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ABSTRACT 

If the gas chromatographic retention behavior of a 

compound is known under isothermal conditions at several 

temperatures, then it is possible to predict accurately the 

retention time under temperature programmed conditions. 

This work details the calculations required to perform such 

predictions. A discussion of isothermal and temperature 

programmed retention is presented, along with a discussion 

of carrier gas flow relationships. These theories are then 

applied to the problem of predicting temperature programmed 

retention times from isothermal data. It is shown that 

accurate and precise predictions are possible for many 

Situations. These predicted retention times are then 

applied to qualitative analysis by the use of retention 

indices. An architecture for a retention time or index 

database is proposed. Finally, the use of gas



chromatography for the determination of thermodynamic 

quantities and gas viscosities is demonstrated.



DEDICATION 

This work is dedicated to the memory of my mother, 

Laetitia Harrer Snow 

who did not survive to see its completion. 

Laetitia Harrer Snow 

1936-1989 

iv



ACKNOWLEDGEMENTS 

Over the years, many individuals have assisted in this 

culmination of my 20 1/2 years of education in the Virginia 

Public Schools. First, I would like to thank my committee 

chairman, advisor, and friend, Dr. Harold M. McNair for his 

support, advice and tutelage over the last four years. 

Next, Dr. James N. Demas, my undergraduate advisor, for 

providing a great motivation to attend graduate school. 

Finally, Mr. Edgar P. McConnell, chemistry educator, for 

inspiring me to study chemistry. 

I further acknowledge the graduate students who have 

provided such great assistance and friendship, and who made 

the experience both fun and enlightening. Jeff Bolton, Mark 

Evaniak and Larry Perkins "showed me the ropes" when I was 

first year, making the requirements so much easier to 

overcome. Later, the members of the Chromatographic 

Research Group taught and inspired me to work at their high 

standards. Thank you: Lee Polite, James Frazier, Henry 

Rasmussen, Vicente Sanchez, George Reiner, Laura Cerruti, 

Bill Wilson, Lisa Goebel, Laura Perry, Vince Remcho, Bob 

Klute,and Maha Khaled. Also, thanks to Greg Slack, 

colleague and roommate, who helped me to stay sane during 

those late nights in the laboratory.



As important as these professional contributions, are 

those of a personal nature. I thank all of my brothers in 

Alpha Chi Sigma, both at UVa. and Virginia Tech, for 

providing that all important social outlet. Finally, and 

most importantly, I must thank all of those Snows, non-Snows 

and Harrers, who have contributed to my life in ways too 

numerous to mention. Thanks: Dad, Jon, Laura, Deb, Susie, 

Mike, David, Ellie, Sam, Roger, Cynthia, Steve, Patt, 

Stephanie, Katie, Liddie, Timothy, Betsy, Bill, Marcy, Bob, 

Joe, Lois, Gus, Lib, and Perdue, Zonker and Greywackie. 

Last and most, I acknowledge Angela, newest member of the 

family, and soon to be my wife. I look forward to sharing my 

life and career with you. 

vi



TABLE OF CONTENTS 

Abstract 

Dedication 

Acknowledgements 

Table of Contents 

List of Figures 

List of Tables 

CHAPTER 1 - Introduction 

Isothermal Retention 

Temperature Programmed Retention 

Retention Indices 

Gas Flows 

CHAPTER 2 - Historical 

Temperature Programmed Retention Indices 

Thermodynamic Retention Indices 

Linear Elution Strength Approximation 

Comparison of Methods 

CHAPTER 3 - Experimental 

Materials 

Experimental Method 

Programming Techniques 

CHAPTER 4 - Results and Discussion 

Gas Flow Calculations 

Gas Hold-up Time Calculations 

vii 

ii 

iv 

vii 

1x 

xi 

13 

22 

32 

35 

42 

47 

52 

52 

54 

59 

62 

62 

67



Gas Viscosity Calculations 

Simulation Method and Calculations 

Error Sources 

Instrumental Conditions 

Outlet Pressure 

Inlet Pressure 

Oven Temperature 

Column Dimensions 

Gas Hold-up Time 

Systematic Errors In Retention Times 

Summary 

Retention Index Calculations 

Applications 

CHAPTER 5 - Conclusions 

Literature Cited 

Appendices 

Pascal Program 

Symbols and Variables 

Vita 

viii 

76 

79 

103 

103 

104 

109 

111 

114 

115 

118 

130 

131 

140 

144 

147 

150 

150 

160 

162



LIST OF FIGURES 

Figure 

1. A Typical GC Chromatogram 

2. Chromatogram of 11 Chlorobenzenes 
with Temperature Scale 

3. Retention Index Calculation for Benzene 

4. Viscosity Versus Temperature for Helium 

5. Plot of Equation 11 for 3 Compounds 

6. Chromatograms of Phenol Mixture 

7. Chromatograms of Phenol Mixture: Multi 
Segment Temperature Program 

8. Pseudo-Code for Main Simulation Program 

9. Pressure Gradient Along Column 

10. Flow Gradient Along Column 

11. Gas Hold-up Time By Three Methods 

12. Gas Hold-up Time Versus Temperature 

13. Gas Hold-up Time Versus Temperature and 
Inlet Pressure (Outlet Pressure Constant) 

14. A Hypothetical Temperature Program 

15. Factors Affecting Band at Time of 
Injection 

16. Isothermal Hold Calculation Procedure 

17. Conditions Following Isothermal Hold 

18. Temperature Ramp Calculation Procedure 

1x 

10 

15 

29 

40 

45 

46 

60 

65 

66 

69 

72 

75 

80 

84 

86 

90 

92



19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

Pseudo-Code for Temperature Programmed 
Simulation 

Possible Oven Temperature Profiles 

Error Ranges 
Simulation 

Error Ranges 
Simulation 

Error Ranges 

Error Ranges 

Error Ranges 

Error Ranges 

Error Ranges 

Error Ranges 

120 Degree Isothermal 

140 Degree Isothermal 

Temperature 

Temperature 

Temperature 

Temperature 

Temperature 

Temperature 

Programmed 

Programmed 

Programmed 

Programmed 

Programmed 

Programmed 

Proposed Database Architecture 

94 

113 

121 

122 

123 

124 

125 

127 

128 

129 

141



LIST OF TABLES 

  

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

GC Integrator Report for Column Test 
Mixture 

Isothermal Retention Indices Measured 

at Three Laboratories 

Temperature Programmed Retention Indices 
on Several Columns 

Retention Index Deviations on Six Columns 

Temperature Programmed Retention Indices 
Calculated by Yin and Sun 

Viscosity Coefficients of Common Carrier 
Gases 

Regression Data for Viscosity 
Determination 

Retention Times Calculated by the Curvers 
and Rijks Method 

Temperature Programmed Retention Indices 
Calculated by the Method of Curvers 
and Rijks 

Temperature Programmed Retention Indices 
Calculated by Dose 

Calculation of Thermodynamic Quantities 

DryLab GC Results for a Single-Ramp 
Temperature Program 

Retention Time Simulation Methods 

Composition of Simulation Test Mixture 

Retention Index Test Mixture 

Gas Hold-up Time Regression Results 

Gas Hold-up Time Regressions on 
Exponential Model 

xi 

17 

19 

20 

21 

27 

30 

34 

36 

38 

41 

44 

51 

56 

58 

70 

73



18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

Gas Viscosity Calculation 

Isothermal Retention Times of Test Mixture 

Experimental Conditions for Test Mixture 

Retention Time Prediction for 120°C 
Tsothermal Run 

Retention Time Prediction for 140°C 
Isothermal Run 

Prediction for a Single Ramp Temperature 
Program 

Prediction for a Single Ramp Temperature 
Program 

Prediction for a Single Ramp Temperature 
Program 

Prediction of a Multi-Segment 
Temperature Program 

Prediciton of a Multi-Segment 
Temperature Program 

Prediciton of a Multi-Segment 
Temperature Program 

Summary of Tested Instrumental Conditions 

Sample Inlet Pressure Error Calculation 

Effect of Systematic Outlet Pressure 
Variation 

Effect of Systematic Inlet Pressure 
Variation on Simulation 

Effect of Changed Inlet Pressure on 
Simulation 

Effect of Systematic Error in Column 
Length Measurement 

Effect of Systematic Error in Gas Hold-up 
Time Measurement 

xii 

77 

81 

82 

87 

88 

95 

96 

97 

98 

99 

100 

105 

106 

108 

110 

112 

116 

117



36. 

37. 

38. 

39. 

40. 

41. 

42. 

