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Abstract

A method for the prediction of the retention time and the resolution of chromatographic peaks in different experimental conditions by starting
from few experimental data measured in isothermal and isobaric analyses was published previously. In this paper, the same mathematical
model was implemented for calculating the retention times and the column efficiency in programmed pressure runs. Some models originated
from the Golay equation and reported in the literature are compared, and a new modified equation for the calculation of the peak width at
half height is proposed. The procedure for the prediction of the retention time and the peak width at half height at programmed pressure of
the carrier gas and different column temperature and linear gradient by using retention data of different compounds obtained in few isobaric
runs is described. The prediction of the retention time and the separation efficiency of compounds with different polarity gave good results
for the programmed pressure runs with linear gradient. The effect of the variation of the initial parameters of the experimental analyses and
of the mathematical model on the accuracy of the prediction has been evaluated.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction establish if the column was operated in a reasonably good
efficiency region and it was not possible to predict if the base
The main advantages and disadvantages of pressure prowidths of two peaks closely eluting were narrow enough to
gramming in capillary gas chromatography were summarised permit complete or almost sufficient resolution.
in previously published papef$—4]. In one of these papers In another paper, by calculation of the diffusion coeffi-
[3], a method for the automatic prediction of retention values cients of the analysed compounds into the mobile and sta-
in pressure programmed capillary gas chromatography by us-tionary phas¢gb5,6] it was possible to evaluate the column
ing as input data the retention times measured under only oneefficiency and predict the retention time and the number of
isobaric analytical condition was described. The comparison theoretical plates in isobaric run by using the retention times
of the experimental retention times with those predicted by and the half-height widths of the peaks obtained in few iso-
using the proposed calculation method have shown that, bybaric runs.
using only one isobaric run as the source of the input data, In this paper, a method for the automatic prediction of
satisfactory accuracy in the prediction of programmed pres- programmed pressure retention values and theoretical plate
sure analyses with various linear speed and with and withoutnumbers in capillary gas chromatography by using as input
initial isobaric tract can be obtained. However, the method data the retention times and the peak width at half height mea-
gave no information about the peak width, did not allow to sured under only few isobaric runs is proposed. The mathe-
matical model employs for the calculation of the number of
theoretical plates in programmed pressure with linear gradi-
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of this modification is due to the fact that the simple equation interval, then thdég value is given by the sum af time in-

of Golay cannot yield reliable values of the peak width at half tervals of lengthAt; during each of them the compound will

height in programmed pressure, whereas it can perform thisbe shifted into the column by the distanseé. If in eachAL;

prediction in isobaric analysis. The suggested modification tract the compound velocity is taken as a constant having the

at the Golay equation does not decrease the accuracy of thdollowing value:

prevision in isobaric conditions because the added term as-

. . . . AL;
sumes in these conditions a value equal to unity leading backy, ; = _—- (5)
to the Golay equation. At
The results obtained by applying the proposed math- then:

ematical model were moreover compared with those ob- n n

tained using some equations found in literature. Berezkin ; _ Z ALj = ZuejAt (6)

et al.[9] compared two equations due to Van Deemter and ) '

Golay—Guiochorj10] with the Golay equation on different

columns, carrier gas and temperature in isobaric conditions,and the velocity of the compound in a column trad; is

showing that the Golay—Guiochon equation yields the best Uer

fitting with experimental results. In this paper the same equa- e, j = 2 (7)

: . . o 1+ k(Pj)

tions were used in the mathematical model for the prediction /

of the efficiency in programmed pressure conditions and werewhere Ucgj is the carrier gas linear velocity ar®] is the

compared with a new modified equation. pressure in the\L; interval. Theuggj(P) can be calculated
by using the following equation of the linear gas velo§ay;

j=1

2
2. Theory _ _i ) ‘LP 8
9= T35, " dL ®

2.1. Prediction of the retention times where dP/dL is the change in gas pressure for a change of

position d_ along the column.
The overall gas velocity along the column can therefore
be written as:

Ach’j
R =tm(1+k) 1) Mewi =4, (©)

The gross retention timég, of a compound in a capil-
lary gas chromatographic column in isobaric and isothermal
condition is:

wherek is the mean capacity factor amg is the gas hold- by solving Eq.(8) the explicit equation ofALcgj becomes
up time or dead time, which depends on the carrier gas, the(seeAppendix A):

column temperature and the head pressure as fo[l8lwvs 5 23
P2 — (P2 — At - (3r3(P? — P2)7/32L%))

2 3 3 7. J i 0

327’(T)L . PI — PO (2) ALCQ»] =L Piz _ Pg

3% (p2— p2) (10)

m(T, P) =

n being the dynamic viscosity of the carrier gashe column with:
length,r its internal radiuspP; the absolute pressure at the
column inlet andP, the absolute pressure at the outlet. The , _ \/Pg _ Q(P-z — P2 (11)
dependence on temperaturendas given by: / ! L °

n(T) = aT® 3) Alcggj is the column tract travelled by the carrier gas dur-
ing the time intervalAt andL; is the length covered by the
where the constanésandb depend on the nature of the carrier compound starting from the column inlet. §) becomes:
gas.
It has been found that, within restricted pressure ranges,; _ zn: ALy, (12)
the capacity factor can be expressed as a function of the pres- — 1+ k(Pj)
sure at a generic point along the column by the following =

formula: From Eq.(12), one can obtain the value ofand there-
fore thetr in isobaric condition by an iterative calculation
k(P)=exp@ In P+ B) 4 procedure:
where A’ and B’ are coefficients depending only on the fR = n At (13)
solute—solvent interaction at a constant temperature.
In isobaric runs the elution timi can be calculated as By taking into account the above listed definitions, it is

follows. If L is the column length andt is a small time possible to predict, in isothermal conditions, the retention
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time of a compound in programmed pressure by using the plates for any pressure programmed run, and for sake of sim-

pressure gradiengg):

P — Py
n At

8p = (14)
wherePs is the pressure at the column inlet at titp@andPj,,

is the starting pressure at column inlet. Aftéime intervals,
the inlet pressure on column is:

P = Pn+ gpAti (15)

Whengj is equal to zero and therefore in isobaric condi-
tions the value oP; is equal taPj,.

