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1 INTRODUCTION 

The theory of high-performance liquid chromatography WPW was devel- 
aped before and during the development of the method. Although concise descdp- 
tions of this theory can be found in ail HPLC books, e.g., refs. 14, it seems that 
laboratory technicians and m some cases even analytical chemists have little knowl- 
edge of it other than the formula for calculation of the plate number. This is very 
regrettable because careful application of the practical aspects of HPLC theory in 
routine laboratory work could be fruitful and satisfying. As will be shown in this 
text, the calculations needed are quite simple. 

The question to be answered in this paper is: What kind of useful information 
can be calculated beginning with the geometrical properties of the HPLC column at 
our disposal? AS the basis of the calculations, no more than three parameters, namely 
the length of the column, its inner diameter and the particle diameter of the stationary 
phase, will be employed. To illustrate the formulae given, values for these parameters 
were chosen to be 25 cm, 4.6 mm and 5 pm, respectively, corresponding to a very 
common type of HPLC column, The key to the calculations is the concept of reduced 
(dimensionless) parameters as introduced by Brlstow and Knox in 19775. Two of the 
four reduced parameters are of fundamental importance in this connectton. They are 
the reduced plate height and the reduced velocity. 

The reduced plate height 1s defined as h = H/d, where H is the height of a 
theoretical plate and dp is the particle diameter of the stationary phase. The value of 
h indicates how many layers of particles of the stationary phase are needed to yield 
one theoretical plate. The smaller this value the better IS the column. For excellently 
packed columns the reduced plate height reaches a value of 2. Smaller values seem 
not to be possible. On the other hand, liquid chromatography columns with h = 10 
do not merit the term “high performance”. 

The reduced velocity is defined as v = udp/Dm, where ZA is the linear flow 
velocity of the mobile phase, dp the partrcle diameter and D, the diffusion coefficient 
of the solute of interest in the mobile phase. The great importance of v lies in the 
fact that the optimum velocity of the mobile phase in liquid chromatography is 
known to occur at v = 3. If the molecular mass and the density of the solute are 
known or estimable, its diffusion coefficient in a given mobile phase can be calculated 
by use of the Wilke-Chang equation 6. Therefore, wrth all necessary parameters 
known, the optimum velocity of the eluent can easily be calculated. (Of course, the 
optimum velocity can also be determined experimentally.) At this velocity a liquid 
chromatography column performs at its best, i.e., the plate height has the minimum 
value possible with the given stationary phase. 

Any discussion on chromatographic performance gains clarity and simplicity 
if reduced parameters are used because the considerations are set free from external 
factors as there are the dimensions of the column and stationary phase. On the other 
hand, only with reduced parameters is it possible to predict the performance of a 
chromatographic column and to estimate such interesting parameters as the maxr- 
mum allowed injection volume and many others. This paper will show how to do 
this. 

In the course of the calculations we have to choose other parameters in ad- 
dition to those mentioned above. They are the porosity of the column packing, the 
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diffusion coefficient of the solute, the capacity factor of the solute, the fraction of the 
allowed increase in peak width, the inner diameter of the connecting capillaries, the 
concentration of the solute mJected, the molar mass and the molar absorption coef- 
ficient of the solute, the path length of the detector, the viscosity of the mobile phase 
and the flow resistance of the column. All these parameters will be accorded values 
typically found m liqurd chromatography. 

All the equations are grven without derivations, which can be found in the 
literature cited. However, the reader should be familiar with the basic theory of liquid 
chromatography 

2 CALCULATIONS 

2.1. Plate number 
Consider an HPLC column of length, 1, = 25 cm, inner diameter, d, = 4.6 

mm and particle dtameter of the stationary phase, dp = 5 pm. The number of the- 
oretical plates, N, can be calculated by assummg that the column IS very well (not 
excellently) packed, z.e., h = 2.5: 

= to 000 

2.2 Dead volume 
The total porosity, ~~~~~ 1s about 0.8 for all column packings of totally porous 

particles. Thus, the dead volume, Vo, can be obtained from: 

. 250 x 0.8 mm3 = 3320 mm3 = 3.3 ml (2) 

2.3. Flow velocrty and flow-rate 
The column is regarded as being used at its optrmum flow which corresponds 

to Vopt = 3. For the calculation of the matchmg flow velocity of the mobile phase, 
a mean drffusion coefficient, D 
1 x 10m9 m2 s-r IS assumed 

m, of the solute molecules m the mobile phase of 
Thus the linear flow velocity, U, and the how-rate, v’, of 

the mobile phase are given by. 

