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1. INTRODUCFION 

The presentation of gas chromatographic data in a precise manner is important 
for comparative inter-laboratory studies and therefore several methods of presenta- 
tion have been introduced. kespective of the reteution scheme used, a knowledge of 
the cdurnn dead time, t,, is necessary because retention times are dependent on this 
dead time, which is a function of the flow-rate used and the void volume of the ex- 
perimental apparatus. Therefore the retention times of components must be corrected 
by subtracting the dead time From them, giving the adjusted retention time, CR_ 

Adjusted retention times (which are still dependent OQ several vtiabks, such 
as flow-rate, pressure drop, liquid phase and cohunn Cemperature) are then used in a 
variety of ways to obtain a method of presentation that is dependent ouiy on the 
column temperature and the stationary phase used. 

2:MEEQDS OF PRESENTATION OF RETENTION DATA 

Several methods of presentation have been introduced, but the most widely 
used are relative reteution data’ and the retention index system introduced by Kov5tsz. 

Rdative retention is pnzsented as a volume or rime relative to that of some 
staudard-compound, while Kovzits retention indices are calculated by numerical 
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interpolation, by 

I=loO(, 

means of the following general equation proposed by Kovdt.9: 

log t ‘, - log t’, 
+ log t’afl - log t’, ) 

where tlR is the corrected retention time of the substbnce, t’, and t’,.,+r are the 
corrected retention times of two n-alkanes (;h -C t’, < Cacr), I is the retention index 
and n is the carbon number of the first alkane used. 

Kovsits retention indices can also be caIculated by graphical interpolation 
within the linear XddiGIlShip berween log t ‘R and the number of carbon aton&, n,, 
accoFding to 

logt’R = al-i- b (2) 

where a and b are constants and Kov&s retention indices for n-alkanes are defined as 
1002 for every temperature and every liquid phase (2 is the carbon number of the 
n-alkane). 

However, as can be seen from eqns. 1 and 2, the corrected retention time and 
thus the column dead times, must be known. 

3. MFXSUREMENT OF COLUMN DEAD II-ME 

Dead times are determined experimentally by the injeztion of air, methane or 
some other substance that is not significantly retarded by the column4. A ffame- 
ionization detector does not ordinarily produce a signal with air and the use of 
methane introduces a slight error as it is retarded to some extent, EMmi4 found that 
when the carrier gas is presaturatcd with a low-volatility organic solvent, negative air 
peaks can be readily detected with a hydrogen Same-ionization detector. By 
measuring the retention time of the air peak and making ahowance for the vapour 
pressure of the soIvent, the column dead time can be determined. The method, which 
suffers from considerable experimental difficulties, requires large injections of air (of 
the order of 1 cm? and has not found wide acceptance. 

4. CALCULATION OF COLUMN DEAD TIME 

The inability of the &me-ionization detector to produce an air peak and the 
questionable accuracy of me*&ane retention as a measure of the dead time have lead 
to the development of several methods for calculating the dead time. 

A. ChsicaZ methods 

Of the many classical methods reported, the most widely used include the 
following. 

(1) Linearization of a logarithmic plot for homoIogous n-aikanes by graphical 
trial and error, as reported by Evans and Smiths. This method was time consuming 
and was soon superseded by mathematical treatment of the alkane lines. 

(2) The use of a linear relationship derived by Peterson and Hirschs, which 
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Fig_ 1_ Schematic chromatogram. t = uncorrected retention time; I* = retention time relative to 
origin *,; t’ = corxcted retention time. 

requires three evenly spaced homologues. This method is illustrated in Fig. 1, where 
three consecutive alkane peaks are used. An arbitrary reference origin (-5) is used 
and distances are determined from this origin. If the origin corresponds to the true 
column dead time, then 6 = 0. However, in the general case the distance to a given 
peak is not measured from the true carrier gas but from the 05@n. In this case the 
following equation is established: 

t’, = t’, -i_ 6 (3) 

The linear relationship between retention time and carbon number is now 
shown by eqns. 6: 

log(t*m + S) oc n 

when the three adjacent homologues are used, 

r+ 
8 = ttt”Cl - cc++ 

Et2 f t,'-- 2t,‘,, 

Thus, one can measure from any arbitrary point (x0) to the peaks of three homoIogues 
and record the distances as tz, tz+, and t&, and solve for 6 and measure from this 
arbitrary origin to the point which should correspond to the column dead time, tm- 
If 6 is positive, t, precedes x0; if 6 is negative, t, follows x0. 

Peterson and Hirsch6 further mod&xl their method by suggesting the use of 
the second peak as the origin of reference. In this case, tz+l = 0. Then, the distance 
measured between the peaks of homologues 2 and 1 multiplied by that between 
homofogues 2 and 3. divided by their sum (t,’ is a negative number in this formulation), 
is the distance from homologue 2 to t,. 

