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HIGH SPEED LIQUID CHROMATOGRAPHY 

P. M. Rajcsanyi end L. Otvos 
Central Research Institute for Chemistry 
of the Hungarian Academy of Sciences 

Budapest , Hungary 
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I. Theoretical basis for HSLC 

1. Thermodynamics of LLC 
2. Thermodynamics of LSC 
3 .  Kinetic conditions in HSLC 

1. Solvent reservoirs 
2. Gradient apparatus 
3 .  Pumping systems 
4. Sample injector systems 
5 .  Column 

11. Instrumentation of HSLC 

1. Supports for HSLC 
2. Chemically bonded and surface-modified 

3 .  Stationary phase 
4. Selection of the mobile phase 

6. Detector systems in HSLC 
1. Light absorption detectors 
2. Differential refractometers 
9. Transport detectors 
4. Heat of adsorption detectors 
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.. .. 
RAJCSANYI AND OTVOS 

5. Fluorescence detectors 
6. Polarographic detectore 
7. Radioactivity detector8 
8. Other detectors 

1II.Analytical applications 
1. Alcohols, aldehydes 
2. Alkaloids 
7. Amines and azo compounds 
4. Aromatic hydrocarbons and substituted 

polynuclear aromatics 
5. Compounds in body fluids 
6. Drugs and related compounds 
7. Herbicides end insecticides 
8. Metal ions 
9. Nucleic acid constituents 
lo. Pesticides 
11. Phenols and related compounds 
12. Phthalates 
13. Polymer resins 
14. Steroids 
15. Vitamins 

List of symbols 
Acknowledgement 
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Introduction 
Classical column liquid chromatography has been an 
effective separation method since the beginning of 
this century, but low column efficiencies and long 
separation times are characteristic of it.' The 
mobile phase flows through the column only with a 
linear velocity of 10'~- lo-' cdaec. Regarding the 
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HIGH SPEED L I Q U I D  CHROMATOGMPHY 

LC 

classical 1 HSLC pressure 

I fo rced  

HSL SC HSLLC HSIEC HSGPC 

class i ca I chemically 
stat. phases bonded 

FIGURE 1 
Liquid chromatographic methods 

time required for chromatographic separation, gas 
Chromatography /GC/ had undoubtedly some advantage 
over liquid chromatography /LC/ - at least at that 
stage of development. The GC method is, however, 
limited compared to LC because of its demand for 
volatile compounds. Thin layer and paper chromato- 
graphy had other types of limitation. Thus, there 
was sufficient claim for improving separations by 
LC. It was clear that improving the LC technique 
to a point where the time and efficiency of aepa- 
rations by LC rival those by GC allowed widespread 
application of LC in the analysis of several types 
of compounds. Chromatographic separation of corn- 
pounds with molecular weights 2 x 1 0 ~  to lo 
pected to be possible by modern LC, including 
liquid-liquid /LLC/, gel permeation /GPC/, ion ex- 
change /IEC/, and liquid-solid /LSC/ chromatography. 

8 was ex- 
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.. .. 
RAJCSANYI AND OTVOS 

In this review mainly LL partition and LS adsorption 
chromatography will be discussed as HSLC and the 
theory of GPC and IEC will not be treated 
To reduce the analysis time and increase the sepa- 
ration efficiency of LC, it is necessary to consi- 
der the three main steps of development: 

1. an appropriate theoretical basis 
2. a satisfactory instrumentation system 
3. experience in application of the system 

I. Theoretical Basis for l u  
The basis of chromatographic separation is the 
distribution /or partition/*of sample components 
between two phases which are immiscible. Thus sepa- 
ration depends on both the mobile or moving phase 
and the stationary phase. Interactions between the 
molecules of the two phase3 are negligible in GC, 
but play a very important role in LC. These inter- 
actions of the liquid chromatographic system deter- 
mine the deRree of sorption of particular substances 
and a l s o  the effectiveness or selectivity of the 
separations. 

1. Thermodynamics of LLC 
The sarnple components in a column are continuously 
partitioned between the mobile and stationary phases 
in constant ratios,named distribution or partition 
coefficient: 4 ,  5 

solute concentration in stat. phase 
= solute concentration in mobile phase /I/ 

The solute distribution coefficient must be con- 
stant during the migration of the solute down the 
column, that is, a linear partition isotherm is 
preferred. /At this point aeveral assumptions must 

* Throughout this chapter diagonal bars (/) are used instead 
of parentheses or brackets. 
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H I G H  SPEED L I Q U I D  CHROMATOGWPHY 

dif fusi o n -I= stat.liqui d 

diffusi On -t mobile phase - 
interface , t ransi t ion I 1  

di st i i  bu ti  on stat.1 i quid 
/ /// / / /// / / / // // // / //support // / 

FIGURE 2 
Elementary processes 

in an interstitial channel of a LC column 

be taken into consideration according to Locke and 
Martire /. 
If V, is the volume of stationary phase in the 
column and Vm is the interstitial volume of the 
column, the retention volume of a component, for 
which g differs from zero, is defined as 

Considering solute residence times due to solute- 
liquid phase interactions, the net retention volume 
of a component can be defined: 

and f rom / 3 /  we obtain an equation for the specific 
retention volume K 

4 

VR = V, + KV, /2/ 

VN = VR - vm - - KV, / 3 /  

/4/ - 
vg-w=- S f S  

where ws is the weight of stationary phase in the 
column and y s  its density. 
A new important partition parameter, the partition 
ratio or capacity factor, can be obtained by multi- 
plying the partition coefficient by the phase ratio 
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.. .. 
RAJCSANYI AND OTVOS 

/ p =  V /V /, i.e. the volume ratio of the two 
phases 

S m  

vN vS 

'm 'm 
/5/ = K P  = - = - 

The partition ratio has theoretically a simple 
physicochemical meaning: it is the number of compo- 
nent molecules in the moving phase per component 
molecules in the fixed phase. It means practically 
the time an average solute molecule spends in the 
mobile phase relative to that spent in the stati- 
onary phase, and can be determined directly from 
the chromatogram. 
Taking the condition of equilibrium in LLC at pree- 
sure E and temperature 2 

pa /T,P/ = urn /T,P/ /6 / 
where u is the solute chemical potential, 2 and 2 
indicate the stationary and mobile phases, respec- 
tively, we have for the specific retention volume 

where T ~ * ~  and 73-39ao are the solute activity co- 
efficients at infinite dilution, Mm and M, are the 
molecular weights of the phases andgm/T/ is the 
mobile phase density at temperature 2, E is the 

m mean column pressure, 1 
molar volumes in the two phases. 
This equation allows us to predict partition prop- 
erties, partition coefficients and retention 
volumes a priori for systems in which the activity 
coefficients are known. 

and ps are the solute 

6 -8 
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H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

In the case of two components /1 and 2/ in a solute 
the relative retention 

m,- 990, 

k=  / 11 1 2  /a/ 
qm,@ T S , *  

will depend only on the differences in the solution 
behavior of the components in the two phases. That 
is, the relative retention is really a measure of 
the thermodynamic differences of component distri- 
bution, o r  the difference in free energies of dis- 
tribution for two components. In LLC one can, there- 
fore, improve separation by changing mainly the 
nature of the mobile phase; not only that of the 
stationery phase as in GC./The improvement of sepa- 
ration in LLC can also be carried out by changing 
the temperature/ This affords a bridge between 
theory and practice: the use of Rradient elution. 
All in all, from the thermodynamic basis of LLC 
it is C l e m  that the resolution of two adjacent 
bands can be improved by changing the separation 
factor or relative retention / X /  and the partition 
ratio /k/. 
In HSLC the role of the capacity factor in res- 
olution cannot be neglected, since the low volume 
ratio of stationary to mobile phase involves a low 
- k value. These low & values are indeed desired for 
high speed, as discussed later on, but for re- 
solution high & values are preferable. Therefore a 
compromise must obviously be made, that is, there 
is an optimal capacity factor value - but with a 
single solvent k is never optimum for all components 
of the sample. Thermodynamically, the value of the 
capacity factor depends on the solvent strength, and 
strong solvents give smaller k values. Horvath and 
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Lipsky' noted t h a t  t h e  peak c a p a c i t y  can be signif- 
i c a n t l y  
We shou ld ,  however, n o t e  t h a t  t h e  f a c t o r s  - c a p a c i t y  
r a t i o  and r e l e t i v e  r e t e n t i o n -  a f f e c t i n g  s e p a r a t i o n  
a r e  not  independent o f  each o t h e r  t o  t h e  e f f e c t  t h a t  
a l though  & was opt imized f o r  eve ry  p a i r  o f  a d j a c e n t  
band, e i t h e r  a f a v o r a b l e  chanpe i n  t h e  s e p a r a t i o n  
f a c t o r  o r  a f u r t h e r  i n c r e a s e  i n  column e f f i c i e n c y  
may be necessa ry .  
A l t e r a t i o n  i n  t h e  d v a l u e  w h i l e  keeping & approxi-  
ma te ly  c o n s t a n t  can be ach ieved  by v a r y i n g  t h e  
s o l v e n t  composition. For  t h i s  purpose nowadays main- 
l y  p r a c t i c a l  approaches a r e  a t  o u r  d i s p o s a l .  There- 
f o r e  t h e  cho ice  o f  s t a t i o n a r y  and mobile  phases  i s  
one o f  t h e  weakest o o i n t s  i n  t h e  development o f  

improved by use  of g r a d i e n t  e l u t i o n .  

l o  HSLC 
2.  Thermodynamics o f  LSC 

I n  LSC t h e  d i s t r i b u t i o n  c o e f f i c i e n t  o f  a component 
between mobile and s t a t i o n a r y  phases  depends on 
i n t e r a c t i o n  f o r c e s ;  mainly on d i s p e r s i o n  f o r c e s  
/nonpolar /  and on hydrogen bonding /po la r /  between 
the sample component, s o l v e n t ,  and adso rben t .  
The s e l e c t i v i t y  o f  LSC is dependent on t h e  ba l ance  
e s t a b l i s h e d  between t h e  two t y p e s  o f  a d s o r p t i o n  
i n t e r a c t i o n ,  because t h e  d i s t r i b u t i o n  c o e f f i c i e n t  
i s  determined by t h e  sum o f  the  p o l a r  and nonpolar  
e f f e c t s .  
I n  LSC t h e r e  i s  a compe t i t i on  between s o l v e n t  and 
sample molecules  f o r  t h e  f i x e d  " a c t i v e "  s i t e s  on 
the s u r f a c e .  11,12 The a d s o r p t i o n  o f  sRmple molecules  

r e q u i r e  t h e  d e s o r p t i o n  of s o l v e n t  molecules  t o  
pe rmi t  t h e  accommodation o f  sample molecules  on t h e  
s u r f a c e .  The c a p a c i t y  f a c t o r  & is ,  t h e r e f o r e ,  de- 
termined by t h e  n e t  energy o f  a d s o r p t i o n  o f  sample 
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HIGH SPEED LIQUID CHROMATOGRAPHY 

molecules ,  and the  n e t  energy o f  a d s o r p t i o n  i s  g i v e n  
a s  t h e  sum o f  i n t e r a c t i o n  energ ies .  But from a 
p r m t i c a l  po in t  of view, t h e  s e l e c t i o n  o f  the  r i g h t  
s o l v e n t  s t r e n g t h  i s  s impler  i n  LSC than  i n  LLC, 
which i s  a g r e a t  advantage o f  t h e  l a t t e r  chromato- 
p a p h i c  method i n  HSLC. 

If Nreq p l a t e s  a r e  necessary  t o  o b t a i n  s u f f i c i e n t  
r e s o l u t i o n ,  t h e  time o f  e n a l y s i s  t can be expressed 
a s  

where 5 is the o l a t e  h e i g h t  and E i s  the  mobile 
phase ~ e l o c i t y . ~ ~ , ~ ~  The term H / p  is  a fundamental  
measure o f  t h e  speed o f  a n a l y s i s .  
Consider ing t h e  p r e s s u r e  drop needed t o  o b t a i n  t h e  
r e q u i r e d  p l a t e  number, a n o t h e r  important  parameter 
can be def ined  I 

9 .  K i n e t i c  Condi t ions i n  HSK 

H 
t = N  r e q  / l + k / - j i  /9/ 

'req 
Y =  /lo/ 

Nreq 
where q, is  t h e  v i s c o s i t y  o f  t h e  e l u e n t .  13 ,15 ,16  

If p l o t s  o f  H/JJ and 'y a s  a f u n c t i o n  o f  v e l o c i t y  a r e  
shown a s  i n  F igure  3 . ,  the  k i n e t i c  c o n d i t i o n s  o f  
HSLC can be w e l l  understood. The H/u curve  de- 
c r e a s e s  very  f a s t  a t  lower v e l o c i t i e s  and f l a t t e n s  
off a t  h i g h e r  v e l o c i t i e s .  T h e y - p  curve shows an  
i n v e r s e  e f f e c t .  So t h e r e  i s  an  optimum v e l o c i t y  
range  about 0.8 - 5.0 cm/sec i n  p r a c t i c e .  Taking 
i n t o  c o n s i d e r a t i o n  the g e n e r a l  equat ion  on band- 

broadening processes ,  w i t h  t h e  a s s i s t a n c e  o f  equa- 
ticns / 9 /  and /lo/, o v e r a l l  c o n d i t i o n s  f o r  h i g h  
speed o r  h i g h  e f f i c i e n c y  LC may be der ived .  17-19 

The p r e s s u r e  drop AP i s  taken  accord ing  t o  opera t -  
i n g  c o n d i t i o n s .  The maximum v a l u e  of  P/N i s  de- 
termined by t h e  number o f  p l a t e s  needed t o  achieve  
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th 

H / u  

s e c  

u cm/sec 

Y 
atm/cP 

FIGURE 3 
Kinetic conditions of HSLC 

required separation. A decrease of the parti le 
2 
P diameter /AP/N is proportional to l/d / results 

in a more than proportional decrease of g - but 
conventional packing materials have some dis- 
advantage for use in HSLC. 
The fluid velocity is practically constant along 
the column because of the low compressibility of 
the mobile phase. In HSLC, because of the coupling 
of the eddy diffusion and mobile phase mass transfer 
terms, H / p  continues to decrease with the increas- 
ing velocity. As pressure drop acros3 the column is 
related to velocity through the column permeability, 
the more permeable the column, the shorter the 
analysis time. Or if analysis time 4 is main- 
tained constant, a more permeable column permits 
the use of a longer column - but the length of the 
column applicable is limited by pressure effects. 
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H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

Considering the relation between permeability and 
the particle diameter, there is an optimum value 
for both parameters, as permeability may be in- 
creased by increasing the particle diameter; larger 
particles mean, howeveF, higher values. This 
means that, in practice, use of irregular packed 
columns / dc/d <5 / may increase the permeability P 
by at least one order of magnitude, while increas- 
ing efficiency. 
Thus the maximum resolution for a given pressure 
is achieved if column operating conditions /i.e. 
particle size, column length, mobile phase velocity/ 

20,21 

are chosen so that the reduced plate height /H/d / 
should be a minimum. 

