable d~x:reascs in both 
k'(C} and R*, The same is seen in Fig. 7 with similar 
three-dimensional graphs in which, however, the 
p axis is replaced by a % 8  axis and p = constant  in 
Fig. 7a (200 bar), Fig. 7b (250 bar) and Fig. 7c 
{300 bar). The R,* values showy, as in Fig. 6. a 
maximum which in this instance is iocatcd at low 
%B and again at a medium linear vclocity. Also. thc 

i ~ '¢  . 4Q  

k(C) 

0 

a8¢,,,~ *':, -'2 

f i  2 3 -  4 ;  

f ig.  7. ( i raphs o f  k*(C) rer.,t+L~ com:cntralion o t  methanol  m C(3: 
(%,BI and linear velt~ilx' (-I.  R~* is shown as shading o f  surface 
Column end pressure: la] 200; Ib} 250:(¢1 3PAl bar. Other 
condi | ions as in Fig 1. 

k'(C} values tend to decrease at higher velocities. 
lnspcction of  both  Figs. 6 and 7 points to a larger 
change in k'(C) and R* wit h p than with % B over the 
ranges investigated. In general, however, the ques- 
tion o f p  or %B having a larger influence on k" and 
R,* ~ill depend not only on the size of  the range, but 
also on the nature of  the t~o components  making up 
the mobile phase. For instance, it is seen in other 
cases that the %B of  a component  with a higher 
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dissolution power tbr a specific analyte than meth- 
anol will decrease k'(C) more than the pressure p 
over the chromatographically useful range o f  %B 
and p. 

Fig. 6 shows that for positive pressure gradient 
programming at a constant %B and at 150°C, a 
negative velocity programme is advisable |n order to 
remain at optimum resolution throughout the pres- 
sure programme. This appears to be less the case 
with a positive composit ion programme as is indi- 
cated by Fig. 7, because the optima of  k'(C) and R*, 
rcmain essentially at thc same velocity during a % B 
programmc. 

Three-dimensional diagrams of  the type in Figs. 6 
and 7, wherein chromatographic parameters such as 
capacity factor k', selectivity ~, plate number  N, 
plate height H and resolution R arc plotted rersus 
two physical properties, selected from pressure/den- 
sity, composit ion,  temperature and linear velocity, 
contain much uscfui information for SFC. The 
intbrmation cxcccds ~hat availablc from Van Dccm- 
tcr two-dimensional diagrams, not cxhibiting differ- 
cnt p, %B or l ' a s  parameters. Ncvcrthclcss. i m p o f  
rant information is not contained in the thrcc-di- 
mcnsional plots, even if by a sufficient numbcr  of 
plots the influence of  all four of  the physical 
properties on the chromatographic parameters is 
shown. The missing inl\~rmation is tile time, or time 
increment, during which a specific set of  physical 
properties of  the mobile phase holds during pro- 
gratnnling. For instance, lot pressure programming 
no information is contained in the three-dimension- 
al plots about  the time which is allotted by a 
programme to a specific pressure level, or  pressure 
increment at a given pressure level. This information 
can o131y be supplied by a pressure-time function, 
that is, by a pressure programme curve. On thc other 
hand, a favourable pressure-time ftmction may bc 
selected from the three-dimensional plots and then 
both resolution and time requirement for the chro- 
matogram may be estimated, it is thereby undcr- 
stc, od that the reading el 'quantitative ";allies cannot 
be rnadc frorn three-dimensional plots but that the 
two-dimensional plots which arc the precursors of  
the three-dimensional diagranls must bc utilized. 
Obviously, it is o f  major importance to choose a 
suitable progranan'tc curve. 