(3) The method of Peterson and Hirsch6 was modified by Gold’ who described, 
a method that did not require the restriction of using equally spaced homologues. The 
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method is based on the fact tbat as log@ - t3 is proportional to the carbon number, 
n, then 

n=mlog(t-Q-f-k Q 

If the diEerence betwen the carbon numbers of the fmt homologues is given by brrX,, 
= IfA - n,, then 

d&z = mllog(2L - t3 - log@* - t3] @I 

where tl and tz are cocorsected retention tinzes of the first and seconds peaks. Then, 

An1.2 nr = log (t2 - td/(t1 - t_) 

Equn. S can be solved for t, by taking exponential& giving 

t2 - &da IHt 
t, = 

1.2 1 

1 . _ &dEl 2/m) 

Eqns. 9 and LO are simultaneous and can be solved by the method of successive 
approximations, but such a method is extremely tedious. 

Gold7 also sueted 2 graphical procedure by using the relationship shown in 
eqn. 9 for An,,, which leads to two equations for nz_ Various values oft, are assumed 
and plotted a_&st the resulting value of m for each of the two equations.The common 
solution is the point at which the two lines intersect. The method has little to recom- 
mend it and offers little improvement over the trial and error procedure of Evans and 
Smith*_ The method of Gold has been adapted for use on a Hewlett-Packard HP65 
programmabIe pocket calculator by Ebel and Raise?. 

(4) Hafferkampg and Hansen and Andresenlo have proposed a method that uses 
equally spaced homoiogues as proposed by Pztersen and Hirsch6. However, they 
eiiminated the need for choosing an arbitrary origin. The method simply uses the 
imccorre&d retention times to give a direct calculation oft,, as shown in the equation 

t 
t, = a-a-t, - L-1 

t a+2 + 6s - %I,1 
(11) 

Reference to eqn. 6 shows the comparison between this method and that proposed 
earlier by Peterson and Hirsch’. 

(5) Recentiy, a further method similar to *&at of Gold has beeu described”, 
in which the retention times of three successive homologues are used to estimate t,. 
The relationship shown in eqn. 12 can be expressed in the form of eqn. 13. 

log&-t~=an+b (12) 

t,, - t, = &a+b) (13) 

Hence, for two successive homologues n = n and n = n f 1, the expressions shown 
in eqns. 14-19 are derived. 

t, = t, f ecatbB (14) 



PR0CEDURF.S FOR THE JSSTIMATION OF DEAD ‘FER5JZ 5 

Afa.atl = tail - r, = ecQn+” (e” - 1) 

Similariy,forthepairn=nfLandn=n+Z 

t at2 = t, + eacn+2)*b 

Hence, 

Atntlsnf2 = tm+2 - tat1 = ea(n*l)fb (e” 

and 

&+r.atz 

- 

Therefore, by using the diEerences in retention times for three consecutive 
homologues, Q can be evaluated from the equation 

Having evaluated a, b is evahuated using eqn. 16 (or 17), which is rewritten as 

Then t, is calculated from 

For all pairs of homologucs employed a consistent result confirms the validity. 
The method does not provide any advantage in accuracy over that of Hansen 

and Andresenlo and involves more effort in calcrrlation. 

The previous cIassica1 methods were limited in accuracy as only three alkanes 
could be used or a graphical trial and error was needed. Therefore, several more 
sophisticated methods have been developed. 

(1) The method of Grobler and Bali~?~, which uses two successive linear 
regressions. Although the derivation of the expressions used is not given in the paper, 
the following derivation gives the required equations (eqns. 23-35). 
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Thus 

Restating eqn, 2, we have 

log CR = b& f c (231 

But z,,, = Z, f l_ Therefore, the previous equation becomes 

t R~f - f, = eM&fl) + C (27) 

Subtraticn of eqn. 25 from eqn. 27 gives 

(fR+l - 23 - (tR - fad (2% 
which 

= ebiZtfl) f c _ ebZr f e 

= ebzt eb eC - ebz; ee (30) 

(31) 

Therefore, 

tRt1 - 
fR = A ebzr (32) 

where 

(33) 

Taking logarithms, we obtain 

ho&,,, - tR)=logA+bZ; (34) 



This iseqn. I in the paper by Grobler and-Babes= (it should be noted that there is a 
rnisW.e in that paper; ~Xhe A in the numeration should be n--l as in eqn. 35 above). 

Now, from eqn. 2, 

(36) 

tR = t, t Aa” (37) 

where 

A=ecandq=eb (38) 

we can perform another linear regression on tR against # and t, will be the 
intercept_ Therefore, we obtain 

(39) 

This is eqn. 4 in the paper by Grobler and Balizsl*. 
Finally, c can be found from a hiKar regreSSiOn on eqn. 39 Of IOg fR against &. 

This gives _ . 

Zla 
,c:, log f'R<fl - b 

Zal 
*zz zi 

-1 3. 

c= 
IL 

This is eqn. 5 in the paper by GrobIer and Bali&*. 
Thus, eqns. 35,39 and 40 give the dead time, t,, and the slope, b, and intercept, 

c, of the plot of the logarithm of the adjusted retention times against carbon number, 
where: 

tRc1) = uncorrected retention time of the ith n-alkane; 
. 

tRC0 = corrected retention time of the ith n-alkane; 
& = carbon number of the ith n-alkane; 
4 =a&logb; 
n = number of n-aHcaneS used. 