22 P 

From the discussion of the theoretical basis for 
HSLC it is clear that small diameter columns /l-3 
mm/, solid supports of particles with diameters less 
than 60 p, large pressure drop /up to 6000 psi/, 
and high flow rate /ca. 1-40 ml/rnin/ should be used 
in this new method of separation. These result in 
high mobile phase velocity / 1-10 cm/sec /, high 
efficiency in column, and very rspid separation 
time. 3 - 2 7  

11. Instrumentation of HSLC 
A block diagram of a typical high speed liquid 
chromatographic system is shown in Figure 4. The 
main parts of such a system will be discussed in 
the order they appear in the diagram. 

Reservoirs of stainless steel o r  inert polymer 
containing about 1.0-1.5 1 liquid are optimum for 
analytical purposes. 28g 29 For chromatographic 
systems used in preparative work, reservoirs of 
larger volume should, however, be selected. 

1. Solvent Reservoirs 
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R A J C S A N Y I  AND OTVOS 

Under particular conditions glass can also be used 
as reservoir material. Accessories in the reservoir 
are a heater, a /magnetic/ stirrer, and inlets for 
vacuum and nitrogen purge. Attached to the reservoir 
may be a cooled condenser which helps reduce losses 
of volatile solvents used as carrier.30 Degassing 
the polar mobile phases to prevent the formation of 
bubbles, which can be troublesome with detectors, 
can be accomplished by vacuum.31 Complete removal 
of dissolved oxygen may require heating and nitrogen 
purge. 
The reservoir can also serve as a liquid pump. 

Gradient elution or solvent programming can be de- 
fined as changing the chemical composition of the 
mobile phase during an analysis. 33934 In this way 
the k value of each eluted band is approximately 
optimum during its movement through the column, 
therefore gradient elution is the most useful ap- 
mach in improving separation.35 Gradients may be 
stepwise or continuous. Gradient elution devices 
can be divided into two categories: 

32 

2. Gradient Apparatus 

a. mixed-stream devices 
b. mixing-chamber devices 

Today, most commercial manufacturers offer also 
gradient elution accessories - the optimum gradient 
for a particular eeparation is, however, selected 
mainly by trial and error. 

3 .  Pumping Systems 
The small particle sizes and small diameter columns 
being used in HSLC require pumps delivering mobile 
phase at pressures in the range of 1000 to 6000 

Bidlingmeyer et al. used a high speed 
liquid chromatograph in the separation of methyl- 
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H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

1 . r e s e r v o i r  
2. g r a d i e n t  e l u t i o n  

device  
3 .  pump 
4 . i n j e c t o r  
5.column/precolumn/ 
6. d e t e c t  o r  
7 , r e c o r d e r  
8.flow meter  
9 . f r a c t i o n  c o l l e c t o r  
1o.data  system 

I 
I 
I 
I i--cj- 

-1 
I 
I 
I 
I 
I 
I 
I 

-4 

Thermostated 

FIGURE 4 
Block diagram o f  a l i q u i d  chromatograph 

and e thylorange ,  which d e l i v e r e d  e l u e n t  under  pres-  
40 s u r e s  up t o  60,000 psi. 

The advantage of t h e  screw-driven type  mechanical  
pump i a  t h a t  i t  can d e l i v e r  a pu lse- f ree  supply  of 
l i q u i d ,  but  it h a s  l i m i t e d  s o l v e n t  c a p a c i t y .  The 
main drawback o f  t he  r e c i p r o c a t i n g  p i s t o n  and t h e  
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diaphragm pumps i s  t h a t  t h e s e  produce a p u l s a t i n g  
f low,  One of t h e  major o b j e c t i o n s  t o  t h e  use o f  a 

p u l s a t i n g  pump f o r  HSLC i s  t h a t  optimum circum- 
s t a n c e s  a r e  d i f f i c u l t  t o  r e a l i z e  when f low i s  vary- 
ing. A s p e c i f i c  advantage o f  t h e  r e c i p r o c a t i n g  
pump i s  t h a t  i t  h a s  smal l  i n t e r n a l  volume and i t s  
d e l i v e r y  is cont inuous.  
Pneumatic pumps a r e  opera ted  by g a s  p r e s s u r e  work- 
i n g  on a c o n t a i n e r  o r  p i s t o n  t h a t  p r e s s u r i z e s  t h e  
moving phase. 28 32 37 41 * 42 The advantage o f  t h e s e  
pumps a r e  t h a t  h i g h  p r e s s u r e s  can be e a s i l y  achieved 
and t h e y  d e l i v e r  a p u l s e - f r e e  supply o f  l i q u i d  
phase. By v a r y i n g  t h e  gas  supply wi th  a p r e s s u r e  
programmer, t h e  mobile phase flow can be  e a s i l y  

Karger  and Berry46 have presented  a cont inuous g a s  
displacement  pumping s y s t e a  t h a t  o f f e r s  no p u l s a t i o n  
and inexpensive c o n s t r u c t i o n  a s  w e l l  as  low d e t e c t o r  
n o i s e  l e v e l .  This  pump h a s  been opera ted  over  2000 
p s i ,  

4. Sample In. jector  Systems 
Two modes o f  sample i n j e c t i o n  a r e  used: 

programmed. 43-45 

1. w i t h  moving s o l v e n t  
2. w i t h  s topped f low technique  

Very high s e p a r a t i o n  e f f i c i e n c i e s  can be obta ined  
by on-column i n j e c t i o n ;  i n j e c t i n g  t h e  sample d i -  
r e c t l y  onto  t h e  t o p  o f  t h e  column packing. The 
major advantages of  t h i s  t y p e  o f  i n j e c t i o n  a r e  a s  
fo l lows:  s i m p l i c i t y  i n  des ign ,  i n j e c t e d  volume 
r e a d i l y  changed and g i v i n g  only very  smal l  con- 
t r i b u t i o n  t o  e l u t i o n  bandwidth. 38,47348 I n  a swept 
i n j e c t i o n  p o r t ,  t h e  sample i s  swept i n t o  t h e  packing 
by t h e  mobile phase. The swept i n j e c t i o n  p o r t  must 
have a minimized dead volume t o  minimize brand- 
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HIGH SPEED L I Q U I D  CHROMATOGRAPHY 

broadening caused by d i f fus ion  above t h e  packing. 49 

These po r t s  accommodate l a r g e  samples o f  50 o r  l o o  

Sample valves  a r e  o f t e n  used i n  very HSLC above 
3000 p s i  or when high r e p e a t a b i l i t y  o f  sample in- 
t roduct ion  i s  required.  50951 One o f  t he  major ad- 
vantages of  sample valves  i s  t h a t  they a r e  e a s i l y  
adapted t o  automatic r e p e t i t i v e  ana lys i s .  
I n j e c t i o n  with stopped flow o r  moving stream can 
be ca r r i ed  out  with e i t h e r  type of  t hese  systems. 
I n j e c t i o n  p o r t s  a r e  o f t en  loca ted  a t  the  bottom of  
t h e  column t o  decrease the  time necessary t o  sweep 
a l l  a i r  out of  a newly i n s t a l l e d  column on s t a r t -  
UP 
Smuts and h i s  coworkers5' have designed an i n l e t  
system based on s p l i t t e r  p r i n c i p l e s  which decreases  
considerably the  s o l u t e  band width. 
A sampling system was described by Kre jc i  e t  a l .  
by means o f  which compressed samples could be 
t r ans fe r r ed  i n t o  a pressure  forced /up t o  25 atm/ 
l i q u i d  chromatograph without previous sample re- 
lease .  

5 .  Column 
The success  of  an ana lys i s  may depend on t h e  column 
i n  g r e a t  measure. The column ma te r i a l  can be g l a s s  
or s t a i n l e s s  s t e e l  i n  s eve ra l  forms and lengths .  
The inf luence  of c o i l i n g  on t he  e f f i c i ency  of t h e  
separa t ion  has  been shown t o  depend on column and 
c o i l  radi i .57 9 5 8  The inf luence  of  c o i l i n g  on column 
e f f i c i ency  i n  HSLC i s  increased a s  the  t u b e  r ad ius  
increases  or the c o i l  r ad ius   decrease^.^' Column 
l eng ths  can vary from 1 5  t o  300 cm or more / longer  

t y p i c a l  diameters o f  the  a n a l y t i c a l  columns i n  HSLC 

pl, too. 

52 

28940 

54 

55956 

columns generate  h igher  back pressures/ .  60,61 The 
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RAJCSANYI AND OTVOS 

range from 1.5 - 3.0 mm. As the column internal dia- 
meter is increased, an increase in g occurs; with 
very small internal diameter columns, extra-column 
peak-broadening effects, however, become significant 
and it is possible that wall effects are a dominant 
factor. 62963 In preparative applications, columns 
with larger diameter are used. 6 4 9 6 5  The pressure 
drop along the column is directly proportional to 
the column lenath and inversely t o  the square of 
the particle diameter. 24,49 

An analytical column of usual dimensions contains 
about 6-8 gm of a superficially porous packing 
material or 2-4 gm of a regular porous packing. 
The influence of column packing, coiling, and length 
on the peak-broadening is co-determined by the sur- 
face properties, mechanical stability, and sieve 

66 fraction of the support. 
Effects of particle size of porous layer bead sup- 
port on the performance of columns with larger dia- 
meter were discussed by Beachell and DeStefano. 67,68 

For LSC, a detailed discussion on the size and geo- 
metry of the adsorbents has been presented by 
Snyder. 69 

be used. 
5.1. Supports for HSLC 

Two nain categories of column packing materials in 
HSLC may be distinguished - porous and superficially 
porous /porous layer bead/ supports 76-79, although 
the packing materials in HSLLC, H S L S C ,  HSGPCaO, and 
HSIEC8’ have different characteristics. Chemically 
bonded packing materials signify a special type of 
packing materials and show the main tendency of 

In H S G P C ,  semi-rigid 70-73 or rigid gels 74,75 can 
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HIGH SPEED LIQUID CHROMATOGRAPHY 

development as discussed later on. 82-89 

Porous packing materials are either spherical or ir- 
regularly shaped, have deep pores, large surface 
areas /5o-400 m / g  / and, therefore, high sample 
capacities. Porous supports include silica gels, 
alumina, and diatomaceous earth materials. 
Superficially porous packing materials in HSLLC and 
HSLSC consist of a solid core and a thin, porous 
coating, and are commercialized as Zipax, Corasil I 
and 11, Vydac, Perisorb, Pellidon, etc. 
Pellicular ion-exchange materials for HSIEC were 
developed by Horvath et al.” in 1967, as the first 
major result in the field of new supports for HSLC. 
A thin film of styrene-divinylbenzene resin poly- 
merized onto a spherical glass bead was treated to 
make either a cation or an anion exchanger. Resins 
have also been coated on Zipax porous layer bead 
 support^'^ and other supports.loo*lol Both pellic- 
ular and superficially porous resins are of 9-12 
ueq/g capacity which requires sensitive detectors, 
but are of high efficiency. Porous ion-exchange 
resins previously developed mainly for amino acid 
analysis can also be used although high cross- 
linking /above 8% / is desirable. 
Column packings in RSGPC differ f rom those of the 
other HSLC modes and are discussed elsewhere. 72,73,102,109 

Sizing of porous support materials by dry sieving 
can be achieved down to 30-40 pm.I6 Scott has de- 
veloped a continuous elutration method for prepar- 
ing spherical ion-exchange beads of 5-40 p by 
fractionating the material as a suspension into an 
upward flow of liquiU.lo4 Irregularly shaped porous 
silica gel supports are commercially available down 

2 

90-98 
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t o  l o  p m  and can be used i n  HSLC. 69,105,106 

The adsorbent  m a t e r i a l s  recommended for HSLSC can 
be coa ted  w i t h  s t a t i o n a r y  phase and used i n  HSLLC. 
Thenever p o s s i b l e ,  t h e  column i n  HSLC i s  dry  packed; 
f o r  p a r t i c l e s  below 30 jm and i r r e g u l a r  p a r t i c l e s  
below 40 p m ,  a s l u r r y  packing technique  i s  recom- 
mended. 16,62,82,107 

5.2. Chemically Bonded and 
Surf ace-Nodif i  ed S u p p o r t s  

The convent iona l  packing m a t e r i a l s  t o  be used i n  
HSLC have procedura l  l i m i t a t i o n s :  t h e  c a r r i e r  must 
be p r e s a t u r a t e d  w i t h  t h e  s t a t i o n a r y  phases  t o  pre- 
vent  i t s  s t r i p p i n g  from t h e  support lo8;  h i g h  flow 
r a t e s  a r e  t o  be avoided; g r a d i e n t  e l u t i o n  technique 
cannot  be used. 
To surmount t h e s e  d isadvantages ,  chemical ly  bonded 

Haldsz e t  a ~ ~ "  have developed t h e  so-ca l led  
"brushes" ,  e s t e r i f i e d  s i l i c e o u s  s u p p o r t s  which a r e  
commercialized a s  Durapak. The brush packings,  how- 
e v e r ,  tend t o  be thermal ly  and h y d r o l i t i c a l l y  un- 
s t a b l e ;  water  and a l c o h o l s  l i m i t  t h e i r  g e n e r a l  use- 
f u l n e s s .  
A second t y p e  of' bonded phases  a r e  prepared by 
polymer iza t ion  a f t e r  s i l y l a t i o n  o f  t h e  hydroxyl  
groups an  t h e  s i l i c a  s u r f a c e  as  can be seen  i n  

packing m a t e r i a l s  have been developed. 10 9- 112 

F i g u r e  5. This t y p e  o f  packing i s  thermal ly  and 
h y d r o l i t i c a l l y  s t a b l e .  82,87,88 

Locke e t  
s i l i c o n - c a r b o n  bond being thermal ly  and s o l v o l i t i -  
c a l l y  s t a b l e .  The p r i m a r i l y  s u b s t i t u t e d  s u p p o r t s  
were a l s o  transformed i n t o  t h e i r  ion-exchange forma. 
Reverse phase column packing m a t e r i a l s  have been 

have g iven  procedures  f o r  forming 
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FIGURE 5 
P r e p a r a t i o n  o f  a chemical ly  bonded 

s i l o x a n e  s t a t i o n a r y  phase 

r e c e n t l y  developed and commercialized a s  Bondapak 
phases.  
Ross and Jefferson116 have descr ibed  the use o f  i n  
s i tu-formed open-pore polyurethane a s  a chromato- 
g r a p h i c  suppor t  and eva lua ted  f o r  GC and LC sepa- 
r a t i o n s .  
Karger e t  have in t roduced  s u r f a c e  e tched  
g l a s s  beads f o r  HSLC, which a r e  only  modif ied and 
n o t  chemical ly  bonded packings.  The r e s u l t s  show 
t h a t  above a 15 ml/min f low r a t e  s i g n i f i c a n t  bleed- 
i n g  of  t h e  s t a t i o n a r y  l i q u i d  phase occured even w i t h  

115  
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c a r e f u l  p r e s a t u r a t i o n  o f  t h e  mobile phase. 
A l l  i n  a l l ,  i t  i s  obv ious ly  c l e a r  t h a t  small-  
p a r t i c l e  packings w i t h  chemical ly  bonded phases  a r e  
t h e  nex t  s t e p  i n  t h e  development of  t h e  column 
packing technology. 