During the iterative calculation procedure, for every time
interval Atof Eq.(15)the new pressut@g is calculated and its
valueis replacedin EqELO)and(11). With this modification,
thetgr in linear pressure programmed run is still obtained with
Eq. (13).

2.2. Prediction of the plate height and peak width at half
height

The number of theoretical plates of the columnis given
by [11]:

R 2
N = 5.54()
by

wheretr is the retention time anh » is the peak width at half

(16)

plicity Eq. (18) can be summarised as:

h;

Ty
Two other equations proposed in the literature have been
applied. The first (Golay—Guiochon equati@,10]) can be
summarised as follows:

h] = + Bucg’j + Cucg’jz

(20)

Ucg,j
The termsA andB are the same of Eqél8) and(19) andC
is:

2
Ot

T L+ k(P)2L

whereoy is the dispersion describing the extra-column band
broadening. The second (Van Deemter equd®his:

(21)

Ucg,j
whereA andB are the same terms of Eq48) and(19) and
E is the eddy diffusion term.
A third equation, also derived as a modification of the
Golay equation, has been used:
B = ( A cg.j
Ucg, j Ucg, j

+ Bucg,j) : (23)

height. The height equivalent to a theoretical plate as definedwhereug, ; is the velocity of the carrier gas in any point of

by the Golay equatiofi7,8] is constant not along the entire
column by only in a small tract of lengthL, and therefor&
can be obtained by the summferms, each of them referring
to the tractAL:

J=1

N; is the number of theoretical plates in thd  tract and

n

>

J=1

AL;

h 17)

hj is the corresponding plate height, given by the equation /; = (

described and discussed in a previous pfp2:

o 2Dy (1+ 6k(P;) + 12k(P;)?)r?
"7 g 24Dg(1 + k(P)))?
2k(P;)d?
#fz licg j (18)
3Ds(1+ k(Py))

wherek is the capacity factor; the internal radius of the

column,P; the pressure inth&L; interval,ucy; the carrier gas

velocity in theAL; interval,ds the thickness of the stationary
phase layerDg andDs are the diffusion coefficients in the
gas and stationary phases, respectively.

the column if the analysis is carried in isobaric conditions
at a pressure identical to the initial value of the gradient run.
The same modification was therefore applied to E2&)and

(22) and the equations of the proposed mathematical model,
respectively becomes:

(0]

A Ucq i
h] = ( + Bl/lcg’j + Cucg’]) . 9 (24)
Ucq, i Ucq, i
Cg.j Cg.Jj
Uy j
Ucg, j Ucg, j

The use in the model of EqEL9), (20), (22)—(25)permits
to calculate the value of the height equivalent to the theoretical
plate fy), the peak width at half height value is obtained by
using Egs(16)and(17).

3. Experimental

The analyses were carried out on three capillary columns
(Varian Associates, Palo Alto, CA, USA). Two non po-
lar columns: a DB-1 (J&W) and a CP Sil 5CB filled with
poly(dimethylsiloxane) stationary phase, and a polar column

Eq. (17) can be applied in any pressure and temperature CP Wax 52CB (polyglycol). The length of the columns was
condition, it is therefore possible to calculate through aniter- 30 m and the phase thickness Op2f. The nominal inter-