Thus, the retention index for any compound can be calculated from the equation 

(2) The method of Guardino et aLz’ requires an iteration to be carried out on 
T,. while a Iea~t%quareS fit is applied to b and c_ The b&t values of T,, 6 and c are 
determined by minimizing the sum of squares of the difference between the known 
and the cafcuiated IvaIueS. Fig. 2 Shows a flow diagram, where UPLIM and LGWXIM 
are the upper and lower Emits, respectively, of the sum of squares of the deviation, 
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T, is the dead time, INC is the increment in the dead tie, IC is the calculated Kotits 
retention index, SUM is the sum of squares of the deviations, TR is the unadjusted 
retention times of the canpounds, I is the known Kcwiti- retention index A(NMIZ, 
where 2 is the carbon number) and PREC is the precision to which the answer is 
reqw. 

TM = TM - INC 
TN = TM- Z.INC 
LowuM= UPLIH 

Fig. Z FIow chart for caIcuIation of rnathematicai dead time by Guardino et al.% method9 

(3) The non-linear leas-squares estimation of t,, 6 and c simultaneouslyL*~15 
by the use of numerical minimizationx6. The objective faction that is minim&d is 
the sum of squares of the differences between the known and calculated ivalues for the 
series of n-alkanes. 

5. EVALUATION OF PROCEDURES FOR THE CALCULATION OF DEAD TIME 

A. Comparison of calculated dead rime with methane retention 

The use of methane retention as an estimate h2.s been critkized6~17*‘8_ iIf one 



accepts the linearity of the etot of trze Iogarithm of the corrected retention times of 
homologous series versfzr carbon number, then methane as the 6rst n-alkane homo- 
Io&ues must have a finite corrected retention time. That is; methane provides-a poor 
estimate of dead time, being the sum of dead time plus the retention of methane. 
Fur&et; if one aepts the evidence that the use of ariy homologous series can pro- 
vide the same estimate of dead time-, then the logical conclusion is that the retention 
of methanol and simiIar oxygenated C, compo~unds should be a good estimate of 
dead-time. 

The kontroversy surrounding the comparative merits of methane injection and 
mathematical dead time estimates has recently been raised by Sharpks and Vernonto. 
They pointed out inaccuracies in mathematical dead time estimates when the method 
of Peterson and Hirsch6 is applied to retention times for n-alkanes measured by a 
stop-watch. They have shown that when stop-watch measurement of retention is 
empioyed, the retentions of air and methane are identical for polar and non-polar 
phases OYGT a wide temperature range. 

The errors attributed to the method of Peterson and Nirsch6 are caused in 
two ways. Firstly, the method is one using the analysis of three equally spaced points 
and therefore the centre point is weighted excessively and so small errors in retention 
times measurement (particularly with the second alkane) leads to gross errors in t,. 
This error in the estimation procedure can be overcome by the more statistically 
so=uod approach of Gtobler and Bah~$~, which weights all points equally. The second 
source of error is that of measuring retention times. Sharples and Vernonzo su,ggest 
that the reason that other worher9°*18 measured methane retentions in excess of the 
calculated dead time was becau~ of errors in measurement of retention times. How- 
ever, Smith et ~1.r~ found similar exces s retentions of methane in a study in which a 
computer was used to measure the retention time of the n-alkanes and in which a 
proved method of statisticaI estimation of t, was employedU. 

Smith et aZ.r5 calculated the dead time for six akanes (C&I,,) and over a 
series of 18 injections obtained a mean estimate of t, of 54.0 set with a standard 
deviation of 0.5 sec. The same number of air and methane injections gave retentions 
of 55.1 and 55.5 set, respectively, both with a standard deviation of 0.7 sec. In all 
instances the calculated dead time was less than both the air and methane injections. 

Recently, Wainwright et ~1.~’ used a mixture of methane and C& n-alkanes 
in nitrogen to compare the mathematical dead time with methane retention. This 
m&hod, in which methane and the n-alkanes are injected simultaneously onto the 
c&mm, gives an accurate comparison under identical operating conditions. Cal- 
culated dead times and methane retention were measured OQ polar (OV-25) and non- 
polar (SE-30) cohmms at several temperatures and carrier gas flow-rates. In all 
instances the methane retention was in excess of the calcufated value of t,. The results 
of this study are consistent with those of Garcia Domingue et’aL1’, who found that 
methane was retained on various chromatographic cohmms of different polarity for 
ths temperature range 100480”. The results are also consistent with those of an 
earlier study” in which it wzs observed that the use of methane retention time as an 
estimate of cohunn dead time produced curvature in the logarithmic plot of the n- 
alkues. The solubility of methane in liquid phases has been shown elsewhen?. 