Isothermal Retention Times with 
Confidence Intervals 

Retention Index Calculation 
Segment Temperature Program 

Retention Index Calculation 
Segment Temperature Program 

Retention Index Calculation 
Segment Temperature Program 

Retention Index Calculation 
Segment Temperature Program 

Retention Index Calculation 
Segment Temperature Program 

Retention Index Calculation 
Segment Temperature Program 

xiii 

for 

for 

for 

for 

for 

for 

95% 

a 

Two- 

Two- 

Two- 

Two- 

Multi- 

Multi- 

120 

132 

133 

134 

135 

136 

137



CHAPTER 1 - INTRODUCTION 

Recently, much interest has focused on the use of 

personal computers for the solution of chemical analysis 

problems. In gas chromatography, a focus has been placed 

upon the simulation of gas chromatographic analyses from 

data collected under isothermal (1,3,4,11,14,34) or 

temperature programmed (36-47) conditions. This dissertation 

will first present the theory that underlies the prediction 

of temperature programmed retention times from isothermal 

data. It will then be shown that the prediction methods 

previously available are not generally applicable to many 

analysis problems. A new simulation method, involving the 

use of the thermodynamic and gas flow relationships that 

define gas chromatographic separations is developed. It 

will be shown that it is possible to accurately predict the 

retention time of an analyte under multiple-segment 

temperature programmed conditions from retention times 

collected isothermally at two temperatures. An error 

analysis will show that systematic variations in retention 

time determination account for much of the deviations seen 

between predicted and experimentally determined retention 

times. Finally, the application of the simulation to 

qualitative analysis by Retention Index calculation will be 

shown.



In order to produce a useful simulation of gas 

chromatographic separations under temperature programmed 

conditions, and then to use that simulation to predict the 

retention time of a compound with certainty, an 

understanding of the many processes that occur within a gas 

chromatographic column must be gained. This section will 

present the physical and mathematical relationships that 

define a compound's retention under GC separation 

conditions. 

A typical GC chromatogram is shown in Figure 1. 

In Table 1, the retention report, including the retention 

time, the peak area and the area percent, is shown. 

Typically, integrators will also give information on the 

characteristics of the peak: the peak type. The letters bb 

indicate a peak that rises from and returns to the baseline, 

bv indicates a baseline-valley peak, and vb indicates a 

valley-baseline peak. The column dimensions and temperature 

conditions are also recorded. The gas hold-up time, ty, 

which provides a means for determining the volumetric flow 

rate of carrier gas, is determined independently. Methods 

for gas hold-up time determination are discussed in "Gas 

Hold-up Time Calculations," page 62.



  
    

  

  

  

4 6 8 16 42 14 16 16 26 22 24 26 
Retention Tine 

Column: DB-1, 30m by 0.25mm I.D. by 0.25yum d¢ 

Temperature: 40°C Initial, Ramp at 4°C/min to 250°C 

Figure 1 - A Typical GC Chromatogram



TABLE 1 - GC Integrator Report for Column Test Mixture 

  

  

Retention Type Area Area 
Time Percent 

4.267 bb 76784 4.884 

10.445 bb 210909 13.414 

12.122 bb 166396 10.583 

12.872 bb 169808 10.800 

14.225 bb 25346 1.612 

14.530 bb 149210 9.490 
16.600 bb 236253 15.026 

19.705 bb 146212 9.299 

22.352 bv 93894 5.972 
22.477 vb 148862 9.468 
25.097 bb 148604 9.451       
     



If a simulation of GC retention is to be developed, 

then, the following factors need to be considered. 

First, expressions describing isothermal and temperature 

programmed retention by the stationary phase must be 

derived. Next, since gas chromatographic retention is a 

combination of retention by the stationary phase, and time 

spent travelling in the mobile phase, gas flows within 

cylindrical capillaries must be considered. [In order to 

apply the simulation technique to qualitative analysis, an 

extremely precise method for reporting retention times, the 

retention index, will be employed. 

ISOTHERMAL RETENTION 

If, for a given chromatographic separation, the 

retention time, tp, for each compound, and the gas hold-up 

time, t,, are written, then an adjusted retention time is 

defined as: 

t'r = tp - ty (la) 

and 

tp = t'p + ty. (1b)



The adjusted retention time is the amount of time that 

the analyte molecule spends sorbed in the stationary phase. 

Therefore, all chromatographic retention may be described as 

a combination of a flow-related term (t,) and a chemistry- 

related term, (t'p). These terms are used, along with some 

of the basic definitions in chromatography, to derive an 

equation expressing tp as a function of temperature. 

The capacity factor is defined as: 

k' =t'p / tp. (2) 

If equation 2 is substituted into equation 1, and the 

resulting expression rearranged, the following is obtained: 

tr = tm(itk'). (3) 

If it is assumed that retention in gas chromatography is 

based upon a partitioning of a solute between the mobile 

phase and the stationary phase, the partition coefficient, 

K, of an analyte d, is defined as: 

K = [4] stationary phase/[4]mobile phase = k'B, (4)



where B is the column phase ratio (the volume of the mobile 

phase divided by the volume of the stationary phase). Using 

the principles of basic chemical equilibrium, K may be 

described in terms of thermodynamic quantities. For the 

following reaction: 

d (mobile phase) e¢----> d (stationary phase), 

Equation 4 is equivalent to the equilibrium expression. 

Therefore, 

K = e7(AG/RT) , (5) 

where AG is the Gibbs! free energy of the transition 

from the mobile phase to the stationary phase. It follows 

that: 

K = e(AS/R) e(-AH/RT) , (6) 

Substitution of equation 4 into equation 3 gives: 

tp = tm(1 + K/B), (7) 

and substitution of equation 6 into equation 7 gives:



te = tp(1 + (e(4S/R) 78) (e(~AH/RT) ) , (8) 

Since t, is dependent upon temperature (its specific 

dependance is discussed in "Gas Flow Calculations," Page 

62)., the dependence of the retention time of a compound 

under isothermal conditions as a function of temperature is 

described by: 

tp = tm(T) - (1 + (e(4S/R) /B8) (e(-AH/RT) ) . (9) 

It is assumed, for the purpose of faster calculations to 

save processor overhead, that the enthalpy and entropy of 

the mobile-stationary phase transition are constant with 

temperature. Dose(1) showed this to be a reasonable 

assumption over the temperature ranges (0-400°C) typically 

employed in capillary gas chromatography. A further 

discussion of the calculation of thermodynamic quantities is 

presented in "Thermodynamic Retention Indices," page 35. 

In order to use equation 8 to predict the isothermal 

retention of an analyte at various temperatures, the 

thermodynamic data and flow information must be obtained. 

The thermodynamic constants are obtained by substituting 

equation 6 into equation 4 and rearranging:



k' = (e(AS/R) 78) (e(-AH/RT) ) (10) 

and 

in(k') = 1n(a/B8) + (-AH/RT), where a=e4S/R, (11) 

Thus, by performing sufficient isothermal runs, at 

different temperatures to determine a linear plot of ln(k') 

versus 1/T, the thermodynamic quantities needed to apply 

equation 8 to the prediction of gas chromatographic 

retention times at other temperatures may be obtained. The 

gas hold-up time, ty, is obtained by one of the methods 

described in "Gas Flow Calculations," page 62. 

TEMPERATURE PROGRAMMED RETENTION 

In a temperature programmed separation, the temperature 

of the gas chromatographic column is varied, usually raised 

linearly with time, as the separation proceeds. Figure 2 

shows a chromatogram, with a column temperature scale 

added, of a mixture of 11 chlorinated benzene derivatives. 

As the retention time in isothermal gas chromatography is 

characteristic for each compound, the retention or elution
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temperature for each compound is also characteristic under 

temperature programmed conditions. 

To describe the retention time or retention temperature 

as a function of the column temperature in temperature 

programmed gas chromatography, the relationship derived by 

Harris and Habgood(2) is used: 

tr 
dt (12) 
= = 1 

tn(1 + k') 

Curvers and Rijks, et.al. (3,4) presented a similar 

expression, and showed its utility for calculating 

temperature programmed retention indices from isothermal 

data: 

aT Rp 

tm(1 + k') 

(13) 

  

To 

where & is the slope, or programming rate (degrees/minute) 

of a linear temperature program. The practical aspects of 

the Curvers and Rijks method are discussed in detail in 

"Temperature Programmed Retention Indices," page 32. If 

11



equation 10 is substituted into equation 13, the following 

expression is obtained: 

TR 

aT Rp (14) 

tm(T) (1 + (a/B) (eAH/RT) 

To 

This equation expresses retention in temperature 

programmed gas chromatography in terms of the same variables 

that were used for isothermal gas chromatography. The 

variable of interest in equation 14 is the second 

integration constant, Tp, which represents the elution 

temperature of a compound. All of the other variables are 

known, with To and & being user-selected instrumental 

conditions, and with the thermodynamic terms calculated from 

a plot of equation 11. The difficulty with expressions such 

as equation 14, is that the integrals are not solvable 

analytically; they must be solved numerically, using 

Simpson's Rule(4), or a similar method. 

Equations for the calculation of retention times in 

isothermal and linear temperature programmed gas 

chromatography from isothermal data have been presented 

above. However, gas chromatographic separation conditions 

12



are not limited to these simple cases. A typical 

separation, as in Figures 1 and 2, consists of some 

combination of isothermal and temperature programmed 

segments. Therefore, if a prediction of segmented 

temperature programmed times from isothermal data is 

desired, a combination of equations 9 and 14 must be used. 