ative calculation procedufé2,13]the number of theoretical

nal diameter was 0.320 mm, but the true value of this im-
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portant parameter was measured by scanning electron mi-of programmed pressure runs. The Star Data System yields
croscopy (SEM) using a Stereoscan 440 SEM, LEO, Cam- the values of the peak width with an approximation of 0.1s,
bridge, UK, and found to be 0.327 mm for DB-1, 0.330 mm not enough accurate for the following calculations. There-
for CP Sil 5CB and 0.320mm for CP WAX 52CB. The fore, an auxiliary calculation prograf2] which evaluates
columns were installed in a Varian model 3800 gas chro- the raw data recorded by the data system and measures the
matograph equipped with a split—splitless injector and a flame horizontal distance between the front and the rear side of
ionisation detector. Helium was used as the carrier gas. Thethe peak at half height with an approximation of 0.06 s was
split ratio was 1/20. The inlet pressure of the column was used, increasing the accuracy of the calculated results. All
measured both with the electronic hardware of the gas chro-the data are input to the program made by applying the equa-
matogram with an accuracy af0.1p.s.i. and with a mer-  tions shown in Sectio8, in order to calculate for each of the
cury manometer directly connected to the injector septum by injected compounds the behaviour of retention time and of
means of a thin needle; the accuracy of this measurementghe plate height as a function of the inlet pressure.
was+1 mmHg &133.3 Pa). In the calculation, the pressure
values, reported in p.s.i. or p.s.i.g. units in the text and in
the tables (1 Pa = 1.45038 10 p.s.i.) being the gas chro- 4. Results and discussion
matograph’s conditions input in this unit, were converted in
cgs units (dynes/cf) and absolute values. The term p.s.i.g. The retention timestrcaic calculated as shown in Sec-
(pounds per square inch gauge) is used in order to indicatetion 2.1and the peak width at half heightty/>caic Calculated
pressure values above the atmospheric pressure. The convewith the method described in Secti@®2, were compared
sion factor is taken with many decimal figures and the errors with the experimental values obtained on the three capillary
depend on the accuracy of the pressure transducer, as diseolumns in programmed pressure runs with linear gradient.
cussed at the end of the paper. In the tables and in the figuresThe preliminary isobaric runs used for the prevision of all
we use the p.s.i. values given by the gas chromatograph, andhe programmed runs were three (at 5, 15 and 25p.s.i.g.).
in practice all the results are expressed as a function of theTables 1-3how, respectively, on the DB-1, CP SIL 5CB and
pressure drop along the column, taking into account the fact CP WAX 52CB columns the experimental retention times,
that the changes of atmospheric pressure have a small intrexp, the calculated retention timetgca, the relative per-
fluence on the accuracy of the results, as shown below. Thecent error with respect of the calculated valugg,% = 100
column temperature value, controlled and read by the gas(trexp — trcald/trexp the experimental peak width at half
chromatograph’s software with an approximationtf°C, height,by/2exp the difference between experimental and cal-
was checked with an independent thermocouple with an ac-culated values of peak width at half heighth1/2 = b1/pexp—
curacy of+0.1°C. The barometric pressure was measures biocaic and the absolute peak width differena®;/2apsave
with a good accuracy (0.1 mmHg = 13.3 Pa) with a precision averaged on all the peaks listed in the table.
mercury barometer and room temperature correction was ap- The experimental and predicted retention times fairly cor-
plied. respond, whereas different accuracy of the calculated peak
Samples containing several terms of the homologous se-width is obtained by the three methods. In the columns a—c of
ries of n-alkanes, of straight chain 1-alcohols and of some Tables 1-3are shown the\b/»cacvalues obtained by using
alkenes, chloroalkanes, ketones and others, were injected as the mathematical model the Golay equation 86), the
pure compounds mixtures at the smaller amount permitted by Golay—Guiochon equation E(R0), the Van Deemter equa-
the use of the microsyringe with the “needle tip” technique in tion applied to capillary columns EqR2). The Ab1/2apsave
order to obtain peaks of the smallest possible area, near to thevalues show that these models are not completely satisfactory
detection limit of the used detector and as close as possible tdbecause only for small pressure gradients as those shown in
the infinite dilution condition. The analyses were carried out Table 2(0.5p.s.i./min) the calculated values fit the exper-
at 80, 100 and 12€C in the inlet pressure range 5-30 p.s.i.g. imental ones mainly when the Golay equation EP) is
at 2.5 p.s.i. intervals for the preliminary isobaric runs and in used. The three equations suggested yield accurate results in
the same range with different linear gradients in programmed isobaric condition only, as shown previougiy2]. In order
pressure runs. The detector output signal value was sam-o decrease the difference between experimental and calcu-
pled by the data system (Varian Star) at intervals of 0.1s lated values in linearly pressure programmed runs the Golay
for all the runs, independent on the retention time and peak equation was therefore modified. The added tef,/ucg;
width. of Egs.(23)—(25)approaches unity when the pressure gra-
The following parameters have to be known for the ap- dient decreases, in isobaric conditions the equations become
plication of the calculation method in order to predict the identical to the original equations (Eq4.9), (20) and(22))
retention time and peak width at half height values in pro- and the results are similar to those obtained with the predic-
grammed pressure: the atmospheric pressure, the dimensionson method used for isobaric conditions analyfez 13]
of the column, the nature of the carrier gas and its viscosity, The column d ofTables 1-Zhows the results obtained with
the column temperature, the pressure at the column inlet dur-the modified Golay equation proposed in this work, £3).
ing the preliminary isobaric runs and in the initial condition The modification introduced to the Golay equation permits
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Table 1

Experimental retention timégexp (Min); calculated retention timérca (Min); relative percent errokye%; experimental peak width at half heiglt,zexp
(s); difference between experimental and calculated peak width at half hailghs, (s), calculated by starting from Egd.9), (20), (22)—(25) respectively
and the average absolute difference between experimental and calculated peak width at halkbgight, ave(S), obtained in a pressure programmed run:
temperature, 78.IC; initial pressure, 5.08 p.s.i.g. and 1 p.s.i./min gradient (756.3 mmHg atmospheric pressure) on DB-1 colunn@326mm, 0.2m
layer thickness)

Compound  trexp tReal Erel%  bioexp  Abyp

a b c d e f

Eq. Golay, Eq.Golay- Eg.Van Eq. Golay Eq. Golay— Eq. Van

Eqg.(19) Guiochon, Deemter, mod., Guiochon Deemter mod,

Eq.(20) Eq.(22) Eq.(23) mod, Eq.(24) Eq.(25)