B. Comparison-of metho& pf compufing m+hemaficd-dead ftie 
. _, . 

. -The classical-methods described earlier ii general u+e the un&rrecred retention 
times of-three.equa.lly spaced homologues to c.a&la~ the-ret+ion t&xs., A recent 
pager’.! compared metkane retention with. a calculation meth&_*at _uses only two 
aikanes. Data were presepted for the uucorrected retention t&es of c-C4 n-al.kaq+ 
together with the retention times calculated by eqns. 14-29. These V&KS are pented 
in Table 1 for two dif&xent column packings. The retention data for Cl-C4 n-&canes 
have beenused here to calculate t, by the method of Peterson and Hirsch6. It is evident 
from Tzble 1 that both methods of calculation give essentially the same dead times, 
all providing estimates of t, that are less Ehan methane retention. The error in u&g 
methane retention is highlighted with the non-polar (squalane) statiqnary phase, 
where t&e differente is approximately 7 % compated with a value of 0.5 % for dinonyl 
phthalate. 

TABLE1 

coM~musoN OF DIFFI~XENT METHODS OF ESTIMATING DEED Tmm 
Datz from ref. 11. 

Cl 21.5 1.5 20-o 20.2 19.8 19.05 0.25 is.95 18.95 18.64 
C, 26.5 6.4 20.0 19.68 0.75 IS.95 
C, 46.5 26.0 20.1 21.10 2.15 IS.95 
Ca 129.5 109.1 20.4 2.529 6-H 18.95 

“Esknatedbythenlethodofref.11. 
** Eaimated by the method of ref_ 6 (for CA). 

*** F&mated by the method of ref. 12 (for CI-C& 

Haken et ai." made a comparison of the diierent methods for calculating dead 
times; These results are summarised in Table 2. It is evident that the three iterative 
methods de&r&d above give essentially the same dead times (to the fourth signi& 
Ft figure). The values of t, calc.&&ed by the classical methods of Peterson and 
IFixsch6_and Gold’ dXer from the iterative methods by less than 0.2 set in 60 sec. 

TABLE 2 

CC’&%%RISON OF DIFFERENT METHODS FOR CALCULATING DEAD TIMES” 
Methods: A = nOn_linear regresSon using Simplex; B = method of Grobkr and Baliz#; C = 
method of Gukkino et af.=; D = me&-xi of Pecermn and Hirsch6; E = method of Gold’. 

Rm Deadtime @.ic~ 
A B C. D E 

1 59.79 59-77 ~ 59-74 5995 59.95 
2 60.58. ,.60.50 60.53 _ . 
3 62-91 63.04 62.86 
4 69.74 69.75 69.73 69.62 69.62 



PRC&EDURES FCRTJXE -mCN Of; DEAD TIME 11 

In a subsequent papeP a more detailed study of the iterative procedures was 
performed following the comments of Gassiot et aA=. The three methods were written 
in For&an Iv and run on a Cyber 72-26 digital computer to ensure maximum accuracy. 

Seven series of ca!culation were conducted using the retention times of the fol- 
lowing alkanes for each of the 46 sets of data: (a) C&,, (b) C&, (c) CA, (d) 
fA-%, (e) CA%, 0 C%-% and @ C&IO. 

Flexible Simplex and the method of Guardino et aZ_u both use an iterative 
technique and thus require an objective function to be defined which is then mini- 

mized. In a previous pap&’ we used the objective function suggested by Guardino 
et al." which is the sum of squares of the differences between the known and calcu- 
lated Kovdts retention indices as shown in the equation 

_ 
Objective function = E(I - I,)z (42) 

where I is the known and I, is the calculated Kovats retention index. 
However, as I is defined as 100 times the carbon number, 2, for n-alkanes, its 

value is known, and it is thus the independent variable. The objective function should, 
however, be based on the dependent variable, which in this instance is the retention 
time, fR. This would suggest the use of the sum of squares of the differences between 
the experimental and calculated retention times as defined in the equation 

Objective function = E(& - fd (43) 

where tR is ffie experimental and TR, is the calculated retention time. However, this 
function weights those alkanes with longer retention times and which are the least 
accurate, as discussed in a previous paper’&_ Therefore, to overcome this difficulty 
and to take account of the logarithmic nature of our model (eqn. 23), an objective 
function based on the sum of squares of the difference between the lo~rithxns of the 
experimental and calculated connected retention times was chosen, as shown in eqn. 
23: 

Objective function = Z(log tlR - log t’Rc)Z = 
zR - f, 2 

log t (.@I 
R - f, 

where tR = the experimental retention time, tRc = the calculated retention time and 
rsa = the calculated dead time. 