Developing a method for this combination is one of the major 

problems addressed in this research, and is described in 

"Experimental" and in "Results and Discussion" 

RETENTION INDICES 

One of the major difficulties in the use of 

chromatographic data as a basis for calculations and for 

qualitative analysis is the variability of measured 

retention times, under the same nominal conditions. From 

equation 9, it can be seen that the measured retention time 

is dependent upon a number of factors. For example, as a 

column ages, the thickness of the stationary phase will 

change, altering 8, the phase ratio, and causing the 

retention times of compounds to drift. Also, the column 

volumetric flow rate, dependant upon the inlet pressure, 

outlet pressure, and the column dimensions, along with the 

choice of carrier gas, may vary Slightly from day-to-day, or 

run-to-run. 

13



In order to circumvent these problems in retention time 

reporting, Kovats, in 1958(5) developed a reporting system 

called the "Kovats Retention Index." He defined the 

retention index of a compound as "the carbon number of a 

hypothetical normal paraffin eluting with the same retention 

time as the compound of interest, multiplied by one 

hundred." 

log(t'r(a)) - log(t'r(N)) (15) 

log(t'R(N+1)) - log(t'R(N)) 
I = 100N + 100 
  

N is the number of carbon atoms in the normal paraffin 

eluting immediately before the analyte; t'p(a), t'p(N), and 

t'p(N+1) are the adjusted retention times of the analyte, 

the normal paraffin eluting just before the analyte, and the 

normal paraffin eluting immediately after the analyte, 

respectively. 

Figure 3 shows a sample retention index calculation for 

benzene. From the calculation, it may be stated that the 

Kovats retention index for benzene on an OV-1 (100% methyl 

silicone) stationary phase at 60°C is 654.1. This value is 

valid for all OV-1 column geometries. The reproducibility 

and applications of isothermal Kovats retention indices have 

been shown by many authors. (6-11,13) 

14
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Recently, commercial databases of Kovats retention indices, 

measured under standard conditions have become available for 

qualitative analysis applications. (12-14) 

In 1963, Van den Dool and Kratz(15) extended the 

retention index definition to include linear temperature 

programs by replacing the logarithmic terms in the Kovats 

definition with the elution temperature of each component to 

give: 

TR(Z) - Tr(N) 
IT = 100N + 100 (16) 

TR(N+1) - TR(N) 

  

Retention index calculations are useful because they are 

easier to reproduce than retention times. In the example 

shown previously in Figure 3, no care was taken to match the 

exact instrumental conditions, other than the temperature, 

between the experimental determination and the database. 

Table 2 shows retention indices for a seven-component 

mixture that were obtained at three different laboratories. 

Note that there are no retention times or other conditions 

listed, as no effort was made to match these between the 

laboratories, yet the retention indices are similar. Data 

set A was obtained at the Eindhoven University of 

Technology, The Netherlands (16) ; data set B was obtained at 

16



TABLE 2 - Isothermal Retention Indices Measured at Three 

  

  

  

Laboratories 

Compound Blacksburg Eindhoven Database 

(A) (B) (C) 
1,1-dichloroethene 656.39 655.33 | ------ 

benzene 670.38 669.53 669.43 

methyl propyl 688.94 688.04 687.79 
ketone 

methyl isobutyl 742.05 741.09 | = -e<-- 
ketone 
toluene 772.20 771.89 773.32 

m-xy lene 871.74 871.68 871.70 

1,2,4-trimethyl 991.67 991.76 992.03 

benzene       
  

Column: HP ULTRA 5, 

Temperature: Isothermal 60°C 

25m by 0.32mm by 0.52pm 

17 

 



VPI, and data set C was obtained from a commercial 

database (12), 

Under temperature programmed conditions, obtaining this 

reproducibility is possible, but more difficult. Table 3 

shows the temperature programmed retention indices for a 

column test mixture on several columns. All of this data 

was obtained at VPI. Note the high variability of the 

values. These deviations are typically much larger than the 

deviations seen in isothermal retention indices run on the 

same columns. Table 4 presents a summary of the deviations 

seen in temperature programmed retention index calculations. 

Yin and Sun(17) showed that if the relationship: 

Rtm/B = constant (17) 

is maintained as the columns or flow conditions are changed, 

then the deviations for temperature programmed retention 

indices are similar to those for isothermal retention 

indices. Their results on two columns are shown in Table 5. 

These deviations are now similar to those shown in Table 2. 

18



TABLE 3 - Temperature Programmed Retention Indices on 

Several Columns 

  

  

          

Column 1 2 3 4 5 6 

Ultra-1 | 1054.2 1080.5 1125.4 1307.0 1406.9 1507.1 

HP-1(1) | 1058.2 1085.5 1133.9 1307.9 1407.6 1507.6 

HP-1(2) | 1060.0 1079.7 1134.4 1308.4 1407.9 1507.7 

DB-1(1) | 1054.4 1081.2 1128.7 1307.0 1407.0 1507.1 

DB-1(2) | 1053.8 1081.0 1128.1 1306.6 1406.6 1506.7 

PE 1056.6 1086.2 1146.4 1308.4 1408.5 1508.9         
Legend to Compounds (column headings): 
1: 1-octanol 
2: 2,6-dimethylphenol 
3: 2,6-dimethylaniline 
4: methyl decanoate 
5; methyl undecanoate 
6: methyl dodecanoate 

Legend to Columns: 

Ultra-1: 25m by 0.32mm by 0.52ym 100% methyl silicone 

HP-1: 25m by 0.20mm by 0.52ym 100% methyl silicone 

DB-1: 30m by 0.25mm by 0.25um 100% methyl silicone 

PE: 50m by 0.52mm by 5.0Oum 100% methyl silicone 

Temperature Conditions: 

Initial Temperature: 40°C, ramp at 4°C/min to 160°C. 

19



TABLE 4 - Retention Index Deviations on Six Columns 

  

  

      

Compound Average Standard Deviation 
Retention Index 

1-octanol 1056.11 2.33 
2,6-dimethylphenol 1083.31 2.61 
2,6-dimethylaniline 1132.86 7.00 

methyl decanoate 1307.56 0.73 
methyl undecanoate 1407.40 0.70 
methyl dodecanoate 1507.53 0.74 
  

Values calculated from those in Table 3. 

20 

 



TABLE 5 - Temperature Programmed Retention Indices 

Calculated by Yin and sun (18) 

  

  

  

Compound Condition 1 Condition 2 

p-xylene 854.0 855.1 
n-heptanol 952.4 952.9 
limonene 1020.3 1021.1 
camphor 1118.2 1117.9 
eugenol 1327.5 1327.7 

diphenyl ether 1372.6 1371.8 
canyophylene 1418.6 1417.4 
beta-ionene 1463.6 1463.5 

n-hexyl benzoate 1552.8 1552.2 
1724.2 1723.8 benzyl benzoate       

Conditions for Table 5: 

1: Column: HP-1, 

250°C 

to = 0.801 min; rto/B = 0.427 

2: Column: HP-1, 

250°C 

to = 0.800 min; rto/B = 0.427 

21 

12m by 0.20mm by 0.33mm 

Temperature Program: 40°C initial, ramp at 8°C/min to 

25m by 0.32mm by 0.52mm 

Temperature Program: 40°C initial, ramp at 8°C/min to 

 



For multiple segment temperature programs, the problem 

of calculating a retention index was thought to be 

difficult. (18-21) complex methods, involving lengthy 

calculations have been proposed by Halag, et.al. (18), 

zenkavich(19), Majlat, et.al.(29), ana zhu(21). However, 

Yin and Sun(22-24) recently showed that equation 16, a 

simple relationship, produces retention indices for multi- 

segment temperature programs that are equally valid as, 

although not equal to those calculated by tre more complex 

methods. 

These retention index calculations will be used to show 

the applicability of the numerical extrapolation methods to 

be described to problems in qualitative analysis by 

retention time or index database matching methods. 

GAS FLOWS 

So far, it has been shown that the retention time of a 

compound in gas chromatography is strongly dependant upon 

the thermodynamics of the transition of the solute between 

the stationary phase and the mobile phase. Now, since a 

finite amount of time is required for molecules to be simply 

transported the length of the column in the mobile phase, 
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the characteristics of gases flowing within cylindrical 

capillaries must be addressed. 

Within a capillary gas chromatography column, which may 

be considered an open tube L meters in length and d meters 

in internal diameter, the factors affecting the carrier gas 

flow rate,F are: the physical properties (i.e. viscosity) of 

the gas, the operating temperature, the column inlet or head 

pressure, the column outlet pressure, and the dimensions of 

the column. 

For a fluid flowing through a cylindrical capillary, 

with r << L (for example, a GC column), Poiseuille's Law(25) 

states: 

= 4 V ar*AP (18) 

  

87yL 

y is the gas viscosity. Harris and Habgood(2) applied 

this to volumetric flow within a capillary gas 

chromatography column: 

Ee (19) 

  

16L Po 
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Equation 19 gives the volumetric flow at the column 

outlet as a function of column dimensions, carrier gas 

viscosity, and the inlet and outlet pressures. 