VA 3 x 1 x Io-y u=---= -’ = = 4 5 x 10-6 m s 0.6 x 10e3 m s-l 0.6 mm s-’ (3) 

u&&to, v’=-------= 0.6 x 4.6’ x z x 0.8 

4 4 
mm3 s-l = 8.0 mm3 s-r 

= 0.48 ml min - 1 (4) 

2.4. Retention time 
The retention time of an unretained solute, to, is: 

4 250 
to = ; = 06 S = 417 % mm (5) 
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For two retained solutes having capacity factors, k’ = 1 and k’ = 10: 

tR = k’ x 

tR = 10 x 

to + to = 1 x 7 + 7 min = 14 min 

7 + 7 mm = 77 mm (6) 

2.5. Retention volume 
The volumes ofmoblle phase, tFR, necessary to elute peaks of either k’ = 1 Or 

k’ = 10 are: 

vR = v’ x tR = 0.48 x 14 ml = 6.7 ml 
VR = 0 48 x 77 ml = 37 ml 

2.6. Peak capacity 

(7) 

The peak capacity, n, of the coiumn if k’ = 10 IS not exceeded is’ 

tdLV d20 000 
n = 1 + 4 . in (I + kf,,,,) = 1 + 

4 
In (1 + 10) = 86 (8) 

2.7. Peak width and peak volume 
If the first peak has k’ = 1, its base width, 40, and its volume, VP, are: 

14 x 60 
4rr=4*=4 ~ s = 23.8 s 

\‘20 000 
(9) 

t i&J 

I’, = 40 x V’ = 23,8 x 8 ~1 = 190 ~1 

2.8. Injection volume 

(9a) 

The maximum allowed injection volume, V,, to avoid an excessive broadenmg 
of the first peak is defined as. 

where K is a parameter characteristic of the quality of injection and is assumed to be 
equal to 2 and 0’ defines the fraction of peak broadening. Thus at 1% peak broad- 
ening, z.e , t’P = 0.01 and 8 = 0 1 

I’, = 0.1 x 6700 . 
2 

V’20 
pl = 9.5 /Ll 

At 9% peak broadening, i.e., tJ2 = 0.09 and 8 = 0.3. 

Vi = 0.3 x 6700 
2 

__ ~1 = 28 ~1 
t’20 000 
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2.9. Detector volume 
The maximum allowed volume of the detector cell, Vd, 1s defined as: 

Thus, at 1% peak broadening, V, = 9 5/2 ~1 z 5 yl and at 9% peak broadening, 
Vd = 28/2 ,ul = 14 ~1. 

2 10. Detector time constant 
The maxtmum allowed time constant of the detector, r, is defined as: 

T=e.-- 

JN 

At 1% peak broadening: 

14 x 60 
r=O.l ~ s = 0.6 s 

420 000 

(12) 

At 9% peak broadening: 

14 x 60 
z=o.3. ~ s = 1.8s 

VI20 000 

2.11. Capillary tube length 
In most HPLC instruments, capillary tubing is used to connect the injector, 

column and detector. An inner diameter of the capillary, dcapr of 0.25 mm is usual. 
The maximum allowed length, E,,,. of such a capillary IS defined as. 

I 
384 O’D,V; 

cap = 
7tNV’&, 

At 1% peak broadening: 

384 x 0.01 x lo- 5 x 6.7’ 
1 = cm = 
cap lop3 0.0254 

8.8 cm 
n x 20 000 x 8 x x 

At 9% peak broadening: 

384 x 0.09 x 1O-5 x 6.72 
I = cm = 
cap lop3 0.0254 

79 cm 
7c x 20 000 x 8 x x 

(13) 

2.12. Dilutxm factor 
Due to the chromatographrc process, the injected solutes become diluted, i.e., 
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the concentration of the solute in the peak maximum, cP, is lower than that in the 
injected solution, c,. The dilution factor is defined as: 

c, -=- 

CP 

(14) 

Thus, if 9% peak broadening is allowed, for k’ = 1 

Cl -=_ ~ = 4.2 
CP 

and for k’ = 10, 

2 13. Concentration at peak maxtmum 
If the concentration of each of the solutes in the sample is 1 ppm (10m6 g 

ml-‘), their concentrations at the respective peak maxima are, for k’ = 1. 