The d.iffercnce between the objective functions shown in eqns. 43 and 44 can be 
seen by reducing each to a simpler form, eqns_ 45 and 46 respectively: 

= E(Iog fR - log ebzic)r = z(log CR - bZ - c)’ (46) 

Table 3 compares the three objective functions studied, where it is apparent 
that the objective function used by Guardino et aP3_ gives identical dead times to the 
Simplex method to five significant figures. When the‘objective work function is sub- 



COMPARISON OF DEAD TIMES CALCULATED BY THE IIERATXVE MEM3ODS USING 
DIFFERENT Om FUNCXiON!P 

Grob&rand Z3suWe Gaarh Rexibk G-aadino Ffex&k GLU.U&IO 
lira&P Simplex etaL” Simprer et aZ.u Simph et aL” 

1 
2 
3 
4 

2 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 

53.735 53.772 53.772 54.351 53.936 53.769 53.735 
55.001 55.Q67 55.067 55277 55.117 55.67 55.aol 
54.664 54.480 S&Q30 54.386 54-494 54.478 54.664 
549z32 55.008 55.008 55.136 55.037 55.007 54.982 
54.677 54.626 54.626 54.692 54.650 54.625 54.677 
54.282 54.255 54.255 54.036 54.2oQ 54.255 54.282 
53.626 53.814 53.814 54295 53916 53.812 53.626 
53.784 53.924 53.924 53.994 53.918 53.923 53.784 
54.259 54.181 54.Iso 53.880 54.110 54.180 54.259 
54.228 54.250 54.250 54.259 54.247 54.250 54.228 
54.147 53.%9 53.969 53.916 53.916 53.96s 54.147 
53.547 53.670 53.670 53.934 53.723 53.670 53.547 
53.836 53.837 53.837 54.201 53.936 53.835 53.836 
53.234 53.4&s 53.404 53.916 53.512 53.402 53234 
53.958 53.9@4 53.m 53.716 53.864 53.903 53.955 
53.546 53.573 53.573 53.376 53.504 53.546 53.546 
53.911 53.834 53.834 53.725 53.813 53.833 53.911 
53.889 53.871 53.871 53.885 53.881 53.871 53.889 

stituted in both methods, it is evident that the method of Guardino et QL gives 
identical dead time estimations to those of Grobler and Baliz~~~. 

6. PROBLEMS OF ACCURACY OF MATHEMATICAL DEAD TIME ESTIMATION 

Haken et ~1.l~ reported inaccuracies in the estimation oft, using the method of 
GrobIer and Balizs.lz Whes determining I ~Z&NJS on a 12 ft. x ‘/‘ in. c&mm packed 
with 10% squalane and operating at 120”, it became apparent that small differences 
(of the order of 2 set) in uncorrected retention times of C,-C, ailcanes ied to large 
diEerences (up to 10 set) in t, values. Typical results are given in Table 4. 

The principle of the calculation of mathematical dead time involves the extra- 
polation of the least-squares line through the iogarithms of the corrected retention 

TABLE 4 

VARIATION OF DEAD TIMES FOR RUNS USING C,-C&, n-ALKANES” 

Ran Uncorrected rerenliim lhnz (set) Calculated &ad time (see] 

C, es G Go 

1 182 291 497 88-i 59.77 
2 182 291 497 889 60.50 
3 182.5 2!zG 495.5 884 63.04 
4 184 29Q 4H.5 888.5 69.75 
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TABLE 5 

EFFECT OF SMALL PEKFURJ3ATIONS IN RElENTION -FM=*’ 

n-Aikme Bperimenfa~ Pemrbedabfa 
okra 

Refenrion rime Rerenfiin rime Diflerence Rerenrion time Diffeerence 

(se4 (see) (se4 Is4 (se4 

5 
d 

110 156 86 109 157 84 1; +1 3 111 155 88 i-2 i-l -1 
245 _ 247 G-2 243 -2 

Dead time (set) 60.13 55.60 -4.53 64.18 i4.05 

2 291 182 290 180 -2 -1 292 184 +2 i-l 
G 497 498 +I 496 -1 
GO 887 889 i-2 885 -2 

Dead time (set) 59.79 55.60 -4.19 63.98 i-4.17 

times to zero carbon number_ Therefore, small changes in the slope of this line will 
lead to large variations in calculated values of t, and hence to large variations in I- 
val~es’~. In order to quantify the effect of small systematic changes in retention times 
of the n-alkanes, small perturbations (of the order of 1 or 2 set) were made to un- 
corrected retention data for two sets of alkanes, Cd% and C+&. These results are 
presented in Table 5. It is obvious from these results that small changes in the alkane 
retention times lead to large changes in the dead time value. 

Of the several stationary phases investigated, squalane was the only one to 
give significant differences in dead time values. Table 6 presents typical values of dead 
time for an OV-7 column that was coupled to the squalane column via a splitter. The 
results show that although the retention times of the alkanes show variations of similar 
magnitude on both columns, the differences in dead time for OV-7 are significantly 
lower. The mean dead time for squalane over a large number of determinations was 
approximately 60 set and the value for OV-7 was approximately 67 sec. The greater 
inaccuracy in the dead time determination for squalane appeared to be associated 
with the relatively long retention times of the C,-C,, alkanes. Therefore, GG 
alkanes were used and Table 7 lists the dead time values calculated over a 6-h period 
of Kovrits retention index calculations. It can be seen that the variation in dead time 
is not significant. 