5 . 3 .  S t a t i o n a r y  P h a s e  
I n  s e p a r a t i o n s  by LLC, a p a r t i t i o n  o f  t h e  sample 
molecules  occur s  between t h e  mobile and s t a t i o n a r y  
phases  acco rd ing  t o  t h e  e q u a t i o n  /l/. The c h o i c e  
of a s t a t i o n a r y  phase i s  d i c t a t e d  by t h e  sample t o  
be s e p a r a t e d  and i s  somewhat e m p i r i c a l  a t  t h e  pre- 
s e n t  s t a g e  o f  development. 
Normal LLC u s e s  a p o l m  s t a t i o n a r y  phase and a non- 
Dolar  mobile phase whereas r e v e r s e  phase LLC u s e s  
i n v e r s e  phases.  Most LLC s e p a r a t i o n s  capab le  o f  
man ipu la t ing  t h e  c h a r a c t e r  o f  both phases  can be 
c a r r i e d  o u t  on r e l a t i v e l y  few s t a t i o n a r y  phases.  
The most w ide ly  used s o l v e n t  p a i r s  a r e  t a b u l a t e d  i n  
T a b l e  1. 
The optimum l e v e l  o f  p a r t i t i o n i n g - p h a s e  l o a d i n g  i s  
l a r g e l y  dependent on f a c t o r s  as  v i s c o s i t y  o f  t h e  
s t a t i o n a r y  phase,  mo lecu la r  weight ,  p o l a r i t y ,  and 

p e c u l i a r i t i e s  o f  t h e  suppor t .  

The s t a t i o n a r y  l i q u i d  phase must be uniformly coa ted  
on to  t h e  s u p p o r t ,  mainly by s o l v e n t  e v a p o r a t i o n  
t echn iques  o r  by c o a t i n g  t h e  prepacked column. 107 

Suggested s t a t i o n a r y  phase l o a d i n g s  a r e  t a b u l a t e d  
i n  Table  11. 
The u s e  of monomers o r  unique l i q u i d  a s  s t a t i o n a r y  
phese is  p r e f e r r e d  t o  polymeric materials o r  l i q u i d -  
m i x t u r e s ,  a l t hough  t e r n a r y  o r  q u a t e r n a r y  systems 
mixed t o  form two immiscible  phases  were success-  
f u l l y  used i n  HSLC8. However, as  Huber’” i n d i c a t e d ,  
t h e r e  a r e  two main p r a c t i c a l  l i m i t a t i o n s :  1. t h e  

118 
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H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

TABLE I 
Widely used s o l v e n t  p a i r s  i n  HSLC 

S t a t i o n a r y  phase/normal/ 
1. B ,6 , - o x y d i p r o p i o n i t r i l e  

2. po lyglycols  

3 .  Durapak OPN 

4. Permephase ETH 
S t a t i o n a r y  phase/reverse/  
1. Durapak n-octane 
2. Vydac r e v e r s e  phase 

3 .  Permaphase ODS 

4. Cyanoethyl s i l i c o n e  

more t h e  two phases become 

Mobile phase 
s a t u r a t e d  hydrocarbons 
aromatic  hydrocarbons 
d i - n- but y l -  e t h  e r 
hexane, heptane ,  
i s o o c t a n e ,  benzene 
hexane, heptane ,  
i sooc t a n e ,  
hexane modif ied wi th  
a l c o h o l s  
see 1. 
Mobile phase 
a c e t o n i t r i l e  
a c e t o n i  t r i l e  
water- ac e t o n i  t r i l e  
wa t er -a lcohols  
w a t e r - a c e t o n i t r i l e  
water- a l c  oh0 1s 
w a t e r - a c e t o n i t r i l e  
ni t romethane 

s i m i l a r ,  t h e  more t h e  
s t a t i o n a r y  phase w i l l  be d i s p l a c e d  by t h e  moving 
phase,  i .e. t h e  column becomes u n s t a b l e ;  2. t h e  
l a r g e r  the p a r t i t i o n  c o e f f i c i e n t  becomes, t h e  l e s s  
s o l u b l e  t h e  samDle i s  i n  t h e  e l u e n t ,  i.e. t h e  de- 
t e c t i o n  o f  t h e  sample becomes more and more d i f -  
f i c u l t .  

5.4. S e l e c t i o n  o f  t h e  Mobile P h a s e  
Many d i f f e r e n t  o r g a n i c  and aqueous s o l v e n t s  a r e  
a v a i l a b l e  a s  mobile phase,  i n f l u e n c i n g  s e p a r a t i o n .  
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TABLE I1 
Suggested s t a t i o n a r y  l i q u i d  phase l o a d i n g s  

Support  Maximum l o a d i n g  
- W Y ;  

diatomaceous e a r t h  30 
s i l i c a  gel /micro pore/ 35 
Zipax 2 

C o r a s i l  I 1.5 
Vydac 9 
Pellumina l o  

Minimum l o a d i n q  
- w %  
5-10 
6 

0.5-1.5 
0.5-1.0 

2 
1 

These should be s e l e c t i v e  f o r  components. I n  pre- 
p a r a t i v e  chromatography, v o l a t i l i t y  o f  t h e  mobile 
phase i s  d e s i r a b l e .  
R e s o l u t i o n  i n  a chromatographic s e p a r a t i o n ,  as 
d i s c u s s e d  ea r l i e r ,  i s  dependent on g, 4, and k .For  
a g iven  s t a t i o n a r y  phase,  a s t r o n g  s o l v e n t  w i l l  
c a u s e  low k v a l u e s ,  whereas a weak s o l v e n t  w i l l  
r e s u l t  i n  h i g h  & v a l u e s  t h a t  i s ,  the s o l u t e  pre- 
fers  t h e  s t a t i o n a r y  phase. 

There a r e  g e n e r a l  c r i t e r i a 1 2 ’  f o r  t h e  s e l e c t i o n  o f  
a good mobile phase,  such as: t h e  mobile  phase 
should 

1. d i s s o l v e  t h e  sample 
2. keep the column s t a b l e  
3 .  have a p p r o p r i a t e  v i e ~ o s i t y ’ ~  969  
4. be pure 
5. be compatible  w i t h  t h e  detector123 
6. s a t i s f y  a number o f  s p e c i a l  c r i t e r i a  / t h e  

mobile  and s t a t i o n a r y  phases  must be i m -  
m i s c i b l e  i n  one a n o t h e r ;  a c t i v e  f l u o r i d e s  
shou ld  be avoided with g l a s s  c o n t a i n e r s ;  
and should n o t  c o n t a i n  d i s s o l v e d  oxygen; 
e tc . /  

1 2 1  

122 
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H I G H  SPEED LIQUID CHROMATOGRAPHY 

For HSLC, mobile phases  a r e  l i s t e d  a c c o r d i n g  t o  
t h e i r  s o l v e n t  p r o p e r t i e s  i n  e l u o t r o p i c  s e r i e  , 
which o f f e r s  a choice  i n  t h e  & values .  Using a 
s o l v e n t  lower than  previous ly  a p p l i e d  i n  t h e  eluo- 
t r o p i c  se r ie ,  t h e  k v a l u e  o f  an  i n d i v i d u a l  sample 
component w i l l  d e c r e a s e ,  and i n v e r s e l y .  Usual ly ,  
t h e r e  i s  a maximum s o l v e n t  s t r e n g t h  which can be 
t o l e r a t e d  f o r  a given s t a t i o n a r y  phase. 
I n  LSC, water  i s  f r e q u e n t l y  added t o  both mobile  
phase and adsorbent  t o  reduce t h e  s t r o n g  s o l u t e -  
s t a t i o n m y  phase i n t e r a c t i o n s .  Snyder124 h a s  es t i -  
mated t h a t  maximum l i n e a r  c a p a c i t y  i n  LSC u s u a l l y  
o c c u r s  f o r  50-100 R; o f  a w a t e r  monolayer, t h a t  is, 
0.02-0,04 gm of  water  per  l o o  m2 o f  adsorbent  sur-  
f a c e  and f o r  example w i t h  P o r a s i l  suppor t  t h i s  
means 6-12 gm of  w a t e r  p e r  l o o  p n  o f  d r y  adsorbent .  
Addition o f  t h e  r i g h t  amount o f  water  can r a i s e  ad- 
s o r b e n t  l i n e a r  c a p a c i t y  r e l a t i v e  t o  t h e  d r y  ad- 
s o r b e n t  by a f a c t o r  o f  5-100. 
For s u p e r f i c i a l l y  porous a d s o r b e n t s ,  0.5-1.0 % of  
w a t e r  should be added. The w a t e r  on t h e  adsorbent  
must n o t  change d u r i n g  s e p a r a t i o n .  
HSIEC i s  u s u a l l y  c a r r i e d  o u t  i n  aqueous s o l u t i o n ,  
but  sometimes organic  s o l v e n t s  a r e  mixed w i t h  aqueous 
b u f f e r s  t o  provide unique s e l e c t i v i t y  changes and 
improve sample s o l u b i l i t y .  
I n  HSGPC, t h e  s o l u t e  should i n t e r a c t  w i t h  t h e  f ree  
mobile phase,  the  adsorbed mobile phase,  and t h e  
g e l  m a t r i x  t o  reduce r e s o l u t i o n  d i s p e r s i o n  and 
skewness o f  e l u t i o n  curves.  129,130 TO improve s o l u t e  
s o l u b i l i t y  i n  an  HSGPC s e p a r a t i o n ,  a mobile phase 
w i t h  lower v i s c o s i t y  should be chosen. 
For s o l v i n g  t h e  so-ca l led  g e n e r a l  e l u t i o n  problem, 
a change i n  band m i g r a t i o n  r a t e s  d u r i n g  s e p a r a t i o n  

1 2  5 

126-128 
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is  requi red .  ’jq9’j5 The ways whereby t h i s  can be 
executed a r e  p a d i e n t  e l u t i o n  / o r  s o l v e n t  program- 
ing/ ,  temperature  programming, f low programming, 
and coupled columns. 359131*132 Among t h e s e ,  on ly  
g r a d i e n t  e l u t i o n  i s  c l o s e l y  r e l a t e d  t o  s e l e c t i o n  o f  
mobile phases. 
Gradient  e l u t i o n  can provide s i g n i f i c a n t  improvement 
i n  r e s o l u t i o n  a t  a l l  p o i n t s  i n  t h e  chromatogram, 
p a r t i c u l a r l y  a t  t h e  f ront -end ,  by a d j u s t i n g  t h e  & 
v a l u e s  o f  i n d i v i d u a l  bands s o  t h a t  each band is 
e l u t e d  from t h e  column under near-optimum condi t ions .  
The r o l e  o f  g r a d i e n t  e l u t i o n  may be e s p e c i a l l y  i m -  
p o r t a n t  i n  t h e  a n a l y s i s  of  unknow samples o r  w i t h  
samples whose components show wide v a r i a t i o n  i n  
s t r u c t u r e .  Snyder and S a ~ n d e r s ’ ~  have d i s c u s s e d  t h e  
problem of d e s i g n i n g  an  optimum s o l v e n t  program f o r  
a g iven  s e p a r a t i o n  and s e l e c t e d  s e v e r a l  requirements  
f o r  t h i s  program. Scott’’’ h a s  developed t h e o r i e s  
f o r  g r a d i e n t  e l u t i o n  u s i n g  t h e  cont inuous and in-  
cremental  methods of s o l v e n t  mixing, i n c l u d i n g  a 
s imple  computer program t h a t  provides  curves  r e l a t -  
i n g  moving phase composition w i t h  t ime f o r  t h e  in- 
cremental  method of mixing. Byrne e t  a l .  have 
developed a m u l t i f u n c t i o n a l  g r a d i e n t  e l u t i o n  device  
which can produce a v a r i e t y  o f  shapes and time 
d u r a t i o n s  wi thout  hardware changes. Using t h i s  
device ,  l i q u i d s  from two r e s e r v o i r s  can be mixed 
a u t o m a t i c a l l y  by two e l e c t r o n i c a l l y  c o n t r o l l e d  pro- 
p o r t i o n i n g  valves .  
T h e u s e o f a b i n a r y  mixture  a s  mobile phase r e s u l t s  i n  
t h e  c o n c e n t r a t i o n  o f  t h e  component w i t h  h i g h  polar -  
i t y  i n  t h e  mobile phase, being a t  a l l  t imes  g r e a t e r  
a t  t h e  i n l e t  o f  t h e  column w i l l  move a t  a g r e a t e r  
v e l o c i t y  than  t h a t  a t  t h e  end o f  t h e  column and t h i a  

384 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
2
1
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

will consequently cause a loss in resolution. Scott 
and La~rencel’~, supported by earlier experiences 

gradient elution under conditions o f  axial equilib- 
rium, i.e. without polarity gradient, produced an 
apparatus for carrying out this purpose, and il- 
lustrated its applicability to the analysis of 
natural mixtures. 
Chilcote et al. 197*138 have recently developed an 
automated two-chambered gradient-generating system 
which can provide also the automated regeneration 
of the chromatographic column in preparation f o r  the 
next analysis. 
The refractive index and micro adsorption detectore 
which respond to changes in solvent composition can- 
not usually be used with continuous gradient elution. 
At UV detector, since solute UV absorbance is a 
function of the solvation strength, calibration 
runs should be made for quantitative work. Using 
multicomponent eluents to provide the eluent 
strength necessary for separation, at the above 
mentioned detectors, spurious peaks were observed. 
Solms et al.”’ have set up a model to account for 
such behavior, used computer simulation, and 
verified the results of the computer study both 
quantitatively and qualitatively. They found that 
in certain cases quantitative errors could amount 
to 30 416 of the correct result. 
Relations between the Hildebrand solubility param- 
eter and the solvent strength parameter developed 
for LSC should provide a better guide to choosing 

concerning this problem 131,132,176, discussed 

mobile phases and predicting solute migration also 
140,141 in HSLC. 