CP cp = cg ’ c = lo-6 ’ = 0.24 x lop6 g ml-’ (15) 
1 

and for k’ = 10, 

CP 
= lo-6 kgrnl-’ = 0.043 x 10m6 g ml-’ 

2.14. UV detector signal 
The second component is nitrobenzene with a molar absorption coefficient, E 

= IO4 (254 nm), and a molar mass of 123 g mol-‘. The slgnal, E, which will result 
m the UV detector can be calculated with the Lambert-Beer law, E = &cd, where c 
1s the concentration m mol I-’ and d the path length in cm. Thus, If cp = 0.043 x 
10e6 g ml-’ = 0.35 x 10e6 mol 1-I and d = 1 cm (as is the case for many UV 
detectors), we obtain: 

E = lo4 x 0.35 x 10e6 x 1 = 3.5 x 10e3 absorption units (a.u.) (16) 

2.15. Detection limit 
A common definition of the detectlon limit is a signal of four times (sometimes 

also twice) the noise level of the detector. The typical noise level of a UV detector is 
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lo-’ a.u. This means a detection limit of 4 x 10e4 a.u. which is about one order of 
magnitude lower than the signal calculated in eqn. 16. Since the injected solution had 
a concentration of 1 ppm, the detection limit IS about 0.1 ppm or, when related to 
the injection volume of 28 ~1, 2.8 ng 

2.16. Pressure drop 
What pressure drop, Ap, will result if the given column is used at v,,,, which 

corresponds to a mobile phase flow-rate of V’ = 0.48 ml min ‘? Of course, the 
pressure depends on the viscosity, ‘1, of the mobile phase used. Let us assume rl = 
1 mPa s, the value for water or mixtures of water and acetonitrile. The pressure drop 
can be calculated by use of the dimensionless flow resistance parameter, cp: 

cp4~U 
Ap=-= 

cp x l,(mm)x q (mPas) x u(mms-‘) 
bar 

4 100 x 4 (pm2) 
(17) 

Assuming q = 500 for slurry-packed spherical totally porous stationary phases used 
in HPLC: 

500 x 250 x 1 x 0.6 
Ap = bar = 30 bar 

100 x 52 

3 DISCUSSION 

3.1. Eqn. I 
The number of theoretical plates is the first parameter out of three in the 

calculations described which results from the application of reduced parameters5. 
The other two are the linear flow velocity m eqn. 3 and the pressure drop m eqn. 17. 
The value for N of 20 000 is rather high and m fact is seldom reached by 25-cm 
HPLC columns (d, = 5 pm) used routmely. A value of 10 000 or 15 000 is, unfor- 
tunately, more realistic. 

3.2. Eqn. 2 
The so-called dead volume is the elution volume of an unretained solute. It 

should be mentioned that the value of VO would be reduced by half If a column of 
3.2 mm I.D. were to be used instead of one of 4.6 mm I.D. smce V, 1s proportional 
to d,“. From this point of view it is not clear why the 4.6 column is so popular; one 
of 3.2 mm would enable a saving in solvent consumption of 50%! 

3 3 Eqns. 3 and 4 
The linear flow velocity is obtained by rearrangement of the equation which 

defines the reduced velocity5. It allows the calculation of the flow-rate by simple 
geometrical considerations. However, m all calculations of flow-rates from velocities 
or vzce versa it must not be forgotten that the chromatographic column is not empty 
but a rather small fraction of it is occupied by the framework of the stationary phase; 
this fact is represented m eqn. 4 (as well as in eqn. 2) by the term E~,~. 
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The diffusion coefficient, which needs to be known for the calculatton of the 
linear flow velocity, can be obtained from the Wtlke-Chang equation6 