Experimentally, however, column flows are typically 

calculated by the volume of the capillary divided by the gas 

hold-up time, or by the retention time of an unretained 

substance, such as methane: 

to 

(20) 

  

Ideally, to = tm. The issue of gas hold-up time 

determination is addressed in "Gas Flow Calculations," page 

62. Equation 20 shows the average volumetric flow rate 

within the column. In order to use this value with equation 

19 to make a correlation between the physical factors 

affecting carrier gas flow and the measured gas hold-up 

time, the difference between the average column flow and the 

outlet flow must be considered. The correction factor 

developed by Martin and James(26) is employed: 

Pavg = Po / Y (21) 

where 

y = (3/2) + (P% - 1)/(P? - 1) (22) 

24



and 

P = Pi / Po. (23) 

Since volumetric flow is given by: 

F = «rp (24) 

it follows that: 

Fo2V9 = yF,°. (25) 

Applying equation 25 to equation 19 gives: 

Fo2Vvg = yrr4 . P;2 - Po? 
(26)   

  

16L Po 

Equation 26 expresses the average column volumetric flow 

rate that is measured using equation 20 and a t,o marker 

(such as methane) in terms of the physical forces that drive 

gases to flow through capillaries. This will be used later 

("Gas Flow Calculations," Page 62) to determine the gas 

hold-up times necessary for application of equations 9 and 

14 in the extrapolations. 
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Since the extrapolations themselves are based upon 

changes in temperature, the effect of temperature changes on 

the flow expression derived above must be explored. This 

dependance is given by 7, the gas viscosity. If viscosity 

is defined as a resistance to flow, then it can be stated 

that higher viscosity gases, with all other conditions being 

equal, will have a lower volumetric flow rate, and thus will 

take more time to travel the length of a GC column. It is 

well known that the viscosity of gases increases with 

temperature, but an exact relationship has proven elusive. 

Some theoretical expressions exist, but they are only 

approximate, and they involve difficult series 

expansions. (25) To solve this problem, Ettre(29) presented 

an empirical method based upon data from the CRC Handbook 

of Chemistry and Physics(?®) and the International Critical 

“22 

Tables(3T), He wrote: 

ni/Ngo = (T4Y/T.)*. (27) 

Ettre(29) and Rohrschneider, et.al. (32) used this 

published data to calculate viscosities as follows: 

Ni = No (T{/273.15K)*. (28) 
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No is the viscosity of the gas at 273.15K. Values for 

No and x are summarized in Table 6. Figure 4 shows a plot 

of these curves for helium, along with an average for the 

three methods. For further calculations in this work, 

method 1 of Ettre was used. Ettre(29) also noticed the 

rough linearity of plots similar to those in Figure 4. 

Using regression analysis, he determined linear 

relationships for common gas chromatographic carrier gases 

similar to this one for helium: 

Ni = 0.3997; + 186.6 (29) 

The slopes and intercepts for helium, nitrogen and 

hydrogen are summarized in Table 7. These are valid in the 

temperature range of 0-300°C, calculating viscosities in 

micropoises to within about 1% of the measured values. 

—Curvers(33) showed that these linear relationships were 

adequate for computer simulations of single-ramp linear 

temperature programs. 

These relationships, expressing the column volumetric 

flow rate as a function of measurable physical factors, will 

be used to derive expressions for the gas hold-up time. It 

is this value (t,) that gives the correlation between the 

column flow rate and the retention time of a compound on the 

27



TABLE 6 - Viscosity Coefficients of Common Carrier Gases 

  

  

      

No xX 

(xp) 

He H2 N2 He Ha N2 

Ettre (9) 188.7 84.11 165.9 | 0.647 0.695 0.725 

Ettre (9) 186 83.5 <----- 0.646 0.680 ----- 

Kimpenhaus(12) | 185.2. 83.47 167.1 | 0.673 0.648 0.692 
  

Data from references 9 and 12 

Equation: 74 = 109(T4/273.15K)* 
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FIGURE 4 - Viscosity Versus Temperature for Helium 
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TABLE 7 - Regression Data for Viscosity Determination 

  

  

        
  

Gas slope intercept R squared 
Helium 0.3993 186.62 0.9998 

Nitrogen 0.3838 167.36 0.9992 
Hydrogen 0.1827 83.990 0.9997 

Equation: 7; = (slope)T; + (intercept) 

Data from calculations shown by Figure 4. 
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column. The specific application of these flow calculations 

to the simulations will be explored in "Gas flow 

Calculations," page 62. 
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CHAPTER 2 - HISTORICAL 

The theories of isothermal and temperature programmed 

gas chromatography presented in the introduction have been 

applied in-part to the prediction of retention times from 

isothermal (1,3,4,34) and temperature programmed (36-40, 44,45) 

data. These may be considered extrapolations because the 

typical procedure is to obtain initial data at two or more 

conditions of temperature or temperature programming rate, 

and to derive a relationship between retention time and 

temperature. Next, this relationship is used to predict the 

retention times for other, typically more complex, 

temperature programs. The three methods described herein 

represent the major advances in this type of prediction 

using personal computers to perform the calculations. 

TEMPERATURE PROGRAMMED RETENTION INDICES 

Using equation 14, Curvers and Rijks, et.al. (3,4,34), in 

1985, developed a method for calculating the linear 

temperature programmed retention time of a compound for 

which the isothermal retention times at two different 

temperatures were known. They achieved predicted 
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values that were typically within 1% of experimental values. 

The retention times for a test mixture, calculated by the 

Curvers and Rijks method are shown in Table 8, along with 

experimental results for the same sample. This is a typical 

example of the accuracy that is attainable with this 

technique. 

Curvers and Rijks showed the utility of computer 

simulation to qualitative analysis by using their algorithm 

to determine isothermal and temperature programmed retention 

indices. This simulation is the basis for a commercially 

available software package called the GC Identifier (14), 

published by Sadtler Research Laboratories, Philadelphia, 

PA. They achieved calculated temperature programmed 

retention indices to within 0.5 retention index units of 

experimental data. Used in conjunction with a retention 

index database(13,15), this procedure allowed some 

translation of retention times and indices from the 

conditions of the database to the conditions of a user's GC 

runs, allowing for more flexible qualitative analysis by 

database matching of retention times or retention indices. 

This also allows more flexibility in building a retention 

index or retention time database by reducing the number of 

standard runs at different temperatures a user would be 

required to perform. 
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TABLE 8 - Retention Times Calculated by the Curvers and 

Rijks Method (3,4) 

(Retention times in Minutes) 
  

  

  

Compound Experimental Calculated 
n-octane 10.99 10.99 
n-dodecane 39.05 38.82 
heptanol 20.38 20.54 
decanol 43.11 42.95 
3-pentanone 6.55 6.60 
3-octanone 18.30 18.47 

1-tridecene 45.58 45.45 
toluene 9.07 9.15 
1,2- 15.42 15.55 

dimethylbenzene 
isobutyl benzene 23.48 23.60       
  

** - Conditions for Table 8: 

Temperature: 50°C, ramp immediately at 2°C/min to 

150°C. 

Column: OV-1, 50m by 0.20 mm by 150 phase ratio. 
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Some typical results for temperature programmed 

retention index calculations are shown in Table 9. 

While this method is capable of producing highly 

accurate results, it is severely limited in its 

applicability. It is only capable of predicting the results 

of single-ramp linear temperature programs. Most gas 

chromatographs with temperature programming capability allow 

the user to employ multiple-ramp or multi-segment 

temperature programs in making separations. Therefore, in 

order to be truly useful as an aid for qualitative analysis 

or for method development, the procedure needs to be 

generalized to allow the prediction of multi-segment 

temperature programs. 

THERMODYNAMIC RETENTION INDICES 

In 1987, Dose(1) attempted the most rigorous simulation 

of temperature programmed gas chromatography to date. Using 

equation 12, he was able to predict, with a high degree of 

accuracy, the temperature programmed retention times for 

some pesticides. This method allowed the use of multi- 

segment temperature programs, and it gave retention times 
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TABLE 9 - Temperature Programmed Retention Indices 

Calculated by the Method of Curvers and Rijks (3,4) 

  

  

        

Compound Measured Calculated Difference 

1-heptanol 951.56 952.07 -0.51 
1-decanol 1255.19 1255.40 -0.41 

3-pentanone 670.49 672.79 ~2.30 
3-octanone 922.24 923.06 -0.82 
1-tridecene 1288.85 1288.93 -0.08 

toluene 749.73 750.84 -1.12 

1,2- 877.19 877.92 -0.73 

dimethylbenzene 
isobutyl benzene 995.93 994.95 +0.37 
  

** Conditions for Table 9: 

Temperature: Programmed, 50°C initial, ramp at 

Column: OV-1, 
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that were typically within 1-2% of experimentally determined 

values. Table 10 shows some typical results. 

This would seem to have solved the problem of 

generalizing the simulations to multi-segment temperature 

programs, except that the highly accurate results were 

achieved at a cost of practicality. Dose reported the use 

of many isothermal runs, with capacity factors greater than 

five for his most accurate results, and also that the 

temperature programmed runs were obtained under similar 

conditions. He reported large errors if capacity factors 

less than five, or if fewer isothermal runs were used. 