The use of the mobile phase in HSLC involves also 
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some practical problems, such as solvent degassing 
and solvent preseturation. 
Comparison of the gradient elution, temperature 
programming, and flow programming shows that 
gradient elution is a substantially better general 
technique whereas temperature programming and flow 

142 

programming may prove valuable in selected 
situations . 3 5 9 6 9 9 3-32 , 143 

6. Detector Systems in HSLC 
Reviews and evaluating studies on the detectors 
most often used in HSLC are nowadays frequently 
appearing in the literature. 
HSLC detectors may be classified as being selective 
or universal, destructive or nondestructive - al- 
though it is understood that unfortunately there is 
not a really universal and nondestructive detector 
on. the market for the time being. Therefore, if 
samples range widely with respect to their properties 
to be measured, there is no other choice but to use 
several detectors at the same time. 
A selective detector responds to limited classes of 
compounds. A universal, non-specific detector should 
respond to a wide range of compounds and not only to 
a change in composition of the eluent but to any 
fluctuation of the recorded bulk property of the 
mobile phase. 
In evaluating the HSLC detectors discussed in this 
review, one should keep in mind that their per- 
formance depends on the relation between the measured 
physical quantity and the composition of the effluent 
a5 well as on the signal transfer characteristics of 
the whole detector system. Consequently, if a small 
amount of sample is measured, the output function is 
a signal, whose width /which is very important in 

144-150 
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HIGH SPEED LIQUID CHROMATOGRAPHY 

comparison with the  minimum de tec t ab le  peak width/ 
depends on the  sample amount, on t h e  mixing i n  the  
sample device /on the physical  d i s t r i b u t i o n  of t h e  
samDle i n  t h e  sampling device/,  i n  t he  connection 
tube,  and i n  the  d e t e c t o r  c e l l ,  and on t h e  t ime 
behavior of t he  de tec tor .  
The primary de tec to r  parameters,  such a s  noise  d r i f t ,  
abso lu te  and r e l a t i v e  s e n s i t i v i t y  a8 we l l  a s  l i nea r -  
i t y ,  and o the r  ove ra l l  ope ra t iona l  parameters a r e  
defined and discussed elsewhere. 
Concerning these  parameters, i t  should be emphasized 
t h a t  the  usefulness  o f  a de t ec to r  i s  s t rongly  l i m i t e d  
by i t s  flow and temperature s e n s i t i v i t y ,  e.g. both 

micro adsorpt ion and r e f r a c t i v e  index d e t e c t o r s  
r equ i r e  a high prec is ion  con t ro l  of  the  temperature 
and with UV, polarographic,  and micro adsorpt ion 
de tec to r s  a pulse  damping system must be used i n  
order  not  t o  t ransmit  a pu lsa t ing  flow i n t o  base- 
l i n e  noise  and d r i f t .  
If d e t e c t o r s  a r e  placed i n  s e r i e s ,  they should be 
connected i n  the  order  of increas ing  dead volume. 
Using p a r a l l e l  de t ec to r s ,  s e n s i t i v i t y  can be l o s t  
because o f  f l o w  and sample s p l i t t i n g .  

6.1. Light  Absorption Detec tors  
These s e l e c t i v e ,  nondestruct ive d e t e c t o r s  are used 
mainly i n  t h e  UV region o f  t he  spectrum, although 
r ecen t ly  the re  have been seve ra l  a t tempts  t o  extend 
t h e i r  measuring sange over t he  whole UV and v i s i b l e  
spectrum. 155-157 In  these  d e t e c t o r s ,  t h e  l i q u i d  
stream passes  through a flow c e l l  ac ross  which light, 
col l imated by l enses  from low pressure  mercury lamp 
is  t ransmit ted.  The l i g h t  is f i l t e r e d  o r  converted 
i n t o  s p e c i f i c  wavelengths. High performance UV 
de tec tore  a r e  commercially a v a i l a b l e  which o f f e r  

151,152 
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detection at either 254 nm or 28onm, and which 
offer simultaneous detection at both wavelengths. 
Monochromators often used in place of the filter 
provide an infinite selection of wavelengths. 
UV cells of two different types have been used in 
commercialized high speed liquid chromatographs. In 
the type of 2 configuration, the mobile phase slips 
half of its pathway along one window of the cell, 
travels the distance between the two windows 
against the light beam, and goes out along the other 
window. To minimize noise and baseline drift 
owing to the changes in mobile phase flow, an g- 
shape cell has also been developed.28 As the flow 
inside the cell is not uniform, sometimes turbu- 
lence can be generated which tends to scatter the 
light in the cell, thus affecting the signal. If 
the absorbance of the mobile phase appears to be 
changing, a reference cell can be used, although a 
reference cell can cause more drift and noise than 
it corrects. 
Light absorption detectors can provide absorbance 
output which is more convenient than transmittance 
output because it is directly proportional to 
sample concentration in accordance with Beer's Law. 
It is desirable for the output of the photocells to 
be fed to log amplifiers to make the output cor- 
rectly linear with concentration. Relying on the 
approximate l o g  function of the photodetector may 
be useful up to about 0.01 absorbance.161 Mobile 
stream-monitoring by UV detectors is perhaps the 
simplest method, for W absorption characteristics 
are usually known from previous worka and because 
light absorbing derivatives can be formed from the 
compounds with no W absorption, as in the detection 
of amino acids. 

58-16 o 

16 2 
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Commercial spectrophotometers could also be easily 
modified for use as HSLC detectors.449137,169-167 
In the commercial light absorption detectors for 
use in HSLC, cell volumes are of 8-20 ul, path 
lengths are of 5-10 mm, drift stability ranges lo-’- 
4 x 1 0 - ~  AU/hr and linear dynamic range is usually of 
2xl0-~-l.o AU. The W detectors with larger cell 
volume /up to 1.0 ml/ are useful mainly for pre- 
parative work. 
Thacker et a1.168 have developed a mini-size UV 
photometer for continuous monitoring of the effluent 
at 254 m and 280 nm. The photometer operates as a 
double-beam instrument at both wavelengths indicated 
and can be used also with gradient elution. 
UV detectors are frequently used for detection of 
nucleic acid constituent8 from ion exchange columns. 
It is advantageous to carry out these analyses by 
pellicular materials at temperatures of 70-80 OC at 
which the exchange rate of the resin is sufficiently 
increased. However, high temperature and high flow 
rate create excessive detector noise, making the 
measurement of picomole amounts of these substances 
impossible. The stability and sensitivity of these 
detectors can be improved by some modification by 
which the mobile phase leaves the column, passes 
through a water-jacketed cooling coil and then enters 

16 9 a water cooled W cell. 
Solvent systems being transparent .at the analytical 
wavelength are preferred for use in HSLC with light 
absorption detectors. 

6.2. Differential Refractometers 
This type is a nonselective, nondestructive detector, 
whose response depends on the difference between the 
refractive indices /RI/ of the solute and mobile 
phase. 
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One of the two basic types of RI detectors, the 
reflection-type detector, is governed by Fresnel's 
Law whereas the other, the deflection-type is ruled 
by Snell's Law. The latter senses the deflection of 
the light beam, while the first measures the in- 
tensity of the reflected light. 
Their sensitivity in milligrams of sample is roughly 
equal to the reciprocal of the difference in RI be- 
tween aolvent and sample. 147 
physical property RI is, however, affected by the 
temperature, consequently the sensitivity is also 
influenced by the stability of the eluent property 
considered. The refractive indices of water and 
organic solvents have temperature coefficients of 
l~'~-lo'~/~C. Therefore, it is of primary importance 
that reference cells should be used and the temper- 
atures of the two streams should be equalized be- 
fore entering the refractometer. It is also desir- 
able to thermostat the incoming feed lines to the 
cell. 
Deininger, Walkling, and HalQsz have modified a 
commercially available RI detector by designing a 
heat transfer system with a minimum dead volume in 
the analytical stream to minimize band spread- 
ing. 179-175 
Bakken and Stenberg176 have recently adapted and 
tested an interferometer as the basis of  an LC 
detector. 
All commercial RI detectors /except one manufactured 
by the E-C Apparatus Corporation/ have cells with 
volumes of 3-12~1, permit the use of  solvents with 
RI ranges 1.31-1.60 /only the refractometer marketed 
by Waters Associates Inc. has a range of 1.0-1.75 
RI units/ and the minimum detectable RI /equivalent 

170-172 

The measured 
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to noise/ is usually RI units. 
Using a differential refractometer as HSLC detector, 
also down-scale peaks may be obtained if the mobile 
phase is lower in RI than the sample compcnent. 
Gradient elution is very seldom used with RI detec- 
tors as it may result in a b seline drift and also 
cause temperature fluctuations. However, in situ- 
ations where initial and end-point compositions can 
be chosen with similar refractive indices, sepa- 
rations by gradient elution can be carried 
out. 12’ 177 178 This mode of monitoring combined 
with gradient elution is applicable only with a 
reduction in sensitivity of lo o r  more. 

6.3. Transport Detectors 
These detectors based on the ionization detectors 
developed for GC operate so that the volatile mo- 
bile phase should be removed before the detection 
process. A moving wire, belt, o r  chain transports 
a small amount of the effluent successively into an 
evaporator, a pyrolizing oven, and the detector. 
The detector may be a flame ionization /FID/, an 
argon ionization, or an electron capture detector, 
although today only the first is in use. 32,179-183 

Thie type of detector is destructive only to a small 
fraction of the sample and thus permits also pre- 
parative separations. 
In the detector reported by Scott and Lawrence, the 
sample components are burned to C 0 2  and then con- 
verted to CH4 before detection. 184-186 This modifi- 
cation has resulted in a more sensitive system, 
especially to oxygenated compounds, with predict- 
able and linear response. The sensitivity of this 
type of moving wire FID has recently been enhanced 
approximately by a factor of 30 by spraying the 
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column e f f l u e n t  on t h e  w i r e  i n s t e a d  o f  c o a t i n g  from 
a block.187 AS a r e s u l t  o f  t h i s  m o d i f i c a t i o n  the  
s p l i t  r a t i o  and consequent ly  the  peak a r e a s  no 
l o n g e r  depend on the  mobile phase f low r a t e .  
Lapidus and Carmen188 have developed and t e s t e d  a 
FID system s i m i l a r  t o  t h a t  o f  S t o u f f e r  e t  e l .  189,190 

i n  which a b u f f e r  s t o r a g e  device  w i t h  a 3 5  cm l o n g  
h e l i x  made o f  nichrome wire  moves through the  flame. 
Noise l e v e I b  were g e n e r a l l y  l e s s  than  5x10-~’ amp 
and unaf fec ted  by f low r a t e  changes up t o  40 ml/min. 
The h e l i x  speed was s u i t a b l e  between 4.0-7.5 cm/min. 
Johnrrpl e t  a l .  191,192 have r e p o r t e d  a completely de- 
s t r u c t i v e  FID u s i n g  an  e n d l e s s  b e l t  which t r a n s -  
p o r t s  the e n t i r e  column e f f l u e n t  i n t o  the  p y r o l i z e r  
t o  i n c r e a s e  t h e  s e n s i t i v i t y  o f  the d e t e c t o r .  
A d i s c  FID r e p o r t e d  by Dubsky”’ e a s i l y  t r a n s f e r s  
t he  sample w i t h  a d i s c  from the column i n t o  t h e  
combustion space  of t h e  d e t e c t o r  system. I n  t h e  de- 
t e c t o r  system, a t h i n  ne t - screen  is placed between 
t h e  e l e c t r o d e s  of  the FID and t h e  r o t a t i n g  d i s c ,  
f u n c t i o n i n g  a s  a Faraday cage and s t a b i l i z e r  of  t h e  
f l o w  o f  g a s e s  and vapors.  The d e t e c t o r  s i g n a l  is 
r e p o r t e d  t o  be independent of  the i n t e n s i t y  and 
changes i n  t h e  flow r a t e  o f  the  mobile phase. 
Transpor t  d e t e c t o r s  have a d e t e c t i o n  l i m i t  o f  about  
2-4 ug/ml. 

When a sample component d i s p l a c e s  s o l v e n t  mole- 
c u l e s ,  i.e. adsorbs  on the  packing m a t e r i a l  s u r f a c e  
/ o r  i s  desorbed/ caus ing  c o n c e n t r a t i o n  change i n  t h e  
composi t ion o f  t h e  e f f l u e n t ,  the h e a t  of  a d s o r p t i o n  
i s  d i s t r i b u t e d  between the  s o l v e n t  and t h e  adsor- 
bent  and r a i s e s  the temperature  by an  amount pro- 
p o r t i o n a l  t o  t h e  change i n  concent ra t ion .  Heat loss 

6.4. Heat o f  &dSOrDtiOn D e t e c t o r s  
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by the eluent from the column can distort this tem- 
perature response.194 Also computer simulation 
studies suggest that asymmetric response may arise 
from heat loss from the detector with relatively 
large volume. 
Several approaches have been used in detecting the 
temperature change. 196-198 The detector system de- 
veloped by Hupe and Bayer is favored and is simple, 
sensitive, and nonselective. 199-201 In this equip- 
ment, the detection and reference cells sensing the 
temperature change by thermistors are located adja- 
cent to one another in the mobile phase stream, 
which significantly reduces noise and baseline 

4 drift and improves sensitivity by a factor of lo 
over heat of adsorption detectors having been re- 
ported earlier. 
These detectors have an advantage in that they are 
ideally suited for determining optimum separation 
conditions and qualitatively visualizing the elution 
pattern. Their disadvantage is that the detectors 
give for each eluted component a positive and neg- 
ative going peak and the interpretation of two not 
completely resolved peaks is rather difficult. As 
this type of detector is subject to any thermal 
effect, e.g. thermal conductivity and heat capacity 
of the solvent, it should be maintained at an abso- 
lutely constant temperature and at constant flow 
rate. 
These micro adsorption detectors can be used with 
gradient elution only with baseline drift and at 
reduced sensitivity. The detector is also sensitive 
to changes in mobile phase flow rate. The dominant 
flow sensitivity behavior can be attributed to the 
heating of the solvent by the upstream thermistor 

195 
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and reduced by decreasinK t h e  thermis tor  power d i s -  
s ipa t ion .  Munk and Raval 2 0 2 * 2 0 3  have discussed how 
t h i s  power d i s s i p a t i o n  can be eliminated. They have 
improved the  operat ion of t h e  de t ec to r  e i t h e r  by 
reducing the  br idge vol tage  o r  by using higher  re- 
s i s t a n c e  thermis tors  or by increas ing  t h e  d i s t ance  
between the thermistors .  They have found another  
s i m i l a r  approach t o  achieve a lower flow s e n s i t i v i t y  
by i n s e r t i n g  a metal  hea t  conducting d i s c  between 
t h e  two thermis tor  discs. The so-cal led dual micro 
adsorpt ion de tec to r  with two complete d e t e c t o r s  i n  
s e r i e s  has  a l s o  been developed. 
Smuts and h i s  coworkers204 have a l s o  modified a 
micro adsorpt ion de tec to r  on an ad iaba t i c  approach 
by continuously adding t o  the de t ec to r  an  adsorbent 
s l u r r y  s o  t h a t  troublesome negat ive peaks have been 
eliminated. The s e n s i t i v i t y  of t h e  modified device 
has  repor ted ly  decreased and the  modif icat ion has  
increased noise.  