7.4 x 10-l* J*J!ll- 
D, (m’ SK’) = 

y x v,“” 
(18) 

where II/ = a solvent constant (2.6 for water, 1.9 for methanol, 1.5 for ethanol, 1 .O 
for other solvents), M = the molecular mass of the solvent, T = the absolute tem- 
perature, q = the solvent viscosity m mPa s and Vs = the molar volume of the solute 
in cm3 mall’. In eqn. 3 the diffusion coefficient was assumed to be 1 x lo-’ m* 
s- ‘. The value is often higher m adsorption chromatography due to the use of non- 
vrscous organic solvents, i e , the optimum flow velocity is higher. On the other hand, 
the diffuston coefficients of solutes in the methanol-water mixtures often used for 
reversed-phase chromatography are smaller due to the rather high viscosity of these 
eluents4s5. Although this effect 1s of minor practical relevance tt should be kept m 
mind. Moreover, it is of great importance m the chromatography of macromolecules 
which have very small diffusion coefficients which result from then large molar vol- 
umes This means that large molecules must be chromatographed at low flow veloc- 
ities 

Chromatography at higher flow-rates than the optimum one results m a de- 
crease in the separation ability of the column. For well packed microparticulate 
HPLC columns this effect is nearly negligible if the reduced velocity 1s less than 10. 

3.4. Eqns. 5 and 6 
The retention times which resuit from chromatography at the optimum flow- 

rate are rather high Note that all retention times are independent of the inner dt- 
ameter of the column if the analysts is performed at a given reduced velocity. At a 
higher flow-rate the peak widths of all peaks, as calculated in eqn. 9, will diminish, 
a fact which influences the value obtained from eqn. 12. if the flow-rate of the mobile 
phase is increased, the time constant of the detector has to be decreased. All values 
obtained by use of the following equations, except 9 and 12, are independent of the 
flow-rate and the retention time. 

3.5. Eqn. 7 
As already mentioned in the discussion of eqn. 2, the retention volume, V,, of 

a peak is proportional to the square of the column diameter! If the first eluted peak 
has k’ = 0, I.e., it is a non-retained solute, its retention volume is half the value 
calculated for k’ = 1: only 3.3 ml (the dead volume) In this case the values obtained 
from eqns. 10, 11, 13 and 14 would be decreased! 

3.6. Eqn. 8 

The peak capacity indicates the number of peaks, all eluted with the same plate 
number, i.e., by tsocratic elution, which could be placed m the chromatogram side 
by side (with resolution 1) from k’ = 1 to the given capacity factor; in the example 
shown, to k’ = 10. The equatton was first published m this form by Grushka’. 
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3 7. Eqns. 9 and 9a 
Eqn. 9 is a rearrangement of the well known relationship which allows cal- 

culation of the plate number of a column if the peak width and retention time are 
known: N = 16(tR/4a)2. As already mentioned above, the peak width in seconds 
(eqn. 9) is influenced by the mobile phase flow-rate, whilst the peak width in ml- 
crohtres (the peak volume, eqn. 9a) is not if we assume that the decrease in plate 
number by a flow-rate other than the optimum one is negligible. 

3.8. Eqn IO 
This relationship was first derived by Martm et aL8 m 1975. Whilst the reten- 

tion volume, V’s, and the plate number, N, are known and the fraction of peak 
broadenmg, 8, can be assumed, the quality parameter of the mjection, K, depends 
on the particular circumstances. It was claimed to be about 2 by Karger et aL9 who 
also gave a method for its determmation. Clearly, the better the injection, the higher 
is K and the allowed injection volume Moreover, the maximum mjection volume 
depends on the retention volume of the solute; therefore, for capillary columns with 
their extremely small retention volumes (since VR decreases with the square of the 
capillary diameter), the allowed mjection volume has values m the nanolitre range, 
makmg trace analysis impossible’*. 

There is one way to avoid the limitations in injection volume. If the sample 
solvent is markedly weaker than the mobile phase for the HPLC analysis, IX., if its 
elution strength is low the solutes are concentrated at the top of the column. In this 
case the injection votume may be unusually high, m the range of mtllihtres or even 
litres’ l,12. However, a prerequisite is that the amount of solute is small enough to 
prevent the adsorption isotherm from becoming non-linear 

For the calculation of the injection volume, a rule of thumb was proposed by 
Huberi3: the maximum injection volume should be equal to the volume standard 
deviation, 0, of the peak of interest, z.e , to l/4 of its volume as calculated by eqn. 
9a Since VP was calculated to be 190 ~1, the injection volume should be 47 ~1. This 
is markedly higher than the 28 ~1 calculated with eqn. 10 and a peak broadening 
fraction of 9% Thus Huber’s recommendation has to be applied with caution. 