The question of  whether a pure mobile phase 
consi,,,tmg of  conapOllClll A or tl mixed nlobi le  phtlsc 

consisting of  a constant ratio of  components A and 
B is to be preferred for pressure programming with 
the present or any other system depends to an 
approximation on the dissolution ability and the 
diffusion coefficient of component B relative to 
component A at the same pressure and temperature. 
If, for instance, by adding B to A there is it 
significantly higher dissolution ability to be gained 
with not too great a decrease in diffusion coefficient° 
then pressure programming with a mixture of A and 
B should bc ofadvantagc. The question of whether a 
constant mixture of  A arm B or a composit ion 
progranune in A and B is to bc prclbrred is related to 
the diffcrencc in the diffusion cocMcicnts between A 
and B, i.e., as a rule on how much smaller the 
diffusion coefHcient of  B is. If there is a large 
difference, it is o f  advantage to elute as many 
compounds  in the analyte mixture as possible with 
zero or low contents  of  B in the mobile phase. The 
remaining compounds  in the analytc mixture may 
rcquirc steadily increasing contents of  B for clution. 
In such a case a composition programme may yield 
better resolution in a shorter time than a prcssurc 
programme with a constant mixture ot" A and B. 

For the chromatographic  system used here, Figs. 6 
and 7 can be utilized ibr a comparison of  pressure 
and composi t ion gradient programmcs.  Pressure 
programmes going lYmn 200 to 300 bar with a 
mobile phase of  constant composit ion of  A {CO.,) 
and B (nlethanol), i.e., 2.5, 5, l0 or 20S{, B (Fig. 6) 
are available I\~r comparison with composition 
programmcs going fl'om 2,5 to 30°/h B at constant 
200, 250 or  300 bar (Fig. 7). For a suitable compari- 
son, it may be considered that both tile pressure and 
the composit ion programmcs should start at the 
same pressure and composition, e.g., at 200 bar- 
2.5% B, or at 200 bar- 5% B: or at 250 bar 2.5% B 
or at 250 bar 5% B: etc. Starting a pressure 
programme at 300 bar is not possible for this 
comparison because no experiments above 300 bar 
were conducted.  The temperature is comparable,  as 
it is 150 C tot- all data. As a result of  the indicated 
idcp.tical conditions,  the compared pressure and 
composit ion programmcs start at the sanac k' tt)r the 
analytcs. As the end point tor the prcssdrc alld toni- 
position programmes to be compared one should 
probably use the same retention tin'm, t,. Because in 
the three-dimensional diagrams not I, but /<' is 
plotted, xvc arc led to use k'. Because both the 
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starting and the ending k' cannot be read with sut: 
ficicnt accuracy from the three-dimensional plots, 
the two-dimensional plots of  k'(C) versus u and of 
R*m versus u, which provided the precursors of  the 
three-dimensional diagrams, were considered. At 
optimum velocities, the composition programmes in 
Fig. 7 lead on average to about same resolutions as 
the pressure programmes in Fig. 6, but exhibited 
higher capacity factors. This is probably connected 
with the relatively small increase in dissolution 
power Ibr the analytes used here when methanol is 
added to CO., in the supercritical mobile phase. 

Equations useful for gradient programming have 
rarely been proposed. One equation has been em- 
ployed tbr composition [22] and one lbr density [23] 
programmes, it would be of interest, however, tbr 
practical use, tbr the comparison of the results of  
different workers and Ibr ektrity, if simple equations 
could be found that can be employed for all types of  
gradient programming, i.e., for the programming of 
pressure, density, composition of binaD' mobile 
phases, temperature, volume flow-rate or average 
linear velocity. Thus. one or a few equations should 
be adaptable by appropriatc changes of definitions 
to the programnfing of  all gradients. A composition 
programme that has frequently been used previously 
is [221 

P" P" (4) 
= i-± = / ; . (  

with 

P,~ + P. = I (5) 

where Qh is an arbitrary, but proportional, measure 
of real time whose proportionality constant may be 
freely chosen lbr each chromatographic rtm. The 
real time may be expressed in hours, minutes. 
seconds or other units, as convenient. The P are 
fractions of volume flow, the volume flow usually 
taken as the feed rates of  the pumps. The definitions 
of P arc 

F .  
P, - (6a) 