TABLE 6 

RJZKENTION AND DEAD-TIME MEASUREMENTS MADE ON SQUALANE AND OV-7 
COLUMNS FOR C,-Cl., n-AJXANES” 

COlUlZUZ Wawmzcred retention rime (set) Dead rime (set) 

c, C. G GO 

Squalane 182 291 497 887 59.77 
184 290 494.5 888.5 69.75 

OV-17 113.5 150.5 2165 335.5 66.93 
113 150 215 332.5 65.52 
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TABLE 7 

EFFECr ON MATHEMATICAL DEAD TIME WHEN x n-ALEZANES ARE USED” 

Uncorrected retention time (set) lkadtime (set) 

85 108 152 236.5 59.92 
85.5 105, 153 239 59.88 
85.5 108.5 153 238.5 60.70 
86.0 110 156.5 246 60.21 
86 110 156 244.5 5993 
86 110 156 245 60.10 

It is apparent from the results in Tables 6 and 7 that significant differences in 
dead time resuit from using alkanes that have long retention times. Longer retention 
times obviously mevl a greater extrapoIation and a larger error. Therefore, it is 
desirable to use low-molecular-weight alkanes, provided that the retention times can 
be measured with sufficient accuracy. 

Recently, Sharplcs and Vemonzo have shown similar inaccuracies in mathemat- 
ical dead times calculated by the method of Peterson and Hirsch6_ The hypothetical 
system having small variations in uncorrected retention times of three consecutive 
n-aikanes is illustrated in Table g_ It can be seen that a small error in the measurement 
of the retention time of the second alkane can produce an error of 3.5 set in the 
estimation of a dead time of 30 sec. This calculation points to the weakness of the 
method of Peterson and Hirsch when crude methods of measuring retention times are 
Used. 

TAB& 8 

HYPOTHETICAL SYSTEM HAVING A 30.~see DEAD TIME SHOWING THE EFFECIX 
OF SMALL ERRORS IN A PEAK TIMING ON THE DEAD TIME AS CALCULATED BY 
THE METHOD OF PETERSON AND HIRSCH6 (REF_ 20) 

tn 
(se4 

127s 87.0 

196.8 

30.0 

Error 
(set) 

0 0 

0 

tn 
(se4 

128.0 87-O 

196.8 

26.5 

Error 

(set) 

i-O.5 0 

0 

tn Error tn 
(4 (secl (se4 

126.2 87.0 -1.3 0 128.0 86.0 

198.6 +1.8 195.3 

40.7 16.3 

E-ror 

(.recl 

i-0.5 -1 

-1.5 

Guberska’**= has made several studies of the determination of dead time. In 
his second study** he found that the retention time of methane is greater than the dead 
time calculated by the method of Hansen and Andsesenxo_ However, he found that the 
precision of estimating t, by the same method” was less than the measurement of 
methane retention, particularly at high temperatures. He therefore devised a scheme 
to estimate t, using the retention time of methane. 

Assuming that the retention time of methane in the stationary phase is depen- 
dent on the amount of the stationary phase, without regard to the type of phase, and 
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using experimentally obtained retention data, G~berska’~ developed the following 
empirical equation to determine dead time from the total retention time of methane: 

(47) 

where M (wt.-%) is the amount of stationary phase in ffie column packing. 
Table 9 compares the results of dead time determination using the Hansen 

and Andreseu method (column 4) with dead time res-uhs (column 32 calculated ac- 
cording to eqn. 47 from the total retention time of methane (column 3). The absolute 
errors of dead time determination using eqn_ 47 in relation to the dead time obtained 
with the Hansen and Andresen method (column 7), and the corresponding percentage 
errors (column 9), are also given. 

In order to verify the proposed eqn. 47, results found in the literature for the 
dead time and retention time of methane (rows 1 and 2; columns 3 and 4), which were 
obtained under different conditions than those used in this work, were also used in 
comparison. 

It can be seen from the error comparison (columns 6-9) that the values of 
Si calculated by eqn. 47 are much closer to i, than to Z,,. 

The method of Guberska18, whilst having no fundamental basis does make 
some attempt to correct methane retention to take into account the fact the methane 
is retained on stationary phases. However, the assumption thar- the correction term 
is independent of the type of stationary phase is unlikely to be valid. Further work on 
this type of modification of methane retention as an estimate of t, should take into 
account both the polarity of the stationary phase and its amount. 

7. CALCULATION OF ADJUSTED RETENTION TIME WITHOUT ESTIMATION OF 
DEAD TIME 

In two recent papers, SevEik2s and SevEik and L8wentap26 have described the 
accurate calculation of adjusted retention time by using the ratio, A, of the time 
diEerences for neighbouring n-alkanes in a homologous series. It is claimed that the 
procedures used to indicate the time of injection have a marked effect on gross reten- 
tion times and this causes errors in t,, either measured or calcuiated, even if the gas 
chromatographic conditions remain unchanged. 