At this point the attention of the reader is drawn to a fact whose importance 
will be apparent later in the discussion of the detection limit (eqns. 1416). If for the 
calculation of the mlection volume in eqn. 10 the retention volume (37 ml) of the 
second peak with k’ = 10 is used, V, is found to be much higher. 157 1.11 may be 
injected wtthout broadening of the second peak by more than 9%. Of course the first 
peak would be broadened dramatically but one can imagine situations where the 
early eluted peaks are not of interest. 

3 9. Eqn. 11 
This equation was also reported by Martin et aL8. The relationship Vd = V,/2 

is only true if K is assumed to be 2. It IS obvtous that a standard 8-~1 detector cell 
causes a peak broadening of more than 1% for the early eluted peaks on a 25 cm 
x 4.6 mm column. 

3 10. Eqn. 12 
This equation was also reported by Martin et a1.8. The time constant of a 
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detector should not exceed 0.5 s if used with columns of 25 cm in length, a require- 
ment which is satisfied by all modern HPLC detectors. However, if the columns are 
as short as 10 or 5 cm, a time constant of 0.5 s is too high. As already mentioned at 
the discussion of eqns. 5 and 6, the time constant must be decreased if the reduced 
velocity of the mobile phase is increased. 

3.11. Eqn. 13 
The maximum allowed capillary length may be calculated by this equation of 

Martin et al 8 or by use of a similar equation of Scott and Kucera14. It is important 
to realize that the capillary length depends on the square of the retention volume of 
the peak of interest and on the inverse fourth power of the inner diameter of the 
capillary. In practice, the inner diameter of connecting tubes should not exceed 0.25 
mm; they should be as short as possible. 

3.12. Eqns. 14 and 15 
The important eqn 14 was derived by Karger et #Lg. Of course the later eluted 

peak is diluted more than the early eluted one. However, If only the peak with k’ 
= 10 1s important, the injection volume can be increased to 157 ~1 as shown in the 
discussion of eqn. 10 In this case the dilution factor of this second peak is as small 
as that for the first peak with an injection volume of 28 ~1, namely 4.2. Therefore, 
the peak maximum concentrations will be the same m both cases, 0.24 x lop6 g 
ml-l. Note that this is only true if the respective maximum allowed injection volume 
is used for both peaks 

The validity of these conclusions can also be shown by combmation of eqns. 
10 and 14: 

OK 
CP =c,. - 

t/271 
(19) 

Eqn. 19 can also be found in the paper by Karger et aZ.9. It means that, contrary to 
what is often claimed, the peak maximum concentration (and thus the minimum 
detectable concentrationj does not depend on the column inner diameter, the capacity 
factor of the peak, i e , its retention volume or the plate number of the column if, as 
already mentioned, the injection volume is as high as allowed by the peak of interest. 
Besides the two concentrations cp and c,, eqn. 19 only mvolves constants. Therefore, 
if 0 = 0.1 (1% peak broadening), cp = 0.08 ci, and if 8 = 0.3 (9% peak broadening), 

CP = 0 24 ci (assuming K = 2). 

3.13. Eqn. 16 and the detection Eimlt 
In the case of the detection limit we have to distinguish between the minimum 

detectable concentration and the minimum detectable mass. The minimum detectable 
concentration at the peak maximum of a given solute only depends on the properties 
of the detector (for concentration-dependent detectors such as UV detectors) as can 
easily be shown. Rearrangement of eqn. 16, the Lambert-Beer law, gives: 

CP = 

typical UV detector noise of I x 10m4 a.u., the minimum detectable signal, 
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E, becomes 4 x 10e4 a.u. For nitrobenzene, E is lo4 (at 254 nm) and d is 1 cm for 
many UV detectors. Therefore cp becomes 4 x 10e8 mol 1-I or 4.9 x low6 g 1-l. 
This is the lowest peak concentration of nitrobenzene which can be detected, inde- 
pendent of the retention volume. 

What is the minimum concentration of nitrobenzene in the sample solution m 
order to obtain a detectable peak? If we inject the maximum allowed sample volume 
as calculated from eqn. 10, eqn. 19 is valid and we can rearrange it: 

,- 
cp G2n 

c1 = BK 

With 8 = 0.3 (9% peak broadening) and K = 2, c, = 4.2 cp. For nitrobenzene, the 
minimum detectable peak concentration was calculated above to be 4.9 x 10m6 g 
l- l. Therefore the minimum detectable concentration of nitrobenzene in the sample 
is 21 x 10 - 6 g l- ’ (0.021 ppm). This is only true if the maximum allowed sample 
volume is injected and 1s independent of the capacity factor of the peak. 