1-Decene 587 5783 Q063 1.779 -0.694 —-0.724 —0.694 —0.046 —0.073 —0.046
Nitrobenzene B72 7370 Q027 2441 -1.016 —1.152 -1.014 0070 —0.043 0071
2-Nonanone P43 7945 —-0.025 2425 -1.131 —1.223 —-1.131 0005 —0.075 Q005
Naphthalene 1012 11012 Q003 3.158 —-1.971 —2.324 —1.867 0016 —0.259 0084
1-Nonanol 11292 11292 Q003 3.781 —2.279 —2.524 —2.279 0038 —0.156 Q038
2-Decanone 1919 11922 -0.022 3.762 —2.295 —2.455 —2.285 0058 —0.083 Q065
n-Dodecane 1273 13272 Q010 4.326 —2.848 —2.782 —2.848 0077 Q083 Q077
Ab1/2abs ave 1.748 1.883 1.731 .044 0111 Q055

to predict with fair approximation the value of the peak width and Van Deemter equations is small and does not change

at half height in programmed pressure runs. appreciably the calculated valuesmfocac Moreover, the
Columns e and f ofables 1-3how theAby» values ob- calculation carried out with the mathematical model by us-

tained by using the same modification applied on the equa-ing the modified Golay equation requires a shorter time be-

tions of Golay—Guiochon, E24)and Van Deemter E¢25). cause the diffusion coefficients in this equation are two only

The results obtained are similar but, notwithstanding the cor- whereas the two other equations require three parameters.
rections introduced by the auxiliary terr@ &ndE terms) of The modified Eq(23), suitable from the point of view of
Egs.(24) and(25), do not offer an increased accuracy with both accuracy and time required for the calculation, has been
respect of the modified Golay equation of E2B). In fact, the therefore used for the prediction of the results of analyses
influence of the added ternsandE on the Golay—Guiochon  carried out at different temperature and initial pressure val-

Table 2

Experimental retention timégexp (Min); calculated retention timércal (Min) relative percent erroke%; experimental peak width at half heighi,zexp (s);
difference between experimental and calculated peak width at half haighp, (s), calculated by starting from Eq4.9), (20), (22)—(25), respectively and the
mean absolute difference between experimental and calculated peak width at halfAbights avdS), obtained in a pressure programmed run: temperature,
118.5°C; initial pressure, 10.09 p.s.i.g. and 0.5 p.s.i./min gradient (744.7 mmHg atmospheric pressure) on CP Sil 5CB columr0(380mm, 0.2fmm
layer thickness)

Compound tRexp tRcal Ere1% bI/Zexp AbI/2

a b c d e f

Eq. Golay, Eg.Golay— Eg.Van Eq. Golay Eq. Golay— Eq. Van

Eq.(19) Guiochon, Deemter, mod., Guiochon Deemter mod,

Eq. (20) Eq.(22) Eq.(23) mod, Eq.(24) Eq.(25)

n-Octane 1.797  1.793 .04 0.737 aLo8 Q034 Q088 Q062 Q055 Q040
1-Nonene 1.978 1977 .@7 0.763 78 —0.001 Q054 Q032 Q025 Q007
1-Heptanol 2.182 2.182 .015 0.861 75 —0.021 Q044 Q019 Q012 —0.013
2-Octanone 2268 2267 .09 0.879 34 —0.020 Q000 Q023 Q015 -0.011
n-Decane 2378 2.378 —0.014 0.887 22 Q002 -0.014 Q022 Q038 -0.014
1-Octanol 2.692  2.692 .012  1.069 Q10 -0.012 Q064 Q047 Q037 —0.001
2-Nonanone 2835 2835 .0 1.048 44 —0.073 —0.007 —0.009 —0.020 —0.062
1-Undecene 2932 2932 (@1 1.110 33 —0.001 —0.023 Q029 Q054 —0.027
1-Nonanol 3,570 3.570 .000 1.406 058 —0.019 —0.027 Q058 Q066 —0.027
2-Decanone 3.805 3.803 .@4 1470 w71 —0.085 —0.024 Q027 Q012 —0.070
1-Dodecene 3.960 3.960 .00 1.502 35 —-0.137 —0.068 —0.016 —0.032 —-0.122
n-Dodecane 4.108 4.107 .@GB2 1578 033 -0.131 —0.079 —0.001 -0.017 -0.114
1-Decanol 5.050 5.050 .000 1.992 060 —-0.184 —-0.111 Q012 —0.008 —0.163
2-Undecanone  5.427 5.427 .006 2.095 02 -0.270 -0.197 —0.045 —0.067 —0.248
1-Tridecene 5.673 5.672 .@@4 2.224 06 —-0.279 -0.214 —0.034 —0.056 —0.256
n-Tetradecane 8.808 8.812-0.042 3.541 —-0.129 —0.670 -0.676 -0.129 -0.125 -0.676

Ab1/2abs ave 0.056 Q121 Q106 Q035 Q040 Q116
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Table 3

Experimental retention timégexp (Min); calculated retention timégrca (Min); relative percent errokye%; experimental peak width at half heiglt,zexp
(s); difference between experimental and calculated peak width at half haibghs, (s), calculated by starting from Egd.9), (20), (22)—(25) respectively
and the mean absolute difference of between experimental and calculated peak width at hali\iejghis ave(S), obtained in a pressure programmed run:
temperature, 98.2C; initial pressure, 10.11 p.s.i.g. and 1 p.s.i./min gradient (761.3 mmHg atmospheric pressure) on CP Wax 52CB coluxnf.EDmm,
0.25um layer thickness)

Compound tRexp tReal Erei% bij2exp  Aby2

a b c d e f

Eq. Golay, Eg.Golay— Eg.Van Eq. Golay  Eg. Golay— Eq. Van

Eq.(19) Guiochon, Deemter, mod., Guiochon Deemter mod,

Eq. (20) Eq.(22) Eq.(23) mod, Eq.(24) Eq.(25)