The concept of the cahzulation of adjusted retention time is based on the fact 
that the adjusted retention time is related only to the path of the compound through 
the column and not to contributions caused by the gas chromate_mph or recording 
system. The adjusted retention time is therefore related to a non-retarded substance 
for which I = 0. 

The method is best illustrated by reference to Fig. 3. The adjusted retention 
time of any peak in a chromatogram can be expressed as the sum of the time differences 
be~~nneighbouringpeaks.Assumingthati~,,,t,_,andt,,,,t,,t,_,aretheadjusted 
retention times and gross retention times of n-alkanes with carbon numbers nf 1, n 
and n-l, respectively, then 



C
O

M
PA

R
IS

O
N

 O
F 

D
E

A
D

 T
iM

E
A

 O
B

T
A

IN
E

D
 B

Y
 T

M
E

 M
E

T
H

O
D

S 
O

F 
H

A
N

SE
N

 A
N

D
 A

N
D

R
E

SE
N

’O
 A
N

D
 O

U
B

E
R

SK
kP

 U
S
I
N
C
I
 T
H
E
 

R
B
T
E
N
T
I
O
N
T
I
M
E
O
1
7
M
E
T
H
G
N
l
?
"
 

C
ol

um
n 

C
ol

lr
nl

n 
kr

rr
(~

d 
In

I (1
4 

i’
ll

I 
kl

l, 
- 

#I
ll

 
i’

n 
- 

F
m

 
;;

tu
qv

lm
a 

(r
rv

n)
 

(k
rr

r-
ld

 
’ l

oo
 

(n
rm

) 
(a

m
) 

(n
rm

) 
(r

rr
rn

) 
(i

’,
-f

,)
 

*,
lo

lI
 

-1
--

 
. 

‘L
 

fln
 

>
’ 

10
%

 S
qu

nl
an

c (l
en

gt
h 2

 m
) 

!.
._

 
50

 
5,

70
 (4

) 
5.

40
 (4

) 
5,

35
 

l-
0.

30
 

-0
.0

5 
t
5
,
5
5
 

-
0
*
9
 

10
%

 C
ar

bo
w

ax
 2
4
l
M
 

13
0 

llJ
O

(2
) 

10
.6

0 
10

.4
0 

-I
-O

,5
0 

-0
.2

0 
-i

-4
,5

9 
-1

.8
3 

: 
(I

cn
gt

h 3
 m

) 
(2

) 
t 

20
%

 D
C

X
O

O
 ai
lic

on
c o

il 
14

0,
 

15
4,

 
12

,7
8 (

4)
 

11
.2

3 (
4)

 
11

.0
5 

fl
S5

 
-0

.1
8 

t1
3,

80
 

-1
,6

0 
16

0,
 

17
4 

I 
(h

X
&

$h
 2.
7 

m
) 

14
0,

 
15

4,
 

16
0,

 
17

4,
 

12
.6

9 (
5)

 
11

.3
s (

5)
 

11
.1

3 
-I

- 1
.3

3 
-0

.2
3 

i-
11

,6
0 

-2
,0

2 
14

0 +
 2

34
 

IF
 

14
0,

 
15

4,
 

12
.7

8(
3)

 
11

,2
2 (

3)
 

11
.2

1 
I-

 1
.5

6 
-0

.0
1 

-I
- 1

4*
00

 
-0

.0
9 

: 
,P

 
16

0 

14
0 

12
86

9 (1
0)

 
lo

,8
1 (

10
) 

11
.1

3 
l-

l.8
8 

-
t
o
.
3
2
 

I
-
 17

.4
0 

-l
-2

,9
6 

14
0 +

 2
34

 
12

,4
7 (

10
) 

10
.8

5 (
10

) 
lo

,9
4 

+
I.

62
 

-I
_ 0

.0
0 

-I
- 1

4,
70

 
l-

0.
83

 
’ 

at
 4

O
/m

in
 

--
_ 

--
 

8 I 

,,’
 

“1
 

1*
 

I 
I’ 

F
 



Fig- 3. Scfiematk chromatogram. t’ = adjusted retention time; d, = time difFerenoe between the 
n-akaxs in row; d( = time difFerence between the peaks not in TO*_ 

The adjusted retention time, tLil, can then be expressed by 

t ’ Ui-1 =Al+AzfA, -I-..-i- A,tA,,, cw 

where dI is the time difference between the elution of a substance with I = 0 and 
one with I = 100, etc. 

From eqn. 50, the adjusted retention time can be calculated if all of the time 
difkrences are known. Then, 

fi =&A, 
0 

(51) 

Experimentally, it was found that the ratio of neighbouring time diKereuces, An+= in a 
homologous series is constant. Therefore, 

A I+E = A A,+r-l (52) 

Hence a graph of the logarithm of the time difference, log A,, verszs 1, is a 
straight line. Assuming eqn. 52 is valid for all members of the homologous series 
from I = 1, we can c&uIate the time differences, d,, between all peaks until we reach 
the start of separation where I = 0. It therefore follows that 

A, = A, A-(-l) (53) 

A 2 = A, A-b-2) (54) 

A3 = A A-b-3) 
a (55) 

A, = A, A-(‘-“) = A 
c (56) 

A sfl = A, A-c=-f’)l= &A (57) 

A,++ = A, A2 (581 
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By summing these time differences, the equation for the adjusted retention 
time of the peak due to a molecule containing n carbon atoms can be v&ten as 

which is expressed for ease of calculation as 

The validity of the method was determined by injection of a mixture of C+-C12 
n-alkanes and the resuIts are presented in Table 10. It is interesting that thii method, 
which is not related to factors other than retention in the column, predicts a finite 
retention for methane. 