The larger errors at short retention times (low capacity 

factors) indicate that the Dose method, while more general 

than the Curvers and Rijks method, suffers from inaccurate 

flow calculations. This is the portion of the chromatogram 

where a major component of a compound's retention time is 

due to the gas hold-up time, rather than the adjusted 

retention time. (k' is small) Dose did not describe in 

detail the handling of the gas hold-up time calculation, but 

probably used a poor choice of ty marker: dichloromethane, 

which has a boiling point of 40°c.(31) Also, in terms of 

method development time to the chromatographer, the use of 

multiple isothermal runs with k' greater than 5 is 
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TABLE 10 - Temperature Programmed Retention Times 

Calculated by Dose (1) 

(Retention Times in Minutes) 
  

  

    

Compound Predicted Observed 
a-BHC 15.24 15.32 
n-BHC 16.86 17.00 

6-BHC 17.15 17.29 

heptachlor 18.24 18.38 
B-BHC 18.71 18.86 

aldrin 19.63 19.78 
heptachlor epoxide 21.96 22.12 

endosulfan I 23.37 23.60 

4,4'-DDE 24.31 24.51 

dieldrin 24.68 24.87 
endrin 26.15 26.38 

4,4'-DDD 25.54 26.79 

endosulfan II 26.87 27.12 

4,4'=DDT 27.74 28.01 
endrin aldehyde 28.16 28.46 

endosulfan sulfate 28.66 28.98       
** ~ Conditions for Table 10: 

Temperature: Programmed 50°C for 1 min, program at 

50°C/min to 150°C, immediately 

program at 5.0°C/min to 275°C 
and hold. 

Column: DB-17, 30m by 0.32mm by 0.25pm. 
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prohibitive, since good separations are typically obtained 

at capacity factors of 2 or greater, and since the time 

required to simply perform the extra isothermal runs would 

be considerable. 

Besides the prediction of retention times, Dose observed 

that these integral techniques are useful for the 

calculation of thermodynamic quantities, characteristic for 

a compound and stationary phase. These quantities are the 

enthalpy and entropy that may be determined from the slope 

and intercept of equation 11. The equation is plotted for 

three compounds in Figure 5, with the thermodynamic 

quantities calculated shown in Table 11. Dose(1), 

therefore, proposed these quantities as an alternative to 

the Kovats retention index for a given compound and 

stationary phase. He showed that predictions are possible, 

given a database of enthalpies and entropies for a 

particular stationary phase. This method for prediction 

also suffers form the same problems as the calculation from 

the retention times: too many isothermal runs, and unusually 

long capacity factors are required for accurate results. It 

is also possible that the values for the thermodynamic 

quantities may vary slightly with temperature and column 

age, causing the curves to be slightly non-linear or to 

change slope. 
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log k’ versus inverse temperature 

In 
(k
) 
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= cyclohexane * p-xylene “ decane 
    

  

Instrumental Conditions as in Tables 5 and 20 

FIGURE 5 - Plot of Equation 11 for 3 Compounds 
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TABLE 11 —- Calculation of Thermodynamic Quantities 

  

  

Compound AH (kJ/mol) AS (J/mol kK) 
cyclohexane 26.8 -41.1 
p-xylene 34.0 -49.7 
decane 41.1 -61.2     
  

Calculated from isothermal GC runs at 60, 80, 100, 120, 

140, and 160°c. 

Other conditions as in Table 20. 
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LINEAR ELUTION STRENGTH APPROXIMATION 

The latest attempt at predicting gas chromatographic 

retention times was first presented by Snyder and Dolan, 

et.al., in 1990. (36-40) this method is based on a GC 

analogue to a technique that is commonly employed for 

predicting retention times in high performance liquid 

chromatography, (41-43) and is the basis for the commercially 

available software programs: DryLab Gc(44) and DryLab Lc(45) 

from LC Resources, Lafayette, CA. 

This method uses approximations to eliminate the lengthy 

integral calculation used in the other methods. (36,41-43) 

In short, the user begins with two temperature programmed 

runs, having the same initial temperature and different 

programming rates. The user also inputs values for the gas 

hold-up time and for the column plate count. These 

retention times are then used to derive a relationship 

between retention time and temperature similar to that for 

the previous methods. An approximation based upon the idea 

that the eluting power of the mobile phase increases with 

temperature is employed to remove the integral from the 

calculations, making an extremely fast method. Simulations 

are typically performed in less than 30 sec. The gas hold- 

up time is also employed in determining the distance that a 
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compound has traveled in the course of a temperature program 

segment. Snyder and others(46-47) have predicted many 

separations, showing the applicability of the technique to 

GC method development problems. 

Typical results of Snyder's, from reference 37, are 

shown in Table 12, with chromatograms shown in Figure 6, for 

a sample containing 11 phenols. The chromatograms for a 

multi-segment temperature program are shown in Figure 7. 

Plot A shows experimental results; plot B is a calculated 

chromatogram. It is noted that this method does not predict 

retention times as accurately as the Dose method, but 

employs much simpler calculations and initial data, making 

it well suited to method development, in which speed of 

development and analysis are paramount concerns. A typical 

result from the DryLab GC software could be used as a 

starting point for fine-tuning a GC separation to the best 

conditions. This also eliminates many time-consuming 

intermediate steps that would otherwise be performed on the 

GC instrument itself. 
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TABLE 12 - DryLab GC Results for a Single-Ramp 

Temperature Program (37) 

(Retention Times in Minutes) 
  

  

  

Peak Experimental Calculated 
1 2.68 2.43 

2 2.81 2.56 

3 3.47 3.28 

4 3.39 3.21 

5 3.67 3.52 

6 4.50 4.60 

7 5.52 5.86 

8 8.12 8.95 

9 8.37 9.31 

10 10.9 12.0 

11 15.5 16.8       

** - Conditions for Table 12: 

Temperature: 150°C initial, ramp at 2°C/min to 250°C. 

Column: DB-5, 30m by 0.25mm by 0.25pm. 
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FIGURE 6 - Chromatograms of Phenol Mixture (37) 
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FIGURE 7 - Chromatograms of Phenol Mixture - Multi- 

Segment Temperature Program(37) 
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COMPARISON OF METHODS 

Each of the methods described above has advantages and 

limitations. An exploration of these will provide an 

examination of the general utility of computer simulations 

in gas chromatography, along with an impetus for the 

research presented in the remainder of this work. 

The nature of the initial data required for the 

Simulation dictates the purposes that the simulation best 

serves. In contrast to the method to be presented in this 

work, and to the Dose method, the Linear Elution Strength 

Approximation requires two linear temperature programmed 

runs as initial data. This lends itself well as an aid in 

GC method development of unknown samples. 

In a typical method development scheme, an analyst will 

perform an initial temperature programmed scouting run, 

usually at a fast programming rate. This serves two 

purposes: to provide an indication that the sample is, in 

fact, separable by gas chromatography, and to provide an 

indication as to the elution temperature range of the 

compounds in the sample. Next, the analyst will modify the 

temperature program, usually choosing a slower temperature 

programming rate. Having performed these two runs, the 
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analyst may continue modifying the temperature program until 

the sample's components are separated in the shortest period 

of time. This may require a number of GC runs. With the 

DryLab method, the analyst can perform the runs after the 

two initial temperature programs ina "dry" fashion, and 

very quickly, on the computer, rather than slowly on the GC. 

This provides a potentially large savings in method 

development time. Therefore, it is the temperature 

programmed input data that makes the DryLab method superior 

for GC method development applications. 

For qualitative analysis, the Curvers and Rijks method 

has been shown to be useful. (3,4,34) If the user is lacking 

a spectroscopic detector, such as a mass spectrometer or FT- 

IR, qualitative analysis is typically performed by retention 

time or retention index matching. For databases, retention 

times and retention indices are usually presented as 

isothermal data(13), although temperature programmed data 

are also available.(13) By inspection of equations 9 and 

14, it is easily seen that isothermal data is much easier to 

correct for changes in flow rates and column dimensions. In 

their simulations, Curvers and Rijks(3,4,34) showed that 

these corrections are possible with isothermal data. 

Therefore, for the building and use of standard retention 

databases for qualitative analysis, methods based upon the 
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use of isothermal input data are preferred. The method 

described by Curvers and Rijks performed simulations of 

temperature programmed GC runs from isothermal data, but was 

limited to the simple case of single-ramp linear temperature 

programs. 

Finally, the thermodynamic retention index method of 

Dose was excellent for theoretical calculations. Of the 

methods presented, this is the most accurate, but also the 

most difficult to apply. The volume of data required for 

the Dose method to work would be difficult to collect intoa 

standard database. Also, the simulations were performed at 

high capacity factors, showing a lack of flexibility toward 

shorter GC runs. However, Dose did show the ease with which 

the enthalpy and entropy of the stationary-mobile phase 

transition may be calculated, and that these values 

themselves may make a useful retention index system. 

A summary of the simulations presented herein is given 

in Table 13. Having seen these three methods, it is evident 

that a generally useful simulation method for qualitative 

analysis has been elusive. This would allow the user to 

perform a method development on the computer, or on the GC, 

and then have a database of retention times or retention 

indices available for library searching and comparison. The 
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main problem is that databases are collected under standard, 

isothermal conditions(13), while almost all GC analyses are 

performed under multi-segment temperature programmed 

conditions. In order for comparisons to be possible, the 

database must be translated to the user's conditions from 

the standard conditions in as rapid a manner as possible, 

while still obtaining accurate results. 