F~ + F, 

P,~ ....... lob) 
+ G, 

,,vhcrc 1-'~ and / ~  are  the volume floxv-ralen of 

components A and B, r~pectively, of the binary 
mobile phase. Whenever it holds that FA + F , -  
Ft = constant, where t = total and F~ is the total 
volume flow-rate, during a chromatographic run, 
this programming equation fulfils the condition for 
an asymptotic increase in the content of  compo- 
nent B in the mobile phase during the programme. 
Component B usually ischosen to poss~.,-ss the higher 
migrating (solubility) power lbr the analyte as 
eompanxt with the base component A. An as)anp- 
totic increase is desirable because with increasing 
relative molecular mags or increasing polarity of  the 
compounds in the analyte mixture, the differences in 
physical pro~x:rtics bctwecn compounds in the ana- 
lyte mixture often become smaller and smaller as the 
moh.'cular sizc and/or the polarity of  the compounds 
increase. This is immediately obvious, for instance, 
tbr homologues" and oligomers. However. not all 
SFC hardware allows the additional condition 
needed Ibr running a composition programme of 
eqn.  4, i.e., FA + F ,  = constant. In this event another 
programme equation is needed. Moreover, eqn. 4 is 
not applicable to the other gradients because a 
pressure gradient, for instance, starts at a constant 
pressure level which does not change during a run 
like P~ does. Also. the desirability of an asymptotic, 
or at least progressively slower, increase in a pro- 
gramme applies not only to composilion pro- 
grammes but probably also to programmes of 
pressure, densib,  temperature, volume floxv-rate or 
linear velocity. 

For example, an equation lbr a volume tlov,-rate 
programme may tentatively be written in the same 
general form as eqns. 4 and 5 for the composition 
programme, i.e.. 

P" P '  (7) 
Q; = V- e,. = 

with 

P, + P;  = I (8) 

Here Q~ is again the arbitrary time scale and P~ 
and P~. are fi'actions of flow-rate as defined by 

P,, F~, (9a) 
F(~+ F~, 

bL ,- I : .  
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where Fo is the volume flow-rate at which the 
programme starts and  F~ is the additional flow-rate 
which increases during the programme. Fo is a 
constant and Fo + F,  = Ft; Ft is the total flow-rate, 
which changes as F~ changes. However, Fo + F,. = Ft 
leads to a p rogramme curve that is not asymptot ic  
but linear, In order to introduce a curvature again, 
the equation must  be raised to powers different 
l¥om !, i.e., 

_ (  P,: ~" ( P , . y  
(lO) 

With exponents a > I the curvature is downward  
(towards the Q axis) and with a < 1 it is upward,  the 
curvature becoming more pronounced the more  the 
exponent a differs from 1. 

Instead of  writing eqns. 4 and 10 in terms ot" the 
reduced quantities P, they may also be written in the 
corresponding absolute quantities. Starting from 
eqn. 7, substituting eqn. 9a and b, raising to the 
power o f  a and introducing an arbitrary constant  
tactor k yields for eqn. 10 

\ to/  / \ e,, - l ( l) 

One might be of  the opinion that the introduction 
of  a constant factor such as k ix superfluous because 
Q~, is connected with time by any arbitrary factor. 
However. if more than one programme ix applied to 
the same chromatographic  run it is convenient  to 
nave at hand an additional means for expanding or 
compressing each programme curve individually, 
and by this mcans being able to retain a single, 
overall time scale applicable to all programmes of  
the chromatographic  run. 

When wishing to programme the other physical 
parameters, i.e., pressure, density, temperature or 
linear velocity, one has only to redefine the terms in 
eqn. II. In turn, Fo then becomes the starting 
pressure, Pp, or the starting density, t,o, qr the 
starting temperature, To, or  the starting average 
linear velocity, up, all of  which are constants for a 
given programme. F,, becomes then, respectively, the 
additional pressure, p,,, the additional density, p,,, 
the additional temperature, T,,, or the additional 
linear velocity. ,~,. all of  which are the parameters 
that changc dazing a given programme. Finally, F~ 
becomes the total pressure, Pt, the total density, pt, 
the total temperature, 7",, or the total linear velocity. 
u., Otherwise, eqn. 11 remains the same, consid- 

ering, however, that the factor k and the exponent a 
may be chosen differently for each programme and 
might therefore also be renamed as, for instance, !, 
m,  n . . . . .  and b,  c ,  d ,  . . . .  respectively. 