TABLE 10 

CALCULATION OF ADJUSTED RETENTION TIME USING A MIXTURE OFJZ-ALKANES= 

c. 1 A A' &?A &A c’ .I . -i . 

12 1200 

11 1100 

10 loo0 

9 900 

a 800 

7 703 

6 600 

5 500 

4 400 

3 300 

2 200 

i 100 

0 0 

336.5 

163.0 

80.0 

39.0 

19.0 

9.26 

4.52 

2.20 

1.07 

0.52 

025 

0.12 

25270 
20644 

22122 
20375 

19031 
20513 

1.5911 
2.0526 

1.2788 

0.9667S 

0.65470 

0.34265 

0.03060 

-0.2814s 

-0.59350 

-0.90555 

656.78 

0.3148 320.10 

0.3091 15595 

0_3120 75.95 

0.3123 3695 

17.95 

8.69 

4.17 

1.97 

0.89 

-0.37 

0.12 

0 

* A = 2.0514. 
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The procedure described above allows the cakdation of the adjusted retention 
times of a series of n-allcanes using the time differences between three successive pi- 
alkanes. As the calculation is related to I = 0, the calculated adjusted retention times 
serve as 6xed points on the time axis of the chromatogram. IQ relation to these points, 
the difference A, can be measured and the adjusted retention time, and hence Kovats 
retention index+ 1, can be calculated for a substance as illustrated in Fig. 3. 

In a Later paper, SevEik and Lowe11tap2~ produced further evidence_for the 
validity of the method. They computed adjusted retention times based on four n- 
alkanes using four methods, as shown in Table 11. The methods of SevEikz and 
Peterson and Hirsch6 for C&, n-alkanes give excellent agreement, However, the use 
of methane for an estimate oft, gives low values oft’, as expected. The use of C& 
E-alkanes when calculating t, gives higher values of adjusted retention times. This 
result is not unexpected, as Haken el al. l4 have shown that the choice of n-alkanes 
having high retention times can lead to errors in the estimation of t,. 

TABLE 11 

RETENTION TIMES AND THEIR ESTIMATED STANDARD DEVrATIbNS CALCU- 
LATED BY METHODS l-4’ FOR FOUR n-ALKANES= 
The data are mean values of five repeated measurements. 

ca t (set) t’ (set) 

I 2 3 4 

5 180.54 f 0.195 46-a f 0.207 48.30 & 0.283 XL44 * 0.681 48.03 i 0.205 
6 242-04 + 0.358 107.56 + 0.358 109.82 + 0.477 111.96 f 0.618 109.66 * 0.205 
7 381.94 & 0.699 247.44 f 0.677 249.70 -r_ 0.778 251.84 * 0.850 249.04 & 0.390 
8 696.58 f 1.915 562.08 f 1.914 564.34 f 2.060 566.48 f 1.660 564.25 & 1.324 

* Methods: 
1 = methane retention as estimate oft,; 
2 = method of Peterson and Hkchs using C&Z, rz-alkanes; 
3 = method of Peterson and Hirsch6 using x n-&canes; 
4 = method of Se&iI? for adjusted retention rimes. 

8. CONCLUSIONS AND RECOMMENDATIONS 

The method used for estimation of mathematical dead time is dependent on 
the method of measurement of uncorrected retention times and the precision required 
in the calculated retention indices. Many laboratories now have minicomputers and 
microprocessors for data acquisition. These instruments can be used to determine t, 
most accurately by using at least four n-alkanes and the calculation method of 
Grobler and Balizs”. 

However, if stop-watch timing of peaks or measurement of chart distances is 
used, thereby involving off-line calculations, the methods using three consecutive n- 
alkanes can be employed. These involve the direct calculation method first described 
by Peterson and Hirsch6 or the inferential method of Se&k= and SevCk and 
L5wentapz. 

The use of the retention of methane as an estimate oft, must be severely ques- 
tioned, particularly for highly non-polar columns_ Should this method be adopted, 
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some correction based on the amounP and nature of the stationary phase should be 
made. 

9. SUMMARY 

In order to determin5 the exact retention of compounds in gas chromatogrz- 
p%c studies some method of determining the column dead time must be employed. 
T&is paper reviews direct measurement techniques using methane injection as well as 
mathematical determination of dead-time from retention data for IH&S.WS. A critical 
evahation of thcsc procedures is made along with recommendations concerning the 
choice of evaluation method to be adopted by the chromatogrnpher. 
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