The remainder of this work will show that the 

calculation of temperature programmed retention times from 

two isothermal runs is possible. It will also show that 

excellent correlation between calculated and experimental 

temperature programmed results is obtainable for many 

different situations. This will be achieved through the use 

of the theories developed in the introduction, along with 

some new flow calculations. Also, the calculation of gas 

viscosities from the gas hold-up time will be demonstrated. 

Finally, the application of the simulation to qualitative 

analysis will be discussed, and a novel database 

architecture will be proposed. 
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TABLE 13 = Retention Time Simulation Methods 

  

  

  

  

          

Method Input Data Output Data Application 

Curvers and 2 isothermal Linear Qualitative 
Rijks, 1985 runs Temperature Analysis 

Programmed 
Retention 
Times or 
Indices 

Dose, 1987 5 isothermal | Multi-segment Theoretical 
runs temperature Calculations 

program 
DryLab GC, 2 linear Multi-segment Method 

1990 temperature temperature Development 
programs program 

Snow and 2 isothermal | Multi-segment Qualitative 
McNair, 1991 runs temperature Analysis 

program 
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CHAPTER 3 - EXPERIMENTAL 

In the previous chapters, theories describing retention 

and flow in capillary GC have been discussed. The 

application of these theories to the prediction of 

temperature programmed retention times by other workers has 

also been presented. It was also shown that these 

applications are limited in applicability. In this section 

the materials needed and the approach to developing a 

general simulation that may be applied to qualitative 

analysis are discussed. 

MATERIALS 

All chromatographic analyses were carried out ona 

Hewlett-Packard (Avondale, PA) 5890 gas chromatograph with 

split/splitless injector and flame ionization detector. 

Sample introduction was performed with a Hewlett-Packard 

7673A autosampler. Data collection was performed on a 

Hewlett-Packard 3396 integrator and on a LabData 200 

workstation (Laboratory Data Systems (Pittsburgh, PA)). 

Accurate column inlet pressures were recorded using a 

digital pressure gauge (R&D Separations (Shorewood, IL)). 
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Except as noted, all simulation comparisons were made 

using a 30m DB-1 (100% methyl silicone) capillary column 

with internal diameter 0.25mm and film thickness 0.25ym. 

The column was obtained from J+W Scientific, Folsom, CA. 

All chemicals were obtained from Aldrich Chemical 

Company (Milwaukee, WI), unless otherwise noted. These were 

of the highest available grade (HPLC or spectrophotometric). 

The specific compositions of test mixtures used will be 

detailed in "Experimental Method," page 54. 

All computer simulations were carried out on an Intel 

80386 based personal computer, operating at 20MHz 

microprocessor clock speed, and equipped with VGA graphics 

and 4 megabytes of random access memory, obtained from PC 

Brand (Chicago, IL). The operating system was Microsoft 

(Redmond, WA) Windows 3.0 and Microsoft MS-DOS 4.1. The 

Simulation programs were written in Turbo Pascal 4.0 from 

Borland International (Scotts Valley, CA). See the appendix 

for the actual program codes. Theoretical calculations of 

gas flows were performed Using Quattro Pro 1.0, also from 

Borland International (Scotts Valley, CA). 

Two commercially available computer simulation packages 

for gas chromatography were also used. DryLab GC, the 
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implementation of the linear elution strength approximation, 

was obtained from LC Resources (Lafayette, CA). The GC 

Identifier, an implementation of the Curvers and Rijks 

simulation, was obtained from Sadtler Research Laboratories 

(Philadelphia, PA). These were used to gain knowledge of 

computer simulations and to provide a measure of the state 

of the art in judging the performance of our simulations. 

EXPERIMENTAL METHOD 

The development of personal computer software to 

model the gas chromatographic retention process requires 

many steps. First, a survey and comparison of the existing 

techniques in this area was performed. The results of this 

were summarized in "Historical." It was seen that the 

existing methods were limited in many areas. First, for 

qualitative analysis, they lacked general applicability: the 

Curvers method was limited by a lack of ability to employ 

multiple-segment temperature programs; the Dose method was 

impractical, requiring many isothermal runs with large 

capacity factors (long retention times); and the Snyder 

method was not suited to use with databases, as the 

temperature programmed data required for the simulation is 

more difficult to correct for variations in column 
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dimensions and conditions than is isothermal data. All of 

the methods possibly suffered from the lack of a rigorous 

consideration of the gas flows within the capillary column. 

With these limitations in mind, it was then proposed to 

develop a simulation that would provide a rigorous model 

such as that of Curvers, but would also be generally 

applicable to all temperature programs, not merely single- 

ramp programs. 

Once the software was developed, it was tested using a 

column test mixture, whose composition is given in Table 14. 

This mixture contains 6 n-paraffins, 4 aromatic compounds 

and a primary alcohol. The hydrocarbons were chosen because 

the prediction model is based entirely upon the partitioning 

model of gas chromatography. Hydrocarbons, with only London 

dispersion forces interacting with the non-polar liquid 

phase within the GC column have shown ideal partitioning 

behavior in GC. Thus, other interactions, which might alter 

the peak shapes, were avoided. The aromatic compounds 

provide some variety to the types of compounds tested. 

Finally, the alcohol was added to determine whether the 

expected tailing due to hydrogen bonding would have a major 

effect upon the calculations. 
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TABLE 14 - Composition of Simulation Test Mixture 

  

  

  

Compound Aldrich Catalog Number (53) 
benzene 27-070-9 

toluene 24,451-1 
octane 0-325-7 

p-xylene 31,719-5 
o-xylene 28,588-4 
nonane N2,940-6 
decane D90-1 

n-octanol 36,056-2 
undecane U40-7 
dodecane D22,110-4 
tridecane T5,740-1   
  

All components dissolved 0.3% (v/v) in pentane 
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To test the calculations, comparisons were performed 

between retention times calculated by the software and 

obtained experimentally for a variety of temperature 

conditions. Replicate determinations were used to provide 

statistics for precision and the accuracy of the 

calculation technique, and to test the effect of systematic 

variations in the input data on the calculations. 

To determine the applicability of the calculations to 

qualitative analysis, retention indices for another test 

mixture were also calculated. The composition of this 

mixture is given in Table 15. The normal paraffins are used 

as the retention index markers. The other compounds were 

chosen to provide some variety of functional groups to the 

test mix. If the temperature programmed retention indices 

of the test compounds are calculated accurately, then it can 

be stated that this method is applicable to qualitative 

analysis. A user would be able to develop a temperature 

programmed GC method for a unknown, then translate a 

standard database to match the temperature conditions of the 

unknown. Qualitative analysis could then be performed by 

database matching between the retention times obtained on 

the GC and those calculated by the computer. 
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TABLE 15 - Retention Index Test Mixture* 

  

  

  

Compound Aldrich Catalog Number (53) 
hexane 13 ,938-6 
heptane 27.051~-2 
octane 0-325-7 

nonane N2,940-6 
decane D9I0-1 

undecane U40-7 
cyclohexane 27,062-8 

benzene 27,070-9 
iso-octane 27,035-0 

butyl acetate 28,772-5 
amyl acetate 10,958-4 
1-heptanol H280-5 
1-octanol 36,056-2 

nonyl aldehyde N3 ,080-3 
dodecane (solvent) D22,110-4   
  

* All components dissolved to 0.3% v/v in dodecane. 
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Therefore, it was the goal of this research to develop 

and implement the necessary mathematics to predict 

temperature programmed retention times from isothermal data 

in a practical fashion. 

PROGRAMMING TECHNIQUES 

In personal computer software development, the 

choice of the development environment is critical. This was 

seen as too complex a problem for the interactive 

implementations of BASIC commonly bundled with personal 

computer operating systems. For its structured programming 

capability, ease of use, and lack of expense, Turbo Pascal 

4.0 (Borland International, Scotts Valley, CA) was chosen. 

As a programming language, Pascal lends itself well to the 

structured type of programming required for this problem. 

Figure 8 gives the pseudo-code, a rough English translation 

of the problems to be solved by the actual computer code, 

for the main program "PredictGc." It is seen that 

structured programming allows the problem to be easily 

divided into smaller portions, which may be implemented 

separately for testing, then combined into the final 

software. 
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Begin 

getinformation (* from user *) 
isothermal retention times 
isothermal temperatures 
isothermal gas hold-up times 
temperature program conditions 
inlet pressure 
outlet pressure 
column length 
column diameter 

calculate thermodynamic values 
enthalpy and entropy 

calculate retention time for each segment 
isothermal and temperature programmed 

record and print calculated retention times 

End. 
  

FIGURE 8 - Pseudo-Code for Main Simulation Program 
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In this work, the routines for isothermal and 

temperature programmed calculations were developed first, 

along with the input and output routines. Next the flow 

calculation routines were developed and added to the 

thermodynamic calculations. All of these were then combined 

into the final program shown in the appendix. Details of 

the mathematics involved are discussed in "Simulation Method 

and Calculations," page 79. The actual Pascal code for the 

simulation software is given in the appendix, page 151. 

The remainder of this work will describe the 

implementation of the ideas presented in this section and 

the resulting contributions to computer simulation of 

temperature programmed gas chromatography. 
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CHAPTER 4 = RESULTS AND DISCUSSION 

This chapter first presents the results of the gas flow 

derivations that were required in order to complete the 

model of a gas chromatographic column. Next, a novel 

approach to the simulation of processes within the column is 

described, and this approach is applied to a test mixture. 