2-Heptanone 285 2482 0134 0.919 -0.150 Q012 —0.150 —0.025 Q087 —0.066
n-Tridecane 3157 3157 Q011 1.158 -0.171 -0.120 -0.171 -0.017 Q006 —0.042
1-Tridecene 387 3587 Q009 1.292 -0.208 —0.195 —0.204 —0.033 —0.032 —0.040
2-Nonanone a77 4177 Q008 1.490 -—0.286 —0.267 —0.255 —0.030 —0.044 —0.034
1-Heptanol 5062 5062 Q007 1.877 —0.336 —0.336 —0.299 —0.013 —0.006 Q0026
n-Pentadecane .948 5953 -0.090 2.403 -0.538 —0.538 —0.497 —0.016 —0.056 —0.020
1-Pentadecene .17 7022 -0.067 2.828 -—0.733 —-0.733 —0.687 Q028 —0.072 —0.032
2-Undecanone .862 8462 Q004 3.169 —1.048 —1.049 —1.046 Q057 -0.143 -0.141
1-Hexadecene 1090 10192 -0.016 4.431 —-1.470 —1.470 —1.422 Q036 —0.061 —0.022
1-Nonanol 10694 10692 Q022 3.924 —-1.503 —-1.504 —-1.504 Q022 -0.133 -0.133
n-Heptadecane 1301 12500 Q008 5551 —2.420 —2.420 —2.392 Q036 —0.268 —0.245
1-Decanol 1%36 15618 0113 6.174 —3.007 —3.009 —3.008 —0.085 -0.138 -0.137
Ab1/2aps ave 0.989 Q971 Q970 Q033 Q087 Q078

ues with various linear pressure gradieiiahle 4shows the (PP5) run carried out with the homologous seriez-afkanes
experimental and calculated retention times, the relative per-and 1-alcohols on the same column with a greater gradient
cent error and the\by, values for two programmed runs on (2 p.s.i./min). The analysis on the CP WAX 52 CB column
the poly(dimethylsiloxane) DB-1 column carried out at the with linear gradient 2 p.s.i./min shown ifable 7is another
same temperature and initial pressure but with different lin- example of programmed pressure run (PP6) with a great pres-
ear pressure gradients of 0.5 (PP1) and 2.0 (PP2) p.s.i./minsure gradient and the accuracy of the results is fair also when
respectively. In both instances the errors of the retention time a polar stationary phase is used.

and the difference between calculated and experimental peak The influence of the variation of the various parameters
width are very smallTable 5shows the results obtained by of the analysis on the calculatggandbi/,; values has been
analysing a sample containing more compounds of differ- evaluated by measuring the percent absolute error of the re-
ent polarity on the poly(dimethylsiloxane) column CP SIL tention time and theé\by,» values averaged on all the com-
5CB at the same temperature asTable 4 but with differ- pounds analysed on the CP SIL 5CB column when the val-
ent initial pressure and linear pressure gradients (PP3 andues of the parameters are changed of the amount that may
PP4). In this case too, thebs2apsave Values are comparable.  be due to improper setting of the gas chromatograph or to
Table 6shows the results of another programmed pressuremistakes or uncertainty in the input of the parameters to the

Table 4

Experimental retention timegexp (Min); calculated retention timérca (Min); relative percent errokre %; experimental peak width at half height,zexp
(s); difference between experimental and calculated peak width at half h&igh,(s), calculated by starting from E(R3) and the mean absolute difference
between experimental and calculated peak width at half heddhiabs ave(S), obtained in two pressure programmed run on DB-1 column (30827 mm,
0.25um layer thickness)

Compound PP1 PP2
tRexp tReal Erel% l:‘l/Zexp Ab1/2 tRexp tReal E%re |3I/2e><p At‘1/2

1-Decene 4.897 4.893 0.075 1.731 —0.014 3.527 3.527 009 0.992 —0.018
Nitrobenzene 6.073 6.070 0.049 2.491 —0.068 4.235 4.235 000 1.318 54
2-Nonanone 6.280 6.278 0.027 2.298 .0m 4.355 4.357 —0.038 1.228 —0.010
Naphthalene 8.390 8.385 0.060 2.954 —-0.072 5.573 5.578 —0.096 1.597 —0.038
1-Nonanol 8.657 8.652 0.062 3.120 .088 5.728 5.727 023 1.629 63
2-Decanone 8.892 8.883 0.097 2.954 —0.080 5.860 5.857 057 1.663 62
n-Dodecane 9.769 9.755 0.143 3.143 —0.064 6.353 6.348 073 1.871 92
Aby/2abs ave 0.052 Q048

PP1: temperature, 98°€; initial pressure, 5.07 p.s.i.g.; pressure gradient, 0.5 p.s.i./min; atmospheric pressure, 779.5 mmHg. PP2: temperauiniti28.2
pressure, 5.08 p.s.i.g.; pressure gradient, 2 p.s.i./min; atmospheric pressure, 750.05 mmHg.
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Table 5

Experimental retention timégexp (Min); calculated retention timérca (Min); relative percent errokye%; experimental peak width at half heiglt,zexp
(s); difference between experimental and calculated peak width at half haigis,(s), calculated by starting from E(23) and the mean absolute difference
between experimental and calculated peak width at half heightoaps ave(S), Obtained in two pressure programmed run on CP SIL 5CB column (80 m
0.333 mm, 0.2%um layer thickness)