It may be recalled that a detection limit for nitrobenzene of 0.1 ppm was 
calculated (page 203). This is five times higher than possible because the injection 
volume of 28 ~1 was adJusted to the first peak with k’ = 1 and not to the nitrobenzene 
peak with k’ = 10. As already mentioned, the maximum injection volume of the 
second peak 1s 157 ~1, about five times higher than that of the first peak. 

To summarize, the minimum detectable concentration of a solute in the sample 
solution depends only on the detector properties and on the optical properties of the 
solute, i.e., its absorbance, d the maximum tolerable sample volume with respect to 
the retention volume of this solute is injected The minimum detectable concentration 
is independent of the column dimensions, plate number or capacity factor. 

In contrast to the concentration, the minimum detectable mass depends on the 
capacity factor of the solute. The earlier a peak is eluted, the smaller is the maximum 
injection volume and, with the concentration of the sample solution being constant, 
the smaller 1s the absolute mass of solute injected. The same is true if the column 
inner diameter is reduced. 

For trace analysis, this means that small bore columns should be used and low 
capacity factors are advantageous if the sample volume is limlted, as is often the case 
in clinical or forensic chemistry. If enough sample 1s available, e.g., m food analysis, 
it 1s not necessary to use small bore columns and low capacity factors. However, the 
analysis time, solvent consumption and column overload by accompanying sub- 
stances (not discussed here) need to be kept in mind. 

3.14. Eqn. 17 
The calculation of the pressure drop expected is possible by use of the reduced 

flow resistance parameter, cp, as defined by Bristow and Knox5, cp is about 500 for 
spherical and less than 1000 for irregular, slurry-packed HPLC materials. The pres- 
sure drop is markedly lower if organic solvents of low viscosity, e.g., hexane, are used 
and it is higher for mixtures of methanol and water, the viscosities of which can reach 
1.8 mPa s4s5. 

It may be of interest that the fourth reduced parameter according to Bristow 
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and Knoxj, besides the reduced plate height, h, the reduced velocity, v, and the flow 
resistance, cp, is the so-called separation impedance, E, which is defined as E = h2q. 
For the column discussed in this paper, E has the excellent value of 3125 (2.52 x 
500). The higher 1s E the poorer is the column. 

4 CONCLUSIONS 

It 1s obvious that the calculations described are interesting and moreover are 
useful for routine laboratory work They allow one to recognize some of the instru- 
mental and chromatographic 1imiLations and benefits of HPLC. However, the basic 
problem of chromatography is not solved with these considerations: What physico- 
chemical conditions are needed to make possible the separation of the different types 
of molecules present in the sample mixture? 

The different parameters which allow such a separation are to be found in the 
resolution equation, which is the basic equation of liquid chromatography. 

(20) 

In this equation there are only three parameters. Two of them, the plate number, N, 
and the capacity factor, k’, have been met in the calculations described. In principle, 
they can be altered at will. The plate number can always be adjusted by using a 
shorter column or by coupling two or more columns, the capacity factor can be 
adjusted by using a mobile phase of greater or lower elution strength. In contrast, 
the relative retention, ~1, which represents the selectivity parameter, depends only on 
the phyaco-chemical properties of the separation system used, such as adsorption, 
hydrophobic or ion-exchange eqmhbna. Often these phenomena are not easy to 
understand and the chemist has to search for the best separation system by trial and 
error. Finding systems of high selectivity is the fine art of chromatography and the 
use of calculations such as those presented here is no more than an aid to this end 

5 SUMMARY 

Starting from the basic geometrical properties of a column used m high-per- 
formance liquid chromatography, it IS shown how many data of practical interest 
can be calculated using the well known theory of liquid chromatography. The basic 
geometrical properties employed are the column length, column diameter and particle 
diameter of the stationary phase. Among the calculable data are the plate number 
of the column, the volume of a chromatographic peak, the maxlmum allowed injec- 
tion volume and the dilution of the sample by the chromatographic process All 
calculations are illustrated with numerlcal examples Special attention is given to the 
problem of the Injection volume and detection limit in trace analysis. 
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