The flexibility o f  the hardware is of  concern not 
only for composit ion programming but also for 
pressure programming. When one is able to start 
pressure programmes at a few bars, say at Po = 3 or 
10 bar, and then increases the pressure above the 
critical pressure p~ (Po +Pa =Pt > P ~ ,  with T >  T~), 
one is in the position to combine GC and SFC 
without needing to change the mobile phase. One 
could start, for instance, v'ith CO.,, ethane, or 
tr if luoromethane at 3 bar and proceed by means of  a 
pressure p rogramme to le~:vc the GC and enter the 
SFC region. However, liquificd gases such as CO,. 
possess a considerable vapour pressure at ambient  
temperature which must be exceeded in the pumping 
device if one desires to pump the mobile phase in it~ 
liquid state. With the pumps currently used, the 
mobile phase is metered as a liquid and not  as a gas 
as by a compressor  or from a pressure cylinder. This 
vapour pressure prevents a chromatogram being 
started at a pressure lower than the vapour  pressure 
of the liquid mobile phase at the temperature of  the 
punaping device, Therefore, a back-pressure control- 
ler immediately downstream of the punaping device. 
~hich keeps the pressure in the pump well above the 
vapour pressure and constant, is necessary. Keeping 
the pressure constant  has the added advantage that 
no changes in the compressibility o f  the pumped  
liquid occur when the pressure is changing in the 
column, e,g.,  during a pressure programme.  This 
lack of  compressibility change is even more  conve- 
nient when two or more liquids need to be pumped 
separately, as is the case for composi t ion pro- 
grammes. In Fig. 8 a schematic diagram o ¢ an SFC 
apparatus is shown which possesses a presst~re-eon- 
trolling device downstream of  two pumps.  The 
apparatus is capable of  independent programming 
of all physical variable which affects thc mobile 
plaase and the column. 

Taking the gradient programme of  the average 
linear velocity, it, an a further cxaml~le and to 
demonstrate the effect which exponent c and fac- 
tor m have on the shape of the programme curve of 
Q,, "rersl/s th. w e  Call write 
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Fig. 8. Schematic diagram of SFC apparatus cal~tbl¢ of¢ombining GC and SFC during the ~tmeq. hromatogntphic run. without changing the 
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In Fig. % ,  the effect o f t h e  exponent  c" on  the shape  
o f  the p r o g r a m m e  cu rve  is shown,  a s s u m i n g  the 
values c -  3.0, 2.0, 1.5, 1.0 and  0.5 with m = 1 a n d  
u 0 = 0 . 1  cm.s.  As  is o b v i o u s  from eqn.  12. an  
exponen t  c = ! .0 m u s t  p r o d u c e  a linear p r o g r a m m e .  
i .e . ,  a straight  line, e x p o n e n t s  c > 1.0 lead t o  c u r v a -  
tures t owar ds  the  Q ,  axis and  c < 1.0 p r o d u c e  
curva tu res  t o w a r d s  the  ut axis. There  is a c o m m o n  

intersection o f  all cu rves  at  Q. = I and  ut = 0.2 cm:s .  
Such a c o m m o n  intersect ion o f  all curves  o c c u r s  
whenever  ( u , -  utdUo = 1. A c o m m o n  in te rsec t ion  
can he utilized as a c o m m o n  end-poin t  for  d i f ferent  
p r o g r a m m e s .  T o g e t h e r  with a common s t a r t ing  
point ,  this will s impl i fy  c o m p a r i s o n  o f  d i f fe ren t  
p r o g r a m m e s  because  they  may  then differ  o n l y  by  
their cu rva tu re .  Also ,  any  section o f  a n y  c u r v e  m a y  
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be used as a fuU programme, tbr instance the section 
between Q,---0 and 1, or between Q,- -  1 and 10. 
Moreover, the factor m may be utilized to compress 
the curves by choosing factors m < I or to expand 
the curves with m > 1. The compression is seen in 
Fig, 91), where m = 0.1 instead of m -- ! in Fig. 9a, 
leading to a compression by factor 10 in comparison 
with Fig. 9a. 