T h i s  type of  de t ec to r  can measure l i g h t  re-radiated 
by many compounds inc luding  c e r t a i n  metabol i tes ,  
amino ac ids ,  vitemines,  s t e r o i d s ,  and many drugs 
exc i ted  by W rad ia t ion .  205-207 Fluorescent  deriva- 

208,209 t i v e s  of s eve ra l  compounds can a l s o  be aade. 
A re ference  c e l l  should be employed t o  balance f lu -  
orescence r ad ia t ed  from the  mobile phase, although 
i t  is emphasized t h a t  t he  so lvents  t o  be used 
should be t ransparent  t o  both the  exc i t i ng  UV ener- 
gy and the f luorescence wavelengths. 
The f luor imeter  may be very use fu l  a s  8 s p e c i f i c ,  
nondestruct ive de t ec to r  w i t h  s e n s i t i v i t y  a s  high aa 
lo”  urn1 far s t rongly  f luo resc ing  compounds and is  
a l s o  usable  w i t h  g rad ien t  e lut ion.  However, f luo-  

6.5. Fluorescence Detectors 
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rescence s u f f e r s  from v u l n e r a b i l i t i e s  such a s  tu r -  
b i d i t y  and quenching. 
Cassidy and F re i2 Io  have equipped a commercial f l u -  
or imeter  w i t h  a small  volume flow c e l l .  The detec- 
t o r  exhib i ted  a very s t a b l e  base l ine  and had a noise  
l e v e l  equivalent  t o  2 ppb. of quinine s u l f a t e  i n  
t h e  7.5 ,ul c e l l .  The base l ine  has  shown no depen- 
dence on the  mobile phase flow r a t e .  An increase  i n  
t h e  c e l l  volume t o  20 1.11 has not  produced not ice-  
a b l e  increase  i n  bandwidth f o r  a loo  cm column, but 
t h e  shape of the  c e l l  was found t o  be a s i g n i f i c a n t  
f a c t o r  with respec t  t o  e f f ic iency .  The de tec to r  had 
a r a t h e r  slow response time a s  a disadvantage. 
Thacker211 has  developed a miniature  flow f l u o r i -  
meter t o  d e t e c t  f l uo rescen t  compounds i n  physiolog- 
i c a l  f l u i d s .  

6.6. Polarographic Detector8 
Polarography can be used as t h e  bas i s  of a s e l e c t i v e  
and s e n s i t i v e  de t ec to r  i n  HSLC, measuring continu- 
ous ly  and recording the  cur ren t  between a polar iz -  
a b l e  e l ec t rode  i n  t h e  func t ion  of time. The s o l u t i o n  
must have e l e c t r i c  conduct ivi ty  and sometimes i t  is 
necessary t o  introduce a s u i t a b l e  e l e c t r o l y t e  i n t o  
t h e  mobile phase before i t s  en te r ing  the column. 
The sample i s ,  the re fo re ,  dissolved genera l ly  i n  an 
aqueous s o l u t i o n  of an i n d i f f e r e n t  e l ec t ro ly t e .  
Koen e t  a1.212 have employed a micro polarographic 
d e t e c t o r  with a dropping mercury e l ec t rode  f o r  t h e  
ana lys i s  of pes t i c ides .  They appl ied a constant  
vo l tage ,  separated oxygen and o the r  electrochemical-  
l y  a c t i v e  impur i t i e s  by means of a column, and 
c a r r i e d  out t he  measurements i n  a l i q u i d  flow, 
which r e s u l t e d  i n  a de t ec t ion  l i m i t  of  about 2 or- 
d e r s  of magnitude /l0-~-10-~ molar/ over c l a s s i c a l  
polarography. 
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The polarographic de t ec to r  reported by Joynes and 
Maggs213 c o n s i s t s  of a carbon imprepa  ted  s i l i c o n e  
rubber  membrane used a s  an e l ec t rode  s u i t a b l e  f o r  
ox ida t ion  and reduct ion processes f o r  both organic 
and inorganic compounds. 214 Reportedly, i t  gave a 
s e n s i t i v i t y  of about 4x10-1 Al/mol f o r  organic and 
l x 1 0 - ~  Al/mol f o r  inorganic  compounds and had a de- 
t e c t i o n  l i m i t  of about 2xlo-’ mol/l f o r  organics.  
T h i s  type of de t ec to r  is d i f f i c u l t  enough t o  use i n  
q u a n t i t a t i v e  work, s ince  the  s i g n a l  may vary with 
mobi le  phase, flow r a t e ,  vo l tage ,  and c e l l  con- 
s t ruc t ion .  

6.7. Radioact ivi ty  Detectors 
Radioact ivi ty  measurements may be very important i n  
t h e  inves t iga t ions  of b io logica l  systems. Such de- 
t e c t o r s  i n  HSLC a r e  f o r  t h i s  purpose not  widely em- 
ployed today, although t h e  technique has a number 
o f  advantages such a s  wide l i n e a r  range, adapt- 
a b i l i t y  t o  grad ien t  e lu t ion ,  high s e n s i t i v i t y ,  and 
s u i t a b l e  quant i ta t ion .  
I n  t h i s  method of de tec t ion ,  the  e f f l u e n t  may p a s s  
through a flow c e l l  o r  tube packed w i t h  a s u i t a b l e  
s c i n t i l l a t o r  /today mainly calcium f l u o r i d e  scin- 
t i l l a t o r  is recommended/ s o  t h a t  t he  i so tope  w i l l  
be i n  d i r e c t  contac t  wi th  the  s c i n t i l l a t o r .  The 
l i g h t  pu lses  generated can be de tec ted  by a photo- 
mul t ip l i e r .  
I n  a recent  work Schram s tudied  var ious types of‘ 
s c i n t i l l a t i o n  c e l l s  and t h e i r  e f f i c i e n c i e s  f o r  14C 
and 9H.215 The packed c e l l s  mentioned above have 
e f f i c i e n c i e s  of  5536 f o r  14C end 2% f o r  3H. The 
mixing system presented by Hunt216, i n  which a 

stream of l i q u i d  s c i n t i l l a t o r  misc ib le  with the  mo- 
b i l e  phase is mixed i n t o  the  e f f l u e n t ,  ha8 e f f i -  
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H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

3 c i e n c i e s  of  70% f o r  14C and 30% f o r  H. A s i m i l a r  
method h a s  been r e p o r t e d  by McGuiness and Cullen.  
A f low c e l l ,  f i l l e d  wi th  c r y s t a l l i n e  2,2’-p- 
phenylene-bis-/5-phenyloxazole/ a s  s c i n t i l l a t i n g  
m a t e r i a l ,  s u i t a b l e  f o r  t h e  cont inuous measurement 
of weak be ta  r a d i a t i o n  i n  conjunct ion  with HSLC h a s  
been presented  by Sieswerda and Polak.218 The e f f i -  
c i e n c i e s  f o r  14C and H i n  t h e  c a s e  of  an e f f e c t i v e  
f l u i d  volume o f  0.10 m l  were 51% and 5%, respec-  
t i v e l y .  
Heterogeneous and homogeneous s c i n t i l l a t i o n  count- 
i n g s  f o r  d e t e c t i n g  be ta  r a d i o a c t i v i t y  i n  LC e f f l u -  
e n t s  have been compared by Schut te .  219 With h e t e r -  
ogeneous s c i n t i l l a t i o n  count ing ,  t h e  s o l u t i o n  i s  
l e d  through a U-shaped f low c e l l  f i l l e d  w i t h  c e r i -  
um-activated l i t h i u m  g l a s s  beads, whereas i n  t h e  
homogeneous c a s e ,  p a r t  o f  the  e f f l u e n t  is mixed 
w i t h  a s c i n t i l l a t o r  s o l u t i o n  and passed through an  
empty h e l i c a l  c e l l .  The count ing  e f f i c i e n c y  i s  re- 
p o r t e d  t o  be b e t t e r  i n  t h e  homogeneous count ing  
system. I n  t h i s  c a s e  t h e  a c t i v i t y  p e r  peak may be 
as l o r  a s  2 nCi f o r  14C and 5 nCi f o r  H ,  wi thout  
s p l i t t i n g .  
For  h igh-energe t ic  beta- o r  gamma-radiation, con- 
v e n t i o n a l  r a d i o a c t i v i t y  measurement methods can 
a l s o  be used i n  HSLC. 

6.8. Other  Detec tors  
S e v e r a l  o t h e r  d e t e c t o r s  have been employed i n  HSLC 
f o r  moni tor ing  column e f f l u e n t s .  Their  common char-  
a c t a r e s t i c  is:  t h e y  were a l l  used i n  s p e c i a l  c a s e s  
f o r  a c e r t a i n  range of  colnpounds. 

O f  t h e  c u r r e n t  moni tor ing  techniques ,  t h e  e l e c t r o -  
l y t i c  c o n d u c t i v i t y  d e t e c t o r  i s  one of  t h e  s imples t -  
to -opera te  and easy-to-maintain. Here t h e  sample 

217 
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e n t r a i n e d  by t h e  mobile phase s t ream i s  i n d i c a t e d  
by a change i n  conduct iv i ty .  221-223 Its s e n s i t i v i t y  
depends on t h e  d i f f e r e n c e  i n  c o n d u c t i v i t y  between 
s o l v e n t  and sample component. Therefore ,  t h i s  t y p e  
o f  d e t e c t o r s  i s  u s e f u l  mainly wi th  aqueous e l u e n t  
and i o n i c  s o l u t e s  /e.g. amino a c i d  ana lyses /  with- 
o u t  s o l v e n t  g r a d i e n t .  Commercially a v a i l a b l e  de- 
t e c t o r s  of  such t y p e  c o n s i s t  o f  a f low c e l l  w i t h  
a two- o r  t h r e e - e l e c t r o d e  des ign ,  through which t h e  
t o t a l  s t ream of  e f f l u e n t  passes .  Under a p p r o p r i a t e  
c o n d i t i o n s  i n  temperature  and flow r a t e ,  compounds 
a s  low a s  l o  1-18 a r e  d e t e c t a b l e  and t h e  d e t e c t o r  
response may be l i n e a r  wi th  c o n c e n t r a t i o n  over  a 
wide range. Pecsok and S a ~ n d e r s ~ ~ ~  have r e c e n t l y  
r e p o r t e d  a c o n d u c t i v i t y  d e t e c t o r .  I n  t h i s  d e t e c t o r ,  
t h e  c o n t r i b u t i o n  o f  t h e  s t r o n g l y  reduced dead vol- 
ume / l e a 8  t h a n  5 y l /  t o  r e t e n t i o n  could be ne- 
g l e c t e d .  The d e t e c t o r  response ,  however, was non- 
l i n e a r  over  t h e  e n t i r e  range s t u d i e d  because no 
compensation f o r  d i f f e r e n t  c e l l  c a p a c i t a n c e  was 
employed. 
When t h e  p o l a r i t y  of sample component and s o l v e n t  
a r e  widely d i f f e r e n t ,  t h e  use of d i e l e c t r i c  c o n s t a n t  
o r  capac i tance  d e t e c t o r  may be p r o f i t a b l e .  225 This  
t y p e  of d e t e c t o r  i s  n o n d e s t r u c t i v e  t o  t h e  sample 
m a t e r i a l  but  no t  recommended w i t h  g r a d i e n t  e l u t i o n ,  
p a r t i c u l a r l y  if  t h e  g r a d i e n t  causes  a change i n  
s o l v e n t  p o l a r i t y .  Recent ly ,  t h e  theory  of v a r i o u s  
p o s s i b i l i t i e s  of  employing a c a p a c i t a n c e  d e t e c t o r  

The c a p a c i t a n c e  d e t e c t o r  w i t h  a c a p a c i t o r  c o n s i s t i n g  
o f  two b r a s s  c o a x i a l  c y l i n d r i c a l  e l e c t r o d e s  r e p o r t e d  
by Vespalec and Hana h a s  been t e s t e d  f o r  s e v e r a l  so- 
l u t i o n ~ . ~ * ~  The s e n s i t i v i t y  i n  opt imal  c a s e s  is re- 
p o r t e d  t o  be lower than  10'~ g / m l .  

i n  LC ha8 been eva lua ted  by Haderka. 226-228 
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H I G H  SPEED L I Q U I D  CHROMATOGRAPHY 

Other types of detectors proposed or applied are gas 
density balance2”, vapor pressure2”, polarimetry 232 , 
and light scattering 233 . 
A variety of analytical problems have been solved by 
means of HSLC and recent developments in this field 

111. Applications 

have given a flexible tool to investigators also f o r  
routine analyses. 234-236 

The examples given here in this section of the re- 
view are representatives of this flexibility and 
cover all the branches of the HSLC-separated com- 
pounds of interest for chemists and biochemists. ’ 

Conaistent effort has been made to present a com- 
plete display as far as possible, but some special 
cases, being beyond the bounds of possibility, had 
t o  be disregarded. 