Compound PP3 PP4
tRe><p tReal Erel% bI /2exp Ab1/2 tRe><p tReal E%rel bI/2e><p Ab1/2

n-Octane 365 3363 Q050 1.365 —0.022 1843 1842 Q072 0.687 @42
1-Nonene P05 3905 Q000 1.491 —0.083 2158 2157 Q062 0.743 —0.043
1-Heptanol 4637 4533 Q081 1.765 —0.091 2530 2528 Q066 0.910 —-0.021
2-Octanone &73 4772 Q028 1.809 —0.068 2672 2670 Q075 0.955 —0.012
n-Decane 8117 5117 Q007 1.819 —-0.077 2877 2877 Q012 1.033 —0.005
1-Octanol 6087 6088 —-0.022 2.241 —0.056 3467 3465 Q058 1.253 —0.041
2-Nonanone er7 6480 —0.046 2.297 —-0.072 3705 3707 —0.045 1.363 —0.018
1-Undecene q72 6773 —0.020 2.332 —0.076 3887 3888 —0.034 1.425 —0.038
1-Nonanol 8683 8685 —0.023 2.969 —0.062 5087 5087 Q007 1.902 —-0.072
2-Decanone 287 9292 —0.050 3.103 —0.007 5470 5473 —0.061 2.059 —0.047
1-Dodecene g45 9747 —-0.017 3.170 —0.076 5762 5765 —0.052 2.247 —0.043
n-Dodecane 1a70 10173 —0.033 3.344 —0.040 6037 6040 —0.050 2.333 —-0.072
1-Decanol 12809 12812 —-0.021 4.144 —-0.105 7762 7760 Q026 3.090 —0.105
2-Undecanone 1309 13717 —0.056 4.388 —0.045 8357 8360 —0.036 3.290 -0.112
1-Tridecene 14888 14383 Q032 4.654 028 8802 8802 Q004 3.547 —0.107
n-Tetradecane 2275 22268 Q030 7.265 aL14 14154 14150 Q028 6.331 —0.014
ADb1/2aps ave 0.064 Q049

PP3: temperature, 98Z; initial pressure, 5.07 p.s.i.g.; pressure gradient, 0.5 p.s.i./min; atmospheric pressure, 744.7 mmHg. PP4: temperauiniti2s.2
pressure, 10.07 p.s.i.g.; pressure gradient, 1 p.s.i./min; atmospheric pressure, 769.0 mmHg.

mathematical model. Three preliminary isobaric runs were 10.09 p.s.i.g., pressure gradient, 0.5 p.s.i./min, and the exper-
carried out repeatedly with the following conditions: temper- imental values dtir andb; /2 were compared with those calcu-
ature 118.5C; inlet pressure values 5.07,15.10, 25.09 p.s.i.g. lated starting from input values identical to the experimental
and atmospheric pressure 744.7 mmHg; the parameters of th@nes. The results are shownTiable 2

equation used for the calculation of the retention times (Eq.  The parameters input to the program have been then mod-
(13)) and of thehj and then of the peak width (E(23)) were ified as follows:

determined by using the experimental data obtained in these

analyses. Some programmed pressure runs with the follow-
ing conditions were then carried out: temperature, 118;5

atmospheric pressure, 744.7 mmHg; initial column pressure Table 7

'Experimental retention timeirexp (Min); calculated retention timercal
(min); relative percent erroEe%; experimental peak width at half height,
Table 6 b1/2exp (S); difference between experimental and calculated peak width at
Experimental retention timegexp (Min); calculated retention timegcal half height, Aby/; (s), calculated by starting from E¢R3) and the mean
(min); relative percent erroE,;¢%; experimental peak width at half height,  absolute difference between experimental and calculated peak width at half
b112exp (8); difference between experimental and calculated peak width at height, Aby/2aps ave(S), obtained in a programmed run (PP6) on CP Wax
half height, Aby, (s), calculated by starting from E¢R3) and the mean 52CB column (30 mx 0.3295 mm, 0.2p.m layer thickness)

absolute difference between experimental and calculated peak width at halfCompound PP6
height,Abs/aps ave(S), Obtained in a programmed run (PP5) on CP Sil 5CB
column (30 mx 0.330 mm, 0.2m layer thickness) tRexp tReal Ere1% by /2exp Abyp
Compound PPS 2-Heptanone 2.917 2.920 -0.103 1.011 —0.025
n-Tridecane 3.253 3.257 -0.113 0.957 -0.017
ke [Real Ere% Drjzexp  Abay 1-Tridecene 3477 3483 -0182 0967  —0.033
n-Octane 2.568 2.560 .B12 0.754 —0.057 2-Nonanone 3.805 3.808 -0.088 1.094 —0.030
1-Hexanol 2.752 2.750 .073 0.865 —0.002 1-Heptanol 4.168 4.172 —0.088 1.206 —0.013
n-Nonane 2.968 2.965 .001 0.856 -0.019 n-Pentadecane 4,578 4.580 —0.044 1.228 -0.016
1-Heptanol 3.307 3.307 .010 0.997 030 1-Pentadecene 5.070 5.075 —0.099 1.403 @28
n-Decane 3.662 3.660 .@65 1.024 00 2-Undecanone 5.787 5.788 —0.023 1.565 57
1-Octanol 4.242 4.245 —-0.071 1.213 43 1-Hexadecene 6.432 6.433 —-0.021 1.815 @36
n-Undecane 4.798 4.800 -0.042 1.347 o3 1-Nonanol 6.618 6.618 —0.005 1.731 22
1-Nonanol 5.742 5.745 —-0.052 1.654 056 n-Heptadecane 7.353 7.352 .0a8 2.117 @36
n-Dodecane 6.578 6.577 .aeo 1.990 (L05 1-Decanol 8.628 8.618 012 2.157 —0.085
AbllZabs ave 0.035 Abll2abs. ave 0.033