The sources of error in the model are then determined, along 

with an estimate of the magnitude of each error source. 

Finally, the applicability of this prediction method to 

qualitative analysis is shown through the calculation of 

retention indices from the predicted retention times. A 

novel retention index database is also proposed. 

GAS FLOW CALCULATIONS 

It was shown in the Introduction that a knowledge of the 

carrier gas flow characteristics within the capillary column 

is necessary to fully develop a model of the processes 

occurring as a molecule travels length of the column. 

Expressions describing the volumetric flow rate at the 

column outlet and the average volumetric flow rate were 

derived. They are reprinted here for convenience: 
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Foo = ar4 _ Py? - Po? (19) 
  

  

16yL Py 

and 

Fo2V9 = yar4 Py2 - Po? 
(26) 

    

16nL Po 

For performing the simulation, it is seen from these 

expressions and from those to be derived for the gas hold-up 

time, pages 67-76, that the pressure at any point along the 

capillary GC column is a necessary quantity. 

Using equation 19, the expression for the outlet flow 

rate, the flow rate at any distance, z meters along the 

column from the inlet may be written: 

  

  

  

FZ, = mr* | py? - Pp2 (30) 

1672 P72 . 

Rearranging equation 30 gives: 

Pi2 - Pp? = Py,(16nF2Z) (31) 

ar4 

and 

63



Po? + bP, - P32 = O (32) 

where 

b = (169Fz2 / mr‘) (33) 

The volumetric flow rate at point z meters along the 

column is given by Harris and Habgood (2) : 

Fy, = Foo / (1 + (P2-1)(1-(z/L)))1/2 . (34) 

Thus, equations 32 and 33 may be solved by application 

of equation 34 and the quadratic formula to calculate the 

pressure at any point along the capillary column. This 

calculation, for a capillary column 15m long, 0.25mm 

internal diameter (J+W Scientific Part Number 122-8012 

(Folsom, CA)), and inlet pressure 14.7 psig (1 atmosphere 

above ambient), and outlet pressure 720 mmHg, is illustrated 

in Figure 9. It is noted that dP,/dz increases in negative 

magnitude with the increasing distance along the column. 

This indicates that the pressure gradient becomes steeper as 

the column outlet is approached. A higher pressure drop per 

column length indicates a faster flow rate. This is 

confirmed by a plot of equation 34, in Figure 10, which 

shows a rapidly increasing flow rate as the column outlet is 
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approached. The curves shown in Figure 10 were generated 

for a 30 meter column, similar to that described on page 64. 

With a knowledge of the flow and pressure gradients in 

hand, calculation of the gas hold-up time, used in the 

Simulations, may be explored. 

GAS HOLD-UP TIME CALCULATIONS 

If equation 26 is substituted into equation 20 and 

rearranged, then the following equation is obtained: 

gyal en - Voy 

tm = 32nb? Po . Peal (35) 8 
ré Pi? - Po? p2 - 1 

° 
  

    

Thus, t,, the gas hold-up time is expressed as a 

combination of physical parameters: the carrier gas 

viscosity, the length and radius of the column, and the 

inlet and outlet pressures. 

Experimentally, the gas hold-up time is typically 

determined by the injection of an unretained substance. On 

GC systems employing the flame ionization detector, this 

substance is usually methane. On thermal conductivity 

detector systems, this may be air. The major criteria for 
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the choice of this compound are that it can be seen by the 

detector, and it is not retained at all by the stationary 

phase. 

The ty, value may also be determined by extrapolation 

from the retention times of three homologues, as in the 

method of Peterson and Hirsch(28): 

tn = tp(2) - AtszdAty 

  

(36) 
At3 - Aty 

At3 = tp(3) - tp(2) (36a) 

At> = tp(2) - tr(1) (36b) 

Figure 11 shows gas hold-up times determined by the 

three methods. If linear regression is performed upon the 

data sets, then the regression results shown in Table 16 are 

obtained. It is observed that, over typical GC temperature 

ranges, the theoretical method gives values that are within 

1% of either experimental method. These values were 

calculated for a 30m column, as described on page 64. 

Therefore, the choice of method for gas hold-up time 

determination is left to the operator's convenience, 

although the theoretical calculation and the injection of 

methane appear to give a better linear fit. 
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TABLE 16 - Gas Hold-up Time Regression Results 

  

  

Gas Hold-up Times Percent 
(min) Deviation 

Temperature Methane Peterson Theoretical | T-M T-P 
(°c) +Hirsch 

0 2.489 2.435 2.487 0.1 2.1 

20 2.588 2.536 2.585 O.1 1.9 

40 2.688 2.637 2.683 0.2 1.7 

60 2.787 2.738 2.780 0.2 1.5 

80 2.886 2.839 2.878 0.3 1.4 
100 2.986 2.940 2.975 0.4 1.2 

120 3.085 3.041 3.073 0.4 1.0 
140 3.184 3.142 3.171 0.4 0.9 

160 3.283 3.243 3.268 0.5 0.8 

180 3.383 3.344 3.366 0.5 0.6 

200 3.482 3.445 3.463 0.6 0.5 

220 3.581 3.546 3.561 0.6 0.4 

240 3.680 3.647 3.659 0.6 0.3 

260 3.780 3.748 3.756 0.6 0.2 

280 3.879 3.849 3.854 0.7 0.1 

300 3.978 3.950 3.951 0.7 <0.1 

320 4.078 4.051 4.049 0.7 <O.1 

340 4.177 4.152 4.147 0.7 0.1 

360 4.276 4.253 4.244 0.8 0.2 

380 4.375 4.354 4.342 0.8 0.3 

400 4.475 4.455 4.439 0.8 0.4 

slope(min/K) | 0.00496 0.00505 0.00488 
Int (min) 1.134 1.056 1.155 
R squared 0.994 0.985 0.999     
  

Other Instrumental Conditions Given in Table 20 
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By inspection of Figure 11, it can be seen that, 

although the linear fits are reasonable, and have been used 

by other authors in simulation work(1,3,4,34), there is, as 

expected from the exponential relationship between the gas 

viscosity and temperature, a non-linear appearance to the 

plot. This may be seen by substituting equation 28 into 

equation 35 for the gas viscosity: 

    

tm = 32L2 Po _ PB-1 . f noty \* (37) 

re P;2 - Po? p2 - 1 273.15 

and plotting the resulting gas hold-up time versus 

temperature, as shown in Figure 12. Note that over small 

temperature ranges the curve appears linear. Linear 

regression results for a number of temperature ranges are 

shown in Table 17. As expected, the linear fit, shown by 

the correlation coefficients, becomes worse as the 

temperature range is increased. All of the fits, however, 

show correlation coefficients greater than 0.99. Therefore, 

if small temperature ranges, less than 100°C, are employed, 

a linear model for the relationship between gas hold-up time 

and temperature may be employed. However, if wider 

temperature ranges are needed, then the more complicated 
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TABLE 17 - Gas Hold-up Time Regressions on Exponential 

  

Model 

Temp. Range (K) | Slope (s/K) Intercept (s) R squared 

203-763 0.1495 34.16 0.996 
283-683 0.1480 35.67 0.998 

203-323 0.1814 24.60 0.9994 
203-483 0.1559 28.47 0.998 
203-643 0.1559 31.84 0.997   
  

Data in Table derived from curve shown in Figure 12. 
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exponential model is preferred. For the simulations in this 

work, the exponential model is used. 

Finally, the effects of temperature and inlet pressure 

on the gas hold-up time, may be summarized ina 3- 

dimensional plot (Figure 13). It is seen that the greatest 

effects on the gas hold-up time come at low temperatures and 

small pressure drops. The pressure calculation assumes 

atmospheric outlet pressure. This indicates that flow 

optimization is especially important in chromatographic 

applications employing sub-ambient temperature or pressure 

conditions. It is also seen that at extremely high 

pressures, a diminishing return effect occurs, due to the 

quadratic relationship between inlet pressure and gas hold- 

up time. In later sections of this work, it will also be 

seen that these calculations play important roles in the 

modeling of the retention processes within the GC column. 
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FIGURE 13 - Gas Hold-up Time Versus Temperature and 

Inlet Pressure (Outlet Pressure Constant) 
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GAS VISCOSITY CALCULATIONS 

Equation 35 gives the gas hold-up time as a 

function of the carrier gas viscosity, among other factors, 

derived from Poiesuille's Law. An alternate form, was 

presented by Cramers, et.al.(28), and was derived from 

Darcy's Law: 

  

tm = 4nL2 p3 - 1 m nL . 32 . (38) 

3P, ad.” (p2-1)2 

This may be solved for the viscosity: 

n = 3Pg . (P4 -1)2 ~ dg? 
° tn (39) 

      

4L2 (p> - 1) 32 

The gas viscosity, a physical property of the carrier 

gas, is expressed here as a combination of quantities that 

are easily measured on a gas chromatograph. A tabulation of 

viscosities, calculated from gas hold-up times and equation 

39 is shown in Table 18. These are compared to literature 

values from Ettre(39), and from the CRC Handbook of 

Chemistry and Physics(31). It is noted that these results 

agree excellently with those from the literature. 
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TABLE 18 - Gas Viscosity Calculation 

  

  

  

Temperature Experimental Literature” Literature** 

Oc (micropoise) (micropoise) (micropoise) 
40 206 206 

50 210 

60 215 215 

70 218 

80 223 223 
90 227 

100 231 231 228.1 

110 235 

120 239 239 

140 246 246 

160 254 254 

180 261 262 

200 268 269 267.2       
  

* - Data from method of Ettre(39). 