1. Alcohols, Aldehydes 
Aliphatic alcohols are usually separated by GC. Ar- 
omatic alcohols may be, however, analyzed by HSLC. 
For this purpose, a Zipax porous layer bead column 
coated with trimethylene glycol /TMG/ was used. 237 

Benzyl alcohol, its methyl- and dimethyl-substituted 
derivatives, 2-phenylethyl alcohol, and cinnamyl al- 
cohol were separated, using hexane or heptane mobile 
phases saturated with TMG. On a p,p’-oxydipropio- 
nitrile /BOP/ column, benzyl and cinnamyl alcohols 
had the same retention time, i.e. were not resolved. 
As aliphatic alcohols are usually undetectable with 
the present HSLC detectors, their determination at 
trace level means a challenge for the investigator. 
Traces of low molecular weight mono and diethylene 
glycols as 7,’j-dinitrobenzoates in polyethylene 
glycols were determined down to 72 ~pm.*’~ A porous 
layer bead column, heptane-ethyl acetate /3:1/ mo- 
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bile phase, and UP detection have been used. 
The compounds except cinnamyl alcohol can be aepa- 
rated on a column packed with 1.5% BOP on Vydac 
adsorbent .239 The pellicular silica packing material 
Pellosil coated with 2% BOP has also been used suc- 
cessfully for separating L-methyl-benzyl alcohol, 
phenylethylalcohol, and benzyl alcohol. 240 The best 
resolution for the mixture of the five compounds 
mentioned above has been achieved on Permaphase ETH 
chemically bonded packing material, 
More recently, Kirkland242 has separated aromatic 
alcohols by HSLSC on porous silica micro spheres 
/8-9 um/ and by HSLLC on this adsorbent /5-6 p /  
coated with 30% BOP. 
The 2,4-dinitrophenylhydrazones of the Cl-C7 ali- 
phatic aldehydes were separated on a porous layer 
bead column, using heptane-ethyl acetate / 9 7 : 3 /  as 

238  mobile phase. 
Benzaldehyde and p-nitrobenzaldehyde were separated 
from aromatic amines and nitro derivatives by HSLSC 
using isooctane-chloroform /9:1/ as mobile phase, 

2. Alkaloids 
As a number of alkaloids are of biological and 
pharmacological importance, an improved method 
against classical methods of analyzing these com- 
pounds is valuable. 
Snyderrj6 has developed a HSLSC method for rapid 

qualitative and auantitative analysis of hydroge- 
nated quinoline mixtures. The separation was carried 
out on an alumina column, using water saturated 
solvent prepared by passing 35% CH2C12/pentane 
through a column of 30% water-eilica. A CH2C12 gra- 
dient elution was employed, varying the CH2C12 
concentration from 25 t o  60 R; by volume. 

2 41 

239 
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A l s o  a d s o r p t i o n  e n e r g i e s  o f  some a l k a l o i d s  were 
measured on a c i d i c ,  n e u t r a l ,  and b a s i c  aluminas.  243 
Mixtures  o f  10% d i e t h y l  e t h e r  and 10% methylene 
c h l o r i d e  wi th  n-pentane were used f o r  e l u t i o n .  The 
r e s u l t s  show t h a t  the  a p p l i c a t i o n  o f  n-pentane- 
10% methylene c h l o r i d e  a s  mobile phase on a c i d i c  
alumina i s  advantageous. 
Ipecac a l k a l o i d s ,  Emetine and Cephael ine,  were 
chromatographed on a cyanoethyl  s i l i c o n e  column by 
u s i n g  n-heptane mobile phase whereas Veratrum v i r i d e  
a l k a l o i d s  could be s e p a r a t e d  on TMG o r  Carbowax 400 
s t a t i o n a r y  phases. 244 

Three major pur ine  a l k a l o i d s ,  c a f f e i n e ,  theobromine, 
and t h e o p h i l l i n e  commonly occur ing  t o g e t h e r ,  have 
been s e p a r a t e d  s u c c e s s f u l l y  on C o r a s i l  porous l a y e r  
beads coated wi th  1.1% poly G-300 s t a t i o n a r y  phase,  
u s i n g  heptane-ethanol  / l o : l /  a s  mobile phase. 245 

A l s o  on t h i s  column, s t r y c h n i n e  and bruc ine  could 
be determined. 
C a t i o n  exchange chromatography has a l s o  been a p p l i e d  
s u c c e s s f u l l y  f o r  the  s e p a r a t i o n  of  p y r i d i n e ,  quino- 
l i n e ,  i s o q u i n o l i n e ,  and 8-hydroxyquinoline w i t h  
0.15 g N a N 0 3  mobile phase.246 Quinol ine and i t s  8- 
hydroxy d e r i v a t i v e  reversed  e l u t i o n  a t  a concen- 
t r a t i o n  o f  about  0.11 g NaN03. 
S e p a r a t i o n  o f  s u b s t i t u t e d  benzimidazoles on a c a t i o n  

The compounds were base l ine-separa ted  i n  about  15  
min 
T a l l e y  r e p o r t e d  an HSIEC method f o r  t h e  s e p a r a t i o n  
o f  t h e  cyano-, carboxamido-, and carboxy-subs t i tu ted  
p y r i d i n e  isomers  a c h i e v i n g  q u a n t i t a t i v e  r e s u l t s .  247 

Resolu t ion  was n o t  s u f f i c i e n t ,  however, t o  permi t  
b a s e l i n e  s e p a r a t i o n  o f  a l l  n i n e  isomers  i n  one 

exchange column h a s  been presented  by Kirkland.  55 
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chromatogram. The isomeric p i co l ines  and pyr id ine  
were a l s o  separated on a column packed w i t h  1.0% 

HSLC sepa ra t ions  o f  polynuclear aza-heterocycl ic  
compounds on a column f i l l e d  w i t h  s i l v e r  i on  im-  
pregnated porous l a y e r  bead have been reported.  
The compounda were separated by donor-acceptor 
complexing between the  s i l v e r  ions  and he te rocyc l i c  
n i t rogen  atoms. The e l u t i o n  o rde r  was inf luenced 
not  only by the  b a s i c i t y  of t h e  Compounds but s t e r i c  
a c c e s s i b i l i t y  of t he  ni t rogen lone-pair .  Bas ic i ty  
were t h e  only f a c t o r ,  the  e l u t i o n  order  would fol- 
low the  order  of i nc reas ing  pKa. The r e s u l t s  indi-  
c a t e  t h a t  the e l u t i o n  order  depa r t s  from t h i s  r u l e  
and does not follow the t rend of increas ing  pK,. 
Ray and Freia9 developed a brush-type packing mate- 
r i a l  f o r  t he  separa t ion  of  polynuclear aza-hetero- 
cyc l ics .  The ma te r i a l  was prepared by bonding p- 
n i t rophenyl  isocyanate  t o  the  sur face  s i l a n o l  
groupa of a porous l a y e r  bead. This  brush ma te r i a l  
behaves as a good charge acceptor  and t h i s  behavior 
f o r  forming donor-acceptor complexes i s  a f f e c t e d  by 
t h e  s tereochemistry of t h e  molecules t o  be sepa- 
ra ted .  O f  these  e f f e c t s ,  donor-acceptor complex for-  
mation plays the  major r o l e  i n  t h e  separa t ion  pro- 
c ess. 

3 .  Aminea and Azo Compounds 
Ion  exchange chromatography r e s i n s  have been used 
f o r  both simple and complex analyses  of basic  amino 
a c i d s  and r e l a t e d  compounds. The procedure has been 
automated 
years.  
Cat ion exchange r e s i n  can be w e l l  employed i n  sepa- 
r a t i o n  of  amino acids by HS1EC.l’’ The mobile phase 

BOP. 
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is 0.1 g ammonium acetate to which hydrochloric 
acid should be added until pH is 2.5. The reported 
results show that tyrosine and phenylalanine was not 
completely separated. Eighteen amino acids were, 
however, determined by ion exchange separation, as 
reported by Inglis and Nicholls. 
Thyroidal iodoamino acids can be separated rapidly 
by chromatography on columns of rigid controlled- 
pore glass using a mixture of ethyl acetate-methanol- 
2 
though the separation was classical rather than 
high speed chromatography. 2 50 
Phenetylamines have been chromatographed on an ion 
exchange column, using 0.2 g NaN03 /pH 3.15/ as mo- 
bile phase.251 During the analysis, temperature was 

A systematic survey on the elution of anilines 
from two bnsh-type /Durapak OPN and Durapak Carbo- 
wax/ and one adsorbent /Corasil II/ columns has been 
presented by Sleight252 to gain an understanding 
of the mechanisms causing retention and the struc- 
tural factors modifying it. Sleight has well uti- 
lized the earlier experiments on the separation of 

anilines.63p64,84,107 The retention caused by any 
direct interaction of the substituent with station- 
ary phase due to ita electronically induced effect 
on amino groups was examined with some monosubsti- 
tuted benzenes. The results do not show clear cor- 
relation with constants in the Hammet plot although 
suggest that electron donating substituents cause 
increased retention. Retention can be decreased by 
introducing ortho-substituents into anilines. 
N-substitution and di-N-substitution decrease re- 
tention owing to a decrease in capacity factors. 

249 

aqueous NH40H /40:10:4/ as eluting solvent, al- 

55 OC. 
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These results indicate that hydrogen bonding does 
not play such an important role in aniline retention 
as does in phenol retention. 
On TMG or BOP columns, p,p’-methylene-dianiline 
can be purified from its impurities. 237 
Porapak Q and T as packing materials have been used 
for the separation of Freon, isopropanol and N,N- 
diethyl-m-toluamide which are the basic compounds 
of sprays. 
Substituted aniline and dianiline antioxidants have 
been separated on porous layer beads coated with 
0.5% BOP and on a brush-type column.93 The elution 
order was the same on all three columns. Selectiv- 
ity for each solute was the greatest on the brush- 
type packing material, resolution and K values were, 
however, less favorable. 
The separation of aniline, N-ethylaniline, and N,N- 
diethyl aniline can be carried out on a column 
packed with small diameter /lo Nm/ silica gel coated 
with 73% BOP.253 
HSLSC has been successfully used for the determina- 
tion of nitr~anilines~~~ as well as xylidines. 2 40 

Azoaniline and substituted N,N-dimethyl- and N,N- 
diethyl azoanilines have been separated using 10% 
methylene chloride in hexane as mobile phase. 254 
A solvent program of 5-30416 CH2C12 in hexane at 
4%/min may improve the separation. 

54 

4. Aromatic Hydrocarbons and Substituted 
Polynuclear Aromatics 

Although GC is very useful in the separation of 
hydrocarbons, some molecules have low volatility 
owing to their high molecular weight so that HSLC 
may be a valuable complementary method in this field 
of analysis, too. 

404 
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HIGH SPEED LIQUID CHROMATOGRAPHY 

A classwise separation of a premium gasoline into 
saturates, monoaromatics, and diaromatics by HSLLC 
was reported by Stevenson. 255 The elution times of 
alkylated benzene compounds vary systematically with 
the number of paraffinic substituents. Increasing 
number of exocyclic carbon atoms causes decrease in 
retention time along a straight line. Extrapolation 
of this behavior indicates that pentadecylbenzene 
would emerge with the saturated hydrocarbons on a 
Carbowax 600 column. Naphtenic substitution of the 
benzene ring apparently increases retention time. 
Separation of aromatic hydrocarbons, paraffins, and 
olefins as well as diolefins has been achieved by 
L ~ c k e ~ ~ ~  who used squalane as stationary phase and 
acetonitrile-20% water as mobile phase. 
The separation of six polycyclic aromatic hydro- 
carbons was carried out on a 8.1% dimethylformamide- 
Carbowax 350 column with isooctane as the carrier 
phase. 257 Phenanthrene is not resolved from 7,12- 
dimethylbenzo/a/anthracene and benzene as the first 
peak may not be well detected. 

Nonpolar solutes such as hydrocarbons may be sepa- 
rated effectively by reverse phase chromatography, 
i.e. using nonpolar liquid stationary phase and po- 
lar carrier liquids. The most useful mobile phases 
for this purpose are water-alcohol mixtures, al- 
though water-dioxane and water-butyl cellosolve may 
also be employed. The resolution and retention of 
polynuclear aromatics are ruled by the alcohol per- 
centage. At 90% alcohol content in the mobile phase, 
all aromatics elute as a single peak which gives a 
method for the rapid estimation of total aromatics 
present in mixtures. 
The advantage of reverse phase chromatography can 
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be extended to more poLr solutes such as anthra- 
quinones by increasing the concentration of water 
in the mobile phase. 
The recently developed chemically bonded reverse 
phase packing materials have substantially improved 
the efficiency and resolution for these com- 
pounds. 2599260 In addition to these compounds, 
chloro-, bromo-, iodobenzenes, and mixed halogen 
derivatives of aromatics have also been chromato- 
graphed with this system. 
HSLSC is also a method considerable for the deter- 
mination of polynuclear aromatic hydrocarbons. Rap- 
id baseline separations can be achieved both with 
porous layer bead silica and with neutral alumina 
packing materials, partially deactivated with water. 
A change in these packing materials causes a reverse 
order of elution of benzanthracene and o-quater- 
phenyl. In the case of alumina, by changing the 
solvent, pure hexane for hexane-isopropyl ether 
/60-40%/, all components are eluted sooner and 
benzanthracene is eluted last, after m-quaterphenyl. 

5 .  ComDounds in Body Fluids 
The normal and pathological constituents in body 
fluids as urine and blood are very important but are 
contained in complex biological mixtures. 
Scott and coworkers have developed a method for 
separating the UV-absorbing constituents of body 
fluids by HSIEC. 
the separation of more than one hundred constitu- 
ents from human urine. Several of these constitu- 
ents have been qualitatively identified. 26 5 
The chromatograms obtained from such separations 
may be employed as fingerprints in evaluating body 
function. Burtis has used strongly basic anion ex- 

2 58 

9261-264 They have demonstrated 
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HIGH SPEED LIQUID CHROMATOGRAPHY 

change r e s i n  and l i n e a r  sodium a c e t a t e  g r a d i e n t  
e l u t i o n  vary ing  i n  c o n c e n t r a t i o n  from 0.015 g t o  
6.0 g a t  c o n s t a n t  pH 4.4. 266,267 The r e s u l t s  sugges t  
t h a t ,  assuming a molar a b s o r p t i v i t y  of lo,ooo, ng 
q u a n t i t i e s  of  some c o n s t i t u e n t s  can be d e t e c t e d .  To 
use  such f i n g e r p r i n t  p r o f i l e s  f o r  d i a g n o s t i c  pur- 
poses ,  d i e t a r y  e f f e c t s  must be considered.  
The method descr ibed  above can be a p p l i e d  f o r  t he  
a n a l y s i s  of  t h e  carbohydra tes  i n  body f l u i d s  w i t h  
g r a d i e n t  e l u t i o n  o f  a n  aqueous b o r a t e  b u f f e r .  
S i n c e  carbohydra tes  do not  absorb  UV l i g h t  a t  t h e  
commonly a v a i l a b l e  wavelengthq p h e n o l / s u l f u r i c  a c i d  
c o l o r  development r e a c t i o n  should be used. 