Temperature, 98.2ZC; initial pressure, 5.07 p.s.i.g.; pressure gradient, Temperature, 118%C; initial pressure, 5.07 p.s.i.g.; pressure gradient,
2 p.s.i./min; atmospheric pressure, 760.7 mmHg. 2 p.s.i./min; atmospheric pressure, 761.4 mmHg.
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(1) Atmospheric pressure:20 mmHg; the barometric pres- 18
sure was measured with agood accuracy (0.1 mmHg) but 16 )
the daily or weekly average fluctuation observed was as 1.4 _—
high as 20 mmHg owing to weather changes. Therefore, .,
if it is not available a precision barometer or the operator
does not take into account the true atmospheric pres-
sure (and this is the case of instrument software which
takes the outlet column pressure as a constant and eque
to 760 mmHg) differences between the true outlet pres-
sure and the nominal one as high-880 mmHg can be
observed. For this reason we used this value in for eval-  °

-

|

Eo/oabs ave

0. __ |

0.4 | |

0.2 — —

= [ m = B == s

. . by Pa. ol P, B, G S, Te,. Ta. %y o, M
uating the importance of the accuracy of the parameters’ ¢ ""eo,% 20, 0;‘,:-70 p’f‘lz,,;’-h:’f’:;o°‘?:so*"-07,,,:’ap,,f"'%,
setting and found (see below) that this fluctuations has o g he U9 Thay,

a minor importance on the accuracy of the results as a

variation of+20 mmHg leads to a very low average error. Fig. 1. Effect of changing the various analytical parameters on the accuracy
(2) Initial pressure=0.1 p.S.i., range Corresponding to the Of the retention time pred_ic?ign on CP Sil 5CB colu'mn ina progra_mm.ed

uncertainty in the pressure input to the gas chromato- run: _temperature, 118?5:; initial pressure, 10.09 p.s.i.g. and 0.5 p.s.i./min

, . gradient (atmospheric pressure 744.7 mmHg). The values of the absolute

graph’s hardware; the differences between the true andpercent error averaged on thevalues of all the 16 compounds listed in
the input initial pressure value of 0.1 p.s.i. was taken as Table 2are shown.
equal to the error given by the instrument, notwithstand-

ing the fact that better accuracy was obtained with the ] ]
mercury manometer connected to the injector (1 mmHg "UNS only. When the pressure programmed and the isobaric
equivalent to 133.3 Pa or 0.0193 p.s.i.). preliminary runs are evaluated by using the nominal param-

(3) Pressure gradient0.1 p.s.i./min; it was not possible to ~ €ters. i-e. the values input to the gas chromatograph during
measure with independent technique the difference pe-the experimental runs, the mathematical model predicts the
tween preset and true pressure values during pressuréetemion times with errors of the same order of magnitude of
programming, because the mercury manometer which the experimental fluctuations between different runs carried
give good accuracy when measuring the initial pressure, ©Ut in the same experimental conditions, because the errors
has a too long equilibration time and cannot follow cor- &ré influenced in the same way by the capacity factor and by
rectly quick pressure changes. It was supposed that theth€ diffusion coefficients.

error of the built-in electronic pressure transducer dur-  Fi9- 2shows the averaged difference between the experi-
ing programmed pressure runs is of the same order of mental and calculated values of the width at half height ob-

magnitude of the measurement of isobaric pressure i e.tained in the same conditions as above. The difference is
0.1p.s.i. almost constant ranging between 0.03 and 0.04% when all
(4) Column temperature:2°C:; this was the maximum dif- the parameters, except the pressure programming rate, are

ference observed in several runs between the values input
to the gas chromatograph and these measured with the
independent thermocouple.

(5) Internal diameter of the colum#:0.01 mm, correspond- 0.05
ing to the average difference between the nominal i.d. & —
value given by the producer and the values measured by
SEM.

0.06

I
o
&

1/2 abs ave
o
o
w

Fig. 1 shows the values of the absolute percent error av- 3 oo
eraged on thér values of all the 16 compounds listed in
Table 2 analysed on the CP SIL 5CB column when the ini-
tial conditions are changed as shown above. The errors are 0

0.01 —

by By Po B B g S, T To. o, %o, f
very small when the changed parameters are the column tem- “o "uzy, ;o,,,,,:;q T 2, 0, g R0 20 001, Oy,
perature, the internal diameter and the atmospheric pressure Yo e The e iy, Ty, ”

because the coefficient$ andB’ of the capacity factor (Eq.
(4)) are modified both in the calculation of the preliminary Fig. 2. Effect of changing the various analytical parameters on the accuracy
isobaric ana|yses and of the pressure programmed runs, andf the peak width at half height prediction on CP Sil 5CB column in a

this minimises the overall deviation of the results. On the programmed run: temperature, 118G initial pressure, 10.09p.s.i.g. and
0.5 p.s.i./min gradient (atmospheric pressure 744.7 mmHg). The values of

contrary, the errors are much greaterWhen the initial pressurethe average absolute difference between experimental and calculated peak

and the pressure gradient are changed, because these paramth at half height Abysans avds) values of all the 16 compounds listed in
eters influence the results predicted in programmed pressurerable 2are shown.
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changed as shown above, because the calculation methodcknowledgement

evaluates the number of theoretical plates in a constant in-

terval At, corresponding ta\L/h (Eq. (17)). The amount of The authors wish to acknowledge Dr. Michele Mazzi, who

the error is therefore distributed between the two tertls (1 made the experimental measurements on capillary columns.