Variability in choosing different shapes of  the 
programme curve arises not only from the exponent 
and factor and by selecting a desirable section of the 
curve, within or beyond their common point of  
intersection, but also by using curves in their reverse 
direction. In the latter instance a positive pro- 
gramme turns into a negative programme and vice 
versa, whereby the shape of the programme in the 
reverse direction is different from the shape of  that in 
the forward direction, because the greatest change of 
slope is not at the beginning but at the end of the 
progratnme. This type of programme curve may be 
of interest whenever the solubility differences be- 
tween the compounds of an analyte mixture become 
larger the later the compounds elute. This behaviour 
of an analyte mixture is opposite to that found in 
homologous series. 

CONCLUSIONS 

The results of  this study can be divided into three 
parts, i.e., those concerning plate height, resolution 
and equations tbr gradient programming. With 
respect to plate height, it can be concluded that for a 
positive pressure programme at constant mobile 
phase composition and constant temperature, a 
negative linear velocity programme should be super- 
imposed, i.e., run simultaneously, in order to stay 
within the area of  the optimum plate height in the 
Van Deemter diagrams. The higher the relative 
molecular mass and molecular size, lhe stronger this 
effect might become and, therelbre, x~hen separating 
higher relative molecular mass compounds by pres- 
sure or density programming in SFC, improvement 
is possible by superimposing an appropriate linear 
velocity programme. The second basic gradient 
besides pressure which was explicitly considered in 
this study is that of  composition progranlming. A 
positive composition gradient at constant pressure 
does not need to the same extent as a pressure 
gradient an additional negative linear velocity pro- 
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gramme to improve plate height. Nevertheless, and 
even without a composition or a pressure pro- 
gramme, the influence ofthe relative molecular mass 
of the sample itself on the plate t~eight makes it 
desirable to have the capability of  applying a 
negative linear velocity programme, especially if an 
analyte mixture with a wide relative molecular mass 
range of the individual compounds is to be sepa- 
rated. 

Second, with respect to resolution and capacity 
factor, three.dimensional graphs show that for 
positive pressure programmes negative linear veloc- 
ity programmes improve the resolution. For positive 
composition programmes a negative velocity pro- 
gramme is not needed, or only to a lesser extent. If 
the temperature stability of the analytes allows, it is 
speculated that a negative linear velocity pro- 
gramme may be wholly or in part substituted by a 
positive temperature programme to keep the resolu- 
tion at a high level. This applies not only to a positive 
composition programme but also to a positive 
pressure programme, or to an analyte mixture of 
wide relative molecular mass range without a pres- 
sure or composition programme. The reason is that 
the negative velocity programme is to compensate 
for a decrease in interdiffusion coelticient with 
increasing pressure, composition and relative molec- 
ular mass range. This decrease in the intelxliffusion 
coefficient may be counteracted also by increasing 
the temperature. 

Third, the results obtained by pressure and com- 
position programmes, or by velocity and tempera- 
ture programmes, depend to a considerable extent 
on the shape and the total time of the programme, 
even lbr an otherwise similar programme. "Similar" 
means in this case identical start and end-point for, 
e.g., the pressure programmes to be compared 
among each other. A set of  related equations 
{essentially only one equation) has been presented 
that allows programme curves of different shapes 
for the programnaing of pressure, density, composi- 
tion, temperature, flow-rate and average linear 
velocity. Because the equations are of simple form 
and easy to use, they might be of help in practical 
method development. 
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