6. Drugs and Rela ted  Compounds 
I n  GC e n a l y s e s  o f  drugs and r e l a t e d  compounds, pre- 
p a r a t i o n  o f  chemical d e r i v a t i v e s  should be made 
p r i o r  t o  t h e  a n a l y s e s  because t h e s e  compounds a r e  
u s u a l l y  n o n v o l a t i l e .  
HSLC n o t  only s u r p a s s e s  t h i s  problem but  o f f e r s  

a method, i o n  exchange, w i t h  no ana log  i n  GC and 
which i s  i d e a l l y  s u i t e d  a s  a s e p a r a t i o n  technique  
i n  pharmaceut ical  a n a l y s i s  f o r  a l a r g e  percentage  
o f  compounds. 
An APC t a b l e t  / a s p i r i n ,  c a f f e i n e ,  and p h e n a c e t i d  
h a s  been examined a s  a t e s t  mixture  f o r  c a t i o n  ex- 
change, and optimum s e p a r a t i o n  o f  t h i s  sample was 
achieved wi th  a mobile phase o f  d i s t i l l e d  water  
buf fered  t o  pH 6.8. 
Components of a n a l g e s i c  t a b l e t s  c o n t a i n i n g  o t h e r  
compounds i n  a d d i t i o n  t o  t h e  t h r e e  mentioned above, 
can be e a s i l y  s e p a r a t e d  by HSIEC, too. 270 The mo- 
b i l e  phase should be a d j u s t e d  t o  a pH of 9.2 w i t h  a 
b o r a t e  b u f f e r  and t h e  i o n i c  s t r e n g t h  is a d j u s t e d  by 
t h e  a d d i t i o n  o f  0.002 g NaNO I n c r e a s i n g  t h e  i o n i c  

268 

137,268 

26 9 

246 

7' 
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s t r e n g t h  of  the  moving l i q u i d  reduces a n a l y s i s  t ime 
wi thout  s i g n i f i c a n t l y  impai r ing  t h e  r e s o l u t i o n  o f  
t h e  sample components. I t  should be a l s o  noted t h a t  
an an ion  exchanger e l u t e s  a t y p i c a l  a n a l g e s i c  i n  
t h e  fo l lowing  order :  c a f f e i n e ,  phenace t in ,  and 
a s p i r i n ,  whereas a c a t i o n  exchanger g i v e s  an  e l u t i o n  
o r d e r  of a s p i r i n ,  c a f f e i n e ,  and phenacet in .  Using 
an  an ion  exchange column with 1.0 M t r i d h y d r o x y -  
methyl/ aminomethane /pH 9.0/ a s  mobile phase,  t h e  
e l u t i o n  o r d e r  i s  c a f f e i n e ,  a s p i r i n ,  and phenacet in .  
Anion exchange a n a l y s i s  o f  a s i n g l e  t a b l e t  o f  asthma 
and hay f e v e r  medica t ion ,  c o n t a i n i n g  ephedrine,  
t h e o p h i l l i n e ,  and phenobarb i ta l  can be c a r r i e d  out  
u s i n g  0.01 NaNO a s  so lvent .  
Anders and L a t t 0 1 - Z ~ ~ ~  have managed t o  apply HSIEC 
f o r  the  s e p a r a t i o n  and de termina t ion  o f  b a r b i t u r a t e s ,  
some of  t h e i r  m e t a b o l i t e s ,  and r e l a t e d  compounds, 
among o t h e r s ,  diphenylhydantoin.  Nongradient e l u t i o n  

with KH2P04 b u f f e r s  h a s  proved very  s u i t a b l e  f o r  
s e p a r a t i n g  phenobarb i ta l ,  d iphenylhydantoin,  and 
t h e i r  phenol ic  m e t a b o l i t e s .  The b e s t  c o n d i t i o n s  
found f o r  t h i s  a n a l y s i s  a r e  20 gg phophate buf fer ,  
pH 3.5, and a column temperature  o f  80 OC. Barbi- 
t u r a t e s  and m e t a b o l i t e s  have been s e p a r a t e d  w i t h  a 
l i n e a r  sodium chloride g a d i e n t  a t  80 OC. 

B a r b i t u r a t e s  can a l s o  be determined s u c c e s s f u l l y  by 
u s i n g  an an ion  exchanger and 0.01 2 NaNOq mobile 
phase273 o r  u s i n g  porous l a y e r  beads and 2% methanol 
i n  heptane  as mobile phase 239 .  

Reverse phase chromatography h a s  proved e f f e c t i v e  
i n  the  de termina t ion  of  h a s h i s h ,  u s i n g  a chemical ly  
bonded packing m a t e r i a l  and a l i n e a r  g r a d i e n t  e lu-  

e v e r ,  LSD from an i l l i c i t  t a b l e t  can be determined 
by an ion  exchange. 274 

271 

t i o n  o f  2% change/min.of methanol i n  water.  260 How- 
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A chemical ly  bonded packing m a t e r i a l ,  Permaphase 
ETH, h a s  g iven  wel l - separa ted  peaks of  s u l f a p y r i d i n e ,  
sulfamethazone,  and s u l f a n i l a m i d e ,  u s i n g  n-hexane/ 
i s o p r o p y l  a l c o h o l  /60-40%/ a s  mobile phase. 241 

Reverse phase HSLLC h a s  provided a h i g h l y  s p e c i f i c  
and p r a c t i c a l  t echnique  f o r  t h e  a n a l y s i s  of  s u l f o n y l -  
u r e a  a n t i d i a b e t i c  agents.275 The mobile phases  were 
0.01 sodium bora te  c o n t a i n i n g  27.5% methanol and 
0.01 g monobasic sodium c i t r a t e  c o n t a i n i n g  15% meth- 
anol .  The e l u t i o n  volumes f o r  a l l  t h e  s u l f o n y l u r e a s  
i n v e s t i g a t e d  decreased as pH w a s  r a i s e d ,  i n d i c a t i n g  
t h a t  t h e s e  compounds be ing  weak a c i d s  a r e  more s o l -  
u b l e  i n  s o l u t i o n s  of h i g h e r  pH. 
A method for t h e  de te rmina t ion  o f  a q u i n a z o l i n e  
d e r i v a t i v e  drug,  metolazone, i n  u r i n e  i s  d e s c r i b e d  
by Hinsvark e t  al.276 A p o l a r ,  brush-type packing 

m a t e r i a l  and chloroform modified wi th  5% isopropanol  
have been used. 
Another p o l a r ,  brush-type m a t e r i a l  h a s  been em- 
ployed f o r  t h e  a n a l y t i c a l  s c a l e  p r e p a r a t i o n  o f  some 
benzodiazepines  a t  ug l e v e l  i n  urine.277 The most 
p o l a r  c a r r i e r  used i n  t he  a n a l y s i s  was a 70-30% 
mixture  of hexane and i sopropanol ,  a l though a n  o p t i -  
mum composition h a s  been achieved a t  10% i sopropanol  
conten t .  
The combination of a Zipax porous l a y e r  bead column 
and hexane-ethanol /75-25%/ a s  mobile phase h a s  
permi t ted  low-level d e t e c t i o n  o f  some i m p u r i t i e s  i n  
a 3-formylrifampin sample. 278 A t  t h e  same time, i t  
provides  good measurement o f  t h e  s t r o n g l y  p o l a r ,  
high-molecular weight major component. 
A method f o r  t h e  a n a l y s i s  o f  C l o p i d o l ,  an  e f f e c t i v e  
c o c c i d i o s t a t ,  h a s  been developed. 279 The method in- 
volved chromatography on an alumina and on an i o n  
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exchange column in series with 0.1% acetic acid 
gradient elution in methanol. 
Also  HSLSC may be very effective in the analytical 
chromatography of synthetic organic drugs. It can 
be used to determine the yield obtained under vari- 
ous reaction conditions and to suggest preparative 
schemes for purifying the products of each synthesis 
step. l-/3,4-dibenzyloxyphenyl/-2-nitro-trans-prop- 
1-ene and 3,4-dibenzyloxybenzaldehyde were separated 
on a Corasil I1 porous layer bead column, using 10% 
chloroform in isooctane as moving phase. 

7 .  Herbicides and Ineecticidea 
Although herbicides and insecticides may strongly 
vary in their chemical compoaition and the examples 
given here serve only as starting points for the 
selection of a suitable chromatographic system, it 
is obviously expected and clear that HSLC may be 
employed for all type8 of these compounds, 
Substituted urea herbicides were chromatographed by 

280 

HSLLC on BOP atationary phase, using several types 
of liquid as mobile phase. 6 2,99,281 

For the analysis of esters of phenoxyacetic acid- 
base herbicides, Permaphase ODS reverse phase pack- 
ing material has been used with a 40% water - 60% 
methanol mobile phase. 
The free acids eluted with the solvent front under 
these conditions can be chromatographed by reducing 
the methanol content in the mobile phase and adding 
dilute phosphoric acid. 
With a reverse phase Bondapak C18 column, 50% water- 
50% methanol was necessary to be used a8 mobile 
phase for the separation of fenuron, nonuron, and 
diuron.282 A high-sensitivity detection of diuron 
/down to 5 ng/ has been achieved on a polar chemi- 

282 
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HIGH SPEED L I Q U I D  CHROMATOGRAPHY 

cally bonded phase with hexane modified by 3% 
dioxane carrier liquid. 283 

Triazine herbicides are well separable on a BOP 
column, using a modified cyclohexane mobile phase, 
and ion exchange columns also proved applicable in 
the separation of such compounds. 
The separation of a mixture of thermally unstable 
Dyrethins can be achieved rapidly and quantitatively 
on a silica gel adsorbent, using 20% diethylether 
in hexane as mobile phase.285 Quantitative studies 
of pyrethins were carried out also on a reverse 

284 

phase chemically bonded packing material and by 
HSGPC. 26 0 

HSLLC also proves effective in the analysis of in- 
secticides. 297 ,286 Insecticide carbaryl, for example, 
can be separated from its primary decomposition 
product l-naphtol on a BOP or TMG column, using n- 
heDtane saturated with the stationary phases BOP and 
TMG, respectively. 
A baseline separation of a synthetic mixture con- 
taining the active ingredient of Lannate methomyl 
insecticide could be obtained on a 1% BOP-porous 
layer bead HSLLC column with n-hexane modified by 
7% chloroform. 

Ion exchange chromatography is a widely accepted 
method in the separation of metal ions by elution 
with HC1 or HC1-modified mobile phases. 
Hydrobromic acid mobile phase is also useful in 
certain cases. 
While good separations can be obtained by classical 
methods, the rapid, quantitative separation of sub- 
stantial amounts of such elements was not presented 
prior to the development of HSIEC. 

1 2 1  

8. Metal Ions 

128,287-290 

291  
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Campbell et al. and other workers have, however, 
demonstrated that high-speed separation of rare 
earths is practical. 293-295 The technique used in 
the investigations consisted of loading the triva- 
lent lanthanides and actinides in a weakly acid 
solution onto a cation exchanger and then eluting 
the metal ions with an anionic complexing agent. In 
the separation of elements being highly radioactive, 
small diameter resins should be employed to avoid 
radiation-induced resin damage and radiolytic gas 
evolution by reducing the analysis time. 296 

In addition to particle size, the type of the mobile 
phase can significantly influence the quality of 
separation. The importance of solvent gradient, par- 
ticle size, and resin cross-linkage on resolution 
and efficiency has been examined by Sisson et al. 2 97 
A ternary liquid-liquid two-phase system composed 
of water, isooctane, and ethanol has also been used 
to separate metal-(3-diketonates by HSLLC. 298 

V e e n i r ~ g ~ ~ ~  has demonstrated the usefulness of HSLLC 
in separating metals as metal carbonyl complexes, 
using isooctane mobile phase and UV detection. 299 

9. Nucleic Acid Constituents 
The constituents of nucleic acids are nowadays per- 
haps the most studied field of compounds in sepa- 
rations using HSLC. This part of the review demon- 
strates application of HSLC instrumentation to 
these investigations, but only to a limited extent 
in order not to overstress this field at the ex- 
pense of others. It is preferred to refer to more 
extensive and remarkable surveys. 
All the chemical characteristics of the nucleic 
acid constituents suggest that HSIEC is a very 
functional and desirable mode of separation, a l -  

700-302 
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though t h e  degree o f  i o n i z a t i o n  i s  s u b j e c t  t o  tem- 
p e r a t u r e ,  pII, and i o n i c  s o l v e n t .  I n  t h e  c a s e  of  
bases  and n u c l e o s i d e s ,  s t r o n g l y  a c i d i c  c a t i o n  ex- 
changers  whereas f o r  n u c l e o t i d e s ,  s t r o n g l y  b a s i c  
an ion  exchangers a r e  p r e f e r r e d .  To i n c o r p o r a t e  f a s t  
mass t r a n s f e r ,  r a p i d  i o n  exchange, and r a p i d  e q u i l -  
i b r a t i o n ,  r e s i n s  wi th  smal l  diameter  should be 
chosen. 
To determine which parameter t o  a d j u s t  f o r  optimum 
r e s u l t s  i n  s e p a r a t i o n s  o f  n u c l e i c  a c i d  c o n s t i t u e n t s ,  
one should keep i n  mind s e v e r a l  u s e f u l  g u i d e l i n e s  
d e s c r i b e d  by Horvath 9 9 9 7 0 3 ,  Uzie l  e t  al .?04, and 
Burt  is305. 

l o .  P e s t i c i d e s  
Although p e s t i c i d e s  can be analyzed by GC, t h e s e  
compounds f r e q u e n t l y  r e q u i r e  pre l iminary  time con- 
suming c l e a n  up s t e p s  and the s y n t h e s i s  o f  der iva-  
t i v e s  f o r  a n a l y s i s .  Therefore ,  HSLC may be a com- 
plementary method f o r  t h e  a n a l y s i s  o f  p e s t i c i d e s .  
The a n a l y s i s  o f  carbamates and t h e i r  decomposition 
products  h a s  been c a r r i e d  o u t  on BOP o r  TMG column. 
The TMG column h a s  proved more s e l e c t i v e  f o r  hy- 
droxyl  groups i n  t h e  compounds. Many o f  t h e  chlo-  
r i n a t e d  hydrocarbon p e s t i c i d e s  have a l s o  been 
chromatographed on a BOP column w i t h  heptane- 
chloroform o r  on a r e v e r s e  phase column w i t h  methanol- 
water  mobile phases. '06 Lindane, Endrin,  Heptachlor ,  
DDT, and DDD have been s e p a r a t e d  on a r e v e r s e  phase 
chemical ly  bonded packing m a t e r i a l  wi th  70% methanol- 
30% water  mobile phase. '07 P a r a t h i o n ,  F o l p e t ,  and 
Imidan have been determined on a p o l a r  chemical ly  
bonded s t a t i o n a r y  phase,  u s i n g  i s o o c t a n e  a s  s o l -  
vent.308 P e s t i c i d e  r e s i d u e  a n a l y s i s  o f  Dyfonate can 
be c a r r i e d  o u t  by HSLSC wi th  a 2.5% chloroform i n  
i s o o c t a n e  mobile  phase. 309 
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HSLLC has been used by Henry et al.310 to detect 
and isolate impurities in the pesticide Abate. The 
chromatographic procedure was combined with a bio- 
assay experiment. 