andh) and the mean plate number does not change. On the

contrary, the retention time is evaluated in terms\af val-

ues only and the error is not compensated. The effect of theAppendix A

pressure gradient is a little greater, according with the effect

on the retention times shown kig. 1 The complete procedure followed in order to obtain Eqg.
As the change of the initial pressure or programming gra- (10) by starting from Eq(8) is described below. Some equa-

dient or the wrong input of these parameters to the math- tions were described and discussed previo[sty15}

ematical model has an effect much greater than changing

other parameters, the values of these parameters, given b)L(LP — %u

the built-in pressure measuring devices of some instruments  d¢ 42

with an approximation o£0.1 p.s.i., are notaccurate enough  Thjs equation is valid for the permanentisothermal motion

to permitthe correctapplication of the method. More accurate of 5 gas; also the continuity equation for the conservation of
measurement of the true pressure, with an external mercurythe mass flow rate is considered:

manometer or other device may be therefore necessary. In

(A.1)

any case, in order to obtain good results with the proposed Om = pS2u = cos ¢ (A.2)
method, the correspondence of the instrument settings to the ] ) )
true values must be checked periodically. wherep is the gas density2 the area of the column section

andQy is the mass flow rate; also the state equation for gases
is taken into account:

P R

— =T (A.3)

1Y n

The iterative calculation procedure suggested offers a fair WhereR is the gas constant, the absolute temperature and
accuracy for the prediction of the retention times both iniso- M is the mass of one kilomole of gas.
baric and pressure programmed analyses. The Golay equation From Egs(A.2) and(A.3):
yields accurate results in the prediction of the peak width . y
of gas chromatographic runs carried out at constant inlet {Pup = A =cost (A-3)

pressure, but cannot predict_the behaviour of the analyses in & the product of the carrier gas velocity and of the pres-
programmed pressure conditions and therefore other math-g ;e in a given point along the column is a constant value in

the possibility of a better approximation, the Golay equation (A 1) becomes:

has been replaced with the Golay-Guichon and Van Deemter

equations reported in the literature but, as this solutiondid not _ dP _ 32 A (A4)

improve the accuracy, the Golay equation was modified with  d¢ ~ 4r2 P '

a linear term proportional to the programming rate which be-

comes equal to unity in isobaric conditions, coming back to

the unmodified Golay equation. 1

If the same procedure is applied to the Van Deemter and _EPZ ~ a2 AL+ Ky (A.5)

c?olay—Gwochon equations, t_he model leads to aCCEptablewhereK is a given distance from the column inld, the
ifferences between the experimental and calculatedal- pressure in the same point alglis a constant. If fof = 0

ues, slightly greater than those obtained with the modified h | then f Eq(A 5): ' '

Golay equation, but the calculation time greatly increases. € pressure value 1, then from Eq(A.5):

The proposed mathematical model permits therefore to pre- 1,

dict with fair approximation the retention values and to eval- Ky = o1 (A.6)

uate the plate height, the peak width and the efficiency of

capillary columns in any condition of programmed pressure

linear gradient, by using as the input data only the experimen- 1 , 32 1,

tal results of three analyses carried out in isobaric conditions =5 P* = 5 At — 5 P1 (A7)

selected within the pressure range of the programmed runs.

The parameters whose variation mainly influences the ac-or, taking into account EqA.3'):

curacy of the results are the initial pressure value and the 1

; ) > 32
pressure programming gradlent. —— P =—.
2 452

5. Conclusions

and, by integration:

32n

Eq. (A.5) therefore becomes

{Pu}t — % . P? (A.8)
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but, by definitionu = d¢/dr and Eq.(A.8) becomes

_16n P

dr = . Bt 40 (4 A.9
72 PiZ_PZ ( )

If Eq. (A.4) is directly integrated between 0 amdand
betweerP; andP,, Eq.(A.10) is obtained.
Py — r?(P2 — P?)

16nL

From Eqgs.(A.10) and (A.8), the following equation is
obtained:

(A.10)

P2 p2_ % (P2 = PY) (A.11)

then:

pP?— p? = %(PF — P (A.12)
By replacing Eq(A.12) into Eq.(A.9):

o — 01L P de (A.13)

r2 .Piz—Pg'

By obtainingP from Eq.(A.11), replacing itin Eq(A.13)
and integrating Eq(A.13) betweert; andt; and betweeri;
and¢; the following equation is obtained:

2 16nL2
At=tr—11 = =

3 r2(P? - PR

(A.14)

But:
£1
P2 =P24 e (P2 — P2 (A.15)

whereP; is the pressure in the poiidt. From Eqgs.(A.14)
and(A.15):

16L2 Al 32
= RELEL U

2
T 3:2P2-P2) T
(A.16)

whereA? = €1 — €5.
ObtainingA¢ from Eq.(A.16):

L 2 | p3 2 2 3 1
——— PP |P2—A(P?—-P2). = . ——
Piz_Pg { 1 |: 1 ( i 0) 2 167]L2

(A.17)
Eqg. (A.17) is formally identical to Eq(10) of the text, with
the correspondence of the symbols

AE == Ach’]

AL =

and P, = P;.
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