11. Phenols and Related ComDounds 
Sleight252 has studied not only the electronic ef- 
fects of substituents on the retention of anilines 
but also those of phenols. The results suggest that 
electron-withdrawing substituents increase phenol 
retention and vice versa. Retention is decreased 
by introducing ortho-substituents into phenols, and 
for ortho alkyl phenols this decrease appears to be 
in correlation with the size of the alkyl group. 
HSLSC has proved very effective in several separa- 
tions of phenolic compounds. To directly extrapolate 
separations by TLC to HSLSC, three hindered phenolic 
antioxidants have been separated on a silica gel 

93 plate end on a porous silica layer bead column. 
In both cases the mobile phase waa hexane with 1% 
isopropanol modifier. The elution order was the 
same on TLC and by HSLSC. 
Also on silica gel, phenol, xylenol, and p-nitro- 
phenol have been chromatographed with dichloro- 

311 methane moving liquid. 
The 2,6-, 2,5-, and 3,4-xylenols were separated on 
a column packed with Mercosorb SI 60 fine silica 
particles with dichloromethane solvent. 312 

Phenols, however, may be resolved also by HSLLC. 
Huberlo5 has separated dimethyl- and trimethyl- 
phenols as well as 3-methylphenol on a porous mate- 
rial coated with 6% 1,2,3-tris/2-cyanoethoxy pro- 
pane/, using isooctane as mobile phase. 

12. Phthalates 
The separation of a mixture of' di-n-alkyl phtha- 
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lates has been carried out on a porous layer bead 
column coated with 0.8% BOP, using hexane as moving 
solvent.95 Separation of diphenylphthalate from in- 
secticide, EPN, has been achieved on a 0 .5% BOP 
column with hexane. 
Didecyl-, dibenzyl-, and decylbenzyl phthalate 
plasticizers, which can be determined by GC only 
after being saponified, have been chromatographed 
successfully on a porous layer bead column coated 

62 

with BOP, using isooctane carrier liquid. 93 

Phthalic acid isomers make a suitable test mixture 
for the evaluation of a strong cation exchange 
column performance using water as mobile phase. 313 

Near the pK of the compound, pH has a great effect 
on retention and resolution and this effect may 
cause a change in the elution order. By adjusting 
the pH to 2.75, the elution order is as follows: 
phthalic, terephthalic, and isophthalic acids. The 
retention times of the compounds are strongly in- 
fluenced by ionic strength changes. 

13. Polymer Resins 
As the physical properties of polymers of rela- 
tively high-molecular weight are strongly related 
to their molecular weight, the separation of poly- 
mer compounds can be achieved by a technique, 
calledsteric exclusion or gel permeation chromatog- 
raphy, based on molecular size. 314-321 The degree 
of retention depends on the size of the sample com- 
ponent molecule relative to the size of the pores 
through which the selective diffusion o f  solute 
molecules proceeds. Therefore, molecules larger 
than the pore size may possibly be completely ex- 
cluded from the pores and will elute from the col- 
umn before the smaller molecules. This technique 
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o f  s e p a r a t i o n  i s  p r e f e r r e d  a t  molecular  weight 
ranges  above 2000 u n i t s .  From t h e  r e s u l t s  o b t a i n e d  
by GPC, one can determine t h e  polymer molecular  
weight  d i s t r i b u t i o n  o r  an average molecular  weight. 
Polyvinyl  a l c o h o l s  from v a r i o u s  methods o f  produc- 
t i o n  have been s e p a r a t e d  on f o u r  columns i n  s e r i e s ,  
each packed w i t h  g e l  of’ d i f f e r e n t  pore s i z e .  
The s e p a r a t i o n  o f  s u r f a c t a n t s  by HSGPC can be 

c a r r i e d  out  on g e l s  wi th  pores  of  500 8,  u s i n g  te t -  
rahydrofuren  a s  mobile The s e p a r a t i o n  o f  
c rude  o i l  before  and a f t e r  d i s t i l l a t i o n  h a s  shown 
t h e  p o t e n t i a l i t y  o f  HSGPC a s  a d i s t i l l a t i o n  analyz- 
e r  and t o  r e p l a c e  o r  supplement d i s t i l l a t i o n  and GC 
because t h e  method is  n o n d e s t r u c t i v e  and u s a b l e  a t  
ambient tempereture .  Aqueous s t e r i c  exc lus ion  ana l -  
y s i s  of  polysodium s i l i c a t e  h a s  been c a r r i e d  o u t  on 
a porous s i l i c a  column. 
On a column packed with 5-6 um porous s i l i c a  micro- 
s p h e r e s  with pores  o f  350 8,  polys tyrene  f r a c t i o n s  
w i t h  molecular  weight of  2000,  51,000, and 411,000 
have been s e p a r a t e d ,  u s i n g  t e t r a h y d r o f u r a n  a s  car -  
r i e r . 2 4 2  A mixture of l o w  and h i g h  molecular  weight 

70 

3 23 

p o l y s t y r e n e  polymers can be s e p a r a t e d  a l s o  on g l a s s  
columns. 324 

The monomers and polyrners i n  phenol formaldehyde 
r e s i n s  can be c l e a r l y  i d e n t i f i e d  by HSGPC. 325 

Ede326 h a s  developed a HSGPC method f o r  de te rmining  
t h e  molecular  weight d i s t r i b u t i o n  o f  bylon 6. 9 26 

Using t h i s  method, good agreement h a s  been obta ined  
by Ede between number average molecular  weights  
determined by HSGPC and by end group de termina t ions .  
The v a r i a t i o n  of  d i s t r i b u t i o n  w i t h  po lymer iza t ion  
t ime h a s  a l s o  been s t u d i e d .  
Although a s  descr ibed  and noted above, GPC i s  nor- 
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mally used f o r  l a r g e  molecules  w i t h  molecular  weight 
above 2000 units, small molecules may a l s o  be rap id-  
l y  s e o a r a t e d  by t h i s  method. 
The HSGPC method can also be used f o r  p r e p a r a t i v e  
work, sometimes w i t h  r e c y c l i n g .  

14. S t e r o i d s  
R e p r e s e n t a t i v e  members of  s e v e r a l  c l a s s e s  of  s t e -  

r o i d s  have been separa ted  by S i g g i a  and Dishman 
u s i n g  HSLC. 332 Reverse phase chromatography h a s  
been used throughout t h e i r  s tudy  because t h e  r e l a -  
t i v e l y  l a b i l e  s t e r o i d s  i n v e s t i g a t e d  a r e  q u i t e  p o l a r  
and e l u t e  s lowly enough u s i n g  nonpolar  e l u a n t s .  
Therefore ,  t h e  mobile phase c o n s i s t e d  of  a mixture  
o f  water-methanol or water  a d j u s t e d  t o  pH 11.5 w i t h  
NaOH. The r e t e n t i o n  t ime o f  t h e  f a s t  e l u t i n g ,  more 
p o l a r  a d r e n a l c a r t i c o s t e r o i d s  decreased w i t h  in -  
c reased  s t a t i o n a r y  phase l o a d i n g  whi le  t h e  l e s s  
p o l a r  s t e r o i d s  show a minimum r e t e n t i o n  a t  a g iven  
l o a d i n g  and then  increased  r e t e n t i o n  a t  h i g h e r  
loadings .  T h i s  behavior  can be expla ined  by t h e  
f a c t  t h a t  a s  t h e  l o a d i n g  i s  decreased t h e  c o n t r i -  
bu t ion  o f  t h e  l i q u i d - s o l i d  a d s o r p t i o n  i s  i n c r e a s e d  
and when l i q u i d - l i q u i d  p a r t i t i o n  becomes predomi- 
n a n t ,  t h e  r e t e n t i o n  t imes  i n c r e a s e  w i t h  loading.  
For t h e  p o l a r  s t e r o i d s ,  t h e  a d s o r p t i o n  process  h a s  
been predominant over  t h e  l o a d i n g  range /18-75%/ 
s t u d i e d  by S i g g i a  and Dishman. For t h e  s e p a r a t i o n  
o f  n i n e  c o r t i c o s t e r o i d s ,  s tep-wise f low programming 
h a s  been employed. Under t h e  same c o n d i t i o n s ,  t h e  
p r o g e s t i n s  e l u t e d  After  a l l  t h e  c o r t i c o s t e r o i d s  and 
androgens chromatographed. Therefore ,  t o  determine 
t h e s e  compounds, a water-methanol mixture  is  rec-  
ommended a s  mobile ohase. Proges te rone  was, how- 
e v e r ,  n o t  s a t i s f a c t o r i l y  s e p a r a t e d  from 4-pregnene- 
20P-Ol-3-0ne. 

322,527,328 

329-331 
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Huber et a1.333 carried out the quantitative anal- 
ysis of trace amounts of estrogenic steroids in 
pregnancy urine. Two coexistent phases of the ter- 
nary system water-methanol-isooctane have been used 
as the stationary and mobile phases. Partition co- 
efficients of 28 steroids in this ternary system 

8 were determined earlier. 
Henry et a1.334 employed normal phase, reverse 
phase, and ion exchange chromatography to separate 
2,4-dinitrophenylhydrazine derivatives of  all major 
types of steroids and the use of both UV and RI de- 
tectors for steroids is discussed. Conventional 
liquid-liquid partition chromatography has proved 
to be the most useful for separating mixtures of 
closely related steroids. Ethylene glycol, BOP as 
well as cyanoethylsilicone have been used as sta- 
tionary phases. Progesterone represents about the 
least polar steroid that can be partitioned on a 
BOP column. For the separation of estradiol gluco- 
siduronic acid from impurities, a strong anion ex- 
changer has been applied with a linear gradient of 
NaClO in phosphate buffer. 
The separation of the compounds studied by Henry 
et a ~ . ” ~  may be achieved also on chemically bonded 
phases. 
HSLSC has a l s o  proved very effective in the sepa- 
ration of steroids, using methanol-chloroform, 
hexane-methanol-chloroform or isooctane-methanol- 
trichloromethane mobile phases. 

15. Vitamins 
HSLC presents a well-dted method for the analysis 
of fat and water soluble vitamins. 3 2 5  Fat soluble 
vitamins are best chromatographed by the reverse 
phase technique whereas the ion exchange separation 

4 

239,312,331 
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process can be well applied to the determination of 
water soluble vitamins. Hhen a multiple vitamin 
sample is being separated it may be necessary to 
change the mobile phase by pradient elution because 
these vitamins vary widely in their structures and 
chromatographic properties. A typical gradient elu- 
tion separation of six fat soluble vitamins can be 
carried out on a chemically bonded reverse phase 
packing material, using gradient from water to meth- 
anol at 5Wmin. Also on this column, a tocopherol 
mixture may be separated using a gradient from 
methanol-water /80-20%/ to methanol-water /85-156/ 
at l%/min. As vitamin K is the most water soluble 
of the fat soluble vitamins, it is chromatographed 
in a solvent at 20% methanol- 80% water. 
The water soluble vitamins to be chromatographed 
may be divided into two classes; those that sepa- 
rate by anion exchange and those that separate by 
cation exchange. The vitamins B2, B 3 ,  and B6 can be 
determined by cation exchange at pH 4.2 in KH2P04 
buffer modified by sodium perchlorate. The sepa- 
ration of the vitamins B1 and B12 requires a pH of 
9.2. Ascorbic acid, folic acid, and niacin can be 
chromatographed on an anion exchanger with a mobile 
phase adjusted to pH of 7.0 with various concentra- 
tions of ionic modifier added. A mobile phase of 
0.02 M, sodium acetate at pH 4.6 is also useful. 
HSLSC can also be employed for the analysis of vi- 
tamins. On a porous layer bead column, A, D2, and E 
vitamins have been separated using chloroform as mo- 
bile phase. 3 36 

A mixture of vitamin A palmitate, vitamin A acetate, 
vitamin D2 has been separated on a Pellumina column 
with 1-chlorobutane mobile phase. 337 A number of fat 
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soluble vitamins have been successfully chromato- 
graphed on a column packed with small-particle sil- 
ica adsorbent, using l% isopropanol in hexane as mo- 

bile phase. A mixture of hexane-dichloromethane- 
isopropanol as mobile phase has been used for the 
analysis of vitamin A acetate and vitamin E on sil- 
ica adsorbent. 154 
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Li s t of S .ym bo 1 s 
distribution/partition/ coefficient 
retention volume of a component 
interstitial volume of the column 
the volume of stationary phase in the column 
the net retention volume of a component 
the specific retention volume of a component 
the weight of stationary phase in the column 
the density of stationary phase 
partition ratio/capacity factor/ 
phase ratio 
the solute chemical potential 
temperature 
pressure 
the solute activity coefficient 
molecular weight 
the density of mobile phase 
the solute partial molar volume 
relative retention 
the time of analysidretention time/ 
plate number required to achieve a given 
separation 

Nreq 

H plate height 
u mobile phase velocity 

N plate number 
req pressure drop required t o  N "req 

AP pressure drop across the column 
the viscosity of eluent 
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p a r t i c l e  diameter  
dP 
dc column diameter  
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