*k — Data from CRC Handbook (31) 

Viscosities Determined for Column as on Page 54. 

77 

 



It is also noted that a gas chromatograph has a number 

of advantages over a typical mercury viscometer(52). The 

mercury viscometer operates on a measurement of the time 

required for gas flowing through a capillary to displace a 

certain volume of mercury. This is a tedious device to 

operate, and it uses about 1 liter of mercury, offering the 

potential for mercury spills. A gas chromatograph provides 

excellent viscosity measurements in a straightforward 

analysis, with no danger of a mercury spill. 
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SIMULATION METHOD AND CALCULATIONS 

In order to extend the principles discussed above to the 

prediction of gas chromatographic retention times, a 

computer simulation, based upon many of the derived 

equations was employed. In this section, that method is 

described, and is shown along with some sample calculations. 

It will be shown that many types of temperature programs can 

be effectively simulated. 

Figure 14 shows the temperature profile of a 

hypothetical multi-segment temperature program. Each 

segment, isothermal or programmed, is evaluated separately, 

with a theoretical retention time being calculated for each 

segment, using equation 9 for isothermal holds and equation 

14 for temperature ramped segments. Each segment is, 

therefore, considered in turn as the separation proceeds 

through the temperature program, until all of the components 

have eluted. The segments of a temperature program, such as 

those in Figure 14 will now be considered, along with 

example calculations. 

Initial seed data must first be collected. Tables 19 

and 20 give the isothermal retention times and instrumental 

conditions for the test mixture described in Table 14. 
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FIGURE 14 - A Hypothetical Temperature Program 
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TABLE 19 - Isothermal Retention Times of Test Mixture 

(Retention Times in Minutes) 

  

  

  

  

Compound 80°C 100°C 

ty value 1.621 1.755 

benzene 2.225 2.122 

toluene 2.747 2.410 

octane 3.077 2.558 

p-xylene 3.818 2.953 
o-xylene 4.175 3.137 
nonane 4.480 3.228 

decane 7.355 4.497 

n-octanol 8.944 5.277 

undecane 13.222 6.897 

dodecane 25.152 11.413 

tridecane 49.350 19.895       
  

All other instrumental conditions are given in Table 20. 
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TABLE 20 ~- Instrumental Conditions for Test Mixture 

  

Gas Chromatograph HP 5890 GC 

HP 7673A Autosampler 
HP 3396 Integrator 

LabData 200 workstation 
  

  

  

  

Injector Split 100:1, 250°C 
Detector FID, 350°C 

Inlet Pressure 15 psi 
Outlet Pressure 720 torr 
    Column   DB-1 (J+W Scientific) 

29m by 0.25mm by 0.25 micron 
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Tables 19 and 20 show all of the initial data needed to 

perform the simulations described below. 

An initial isothermal hold is considered first. Figure 

15 shows the parameters affecting an injected band at the 

time of injection, at the very head of the column. 

According to equation 9 (isothermal holds), and to equation 

35 (gas hold-up time calculation), these parameters are: the 

pressure drop (inlet and outlet pressures), the column 

dimensions (length, internal radius), the phase ratio, and 

the temperature, along with the choice of stationary phase 

and carrier gas. 

The retention time at the isothermal temperature is 

calculated using equation 9. If this calculated retention 

time is less than the isothermal hold time, then the 

compound is considered to elute during the isothermal hold; 

the calculated retention time is recorded, and no further 

calculations need to be performed for that compound. If the 

calculated retention time is greater than the isothermal 

hold time, then the compound remains on the column. The 

fractional distance that the compound has traveled is 

calculated by dividing the isothermal hold time by the 

calculated retention time. The actual distance that the 

compound has traveled may be calculated by multiplying this 
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FIGURE 15 - Factors Affecting Band at Time of Injection 
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quotient by the column length in meters. This procedure for 

the isothermal hold calculation is summarized graphically in 

Figure 16. 

At this point, the simplest of simulations may be 

considered: isothermal. Knowing the retention times of 

compounds at two temperatures allows the calculation of 

retention times at a third temperature. This is illustrated 

in Tables 21 and 22. The calculated retention times are 

listed along with experimental values and percent 

deviations. Specific sources for these deviations are 

discussed later in "Error Sources," page 103. It is noted 

that the percent deviation for the 140 degree simulation is 

larger than that for the 120 degree simulation, indicating a 

possible problem with extrapolations to temperatures far 

removed from the initial data. 

Returning to the consideration of compounds that do not 

elute during the initial isothermal hold; it can be said 

that each compound has traveled some distance along the 

column. Before the next segment (the temperature programmed 

ramp), may be considered, the parameters affecting that 

peak's motion along the column must be updated. The 

chemistry has not changed: AH and AS of the transition 

between the mobile and stationary phases, and the column 
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TABLE 21 - Retention Time Prediction for 120°C 

Isothermal Run 

(Retention Times in Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.12 2.09 1.4 

toluene 2.29 2.26 1.3 

octane 2.36 2.33 1.3 

p-xylene 2.59 2.56 1.2 
o-xylene 2.69 2.66 1.1 
nonane 2.70 2.68 0.7 

decane 3.31 3.30 0.3 

n-octanol 3.72 3.72 0.0 

undecane 4.37 4.39 0.4 

dodecane 6.24 6.31 1.1 

tridecane 9.51 9.69 1.9 

Average |; oo wert fo eee 1.0 
Deviation           

All other instrumental conditions are given in Table 20. 
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TABLE 22 - Retention Time Prediction for 140°C 

Isothermal Run 

(Retention Times In Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.18 2.09 4.3 

toluene 2.28 2.20 3.6 

octane 3.32 2.24 3.6 

p-xylene 2.45 2.38 2.9 
o-xylene 2.51 2.44 2.9 
nonane 2.50 2.44 2.5 

decane 2.80 2.76 1.4 

n-octanol 3.04 3.09 1.6 

undecane 3.31 3.31 0.0 

dodecane 4.14 4.22 1.9 

tridecane 5.52 5.72 3.5 

Average 2.6 
Deviation           

All other instrumental conditions are given in Table 20. 
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phase ratio remain the same. What has changed, however, is 

the pressure drop that is driving the molecules in the 

mobile phase. This is indicated by equations 32 and 35. 

Also, the effective column length has changed, as the 

compound has passed-by some portion of the original column 

length. Figure 17 illustrates this problem. 

Therefore, a new "inlet" pressure must be calculated 

using equation 32. Using this pressure, a new gas hold-up 

time is calculated from equation 35. This gas hold-up time 

is corrected for the new column length by the following 

expressions. 

Using equation 35, the gas hold-up time for a segment of 

the column with a given pressure (Pz) at a distance z meters 

along the column, may be written: 

tmz) = b-z)® © Py _ 2¢P,/P5)? - 1 (40) 

2 2. ple 52 - Pi* - Py 3(P,/P5) - 1 
  ve 

If equation 40 is divided by equation 35, and 

rearranged, the following is obtained. 

tmz) = . (L-2)? . P;°-PQe . P,2-P,e . P,>-P,> (41) 
    

2 2.p 2 3.p 3 2.p 2 L PLo-P, Pi>-Py Pa“-Py 
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Zz 

Pz & Po 

Pressure at Point z = Pz 

Po < Pz < Pi 

  

Now, we must consider a column of length L-z. 

We must calculate a new to for 

new length = L- z 

new inlet pressure = Pz 
new temperatures as ramp proceeds 

FIGURE 17 - Conditions Following Isothermal Hold 
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Equation 41 represents the amount of time required 

for a carrier gas molecule to travel the remaining column 

length after it has already traveled z meters. 

It is this newly calculated gas hold-up time that is 

employed in the calculations for the next segment of the 

temperature program. So, at the end of the isothermal hold, 

the retention time (isothermal hold time), and distance 

traveled along the column are recorded for each compound. 

These are used, along with the newly calculated gas hold-up 

time, for the next segment. 

The next segment of the program involves a linear 

temperature ramp. Equation 14 is employed to calculate the 

retention temperature of the compound. Figure 18 shows a 

graphical interpretation of the procedure. If this 

retention temperature is less than the final temperature of 

the temperature program, then the compound has eluted; the 

retention time is calculated from the programming rate, and 

no further calculations need be performed for that compound. 

If the calculated temperature is greater than the final 

temperature, then the compound remains on the column. 

Again, the fractional migration must be calculated. This is 

done by using the calculated retention temperature with 

equation 14 to calculate a new programming rate. The 
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fraction is then determined by dividing the programming rate 

from the temperature program by the calculated programming 

rate. This value is the fraction of the remaining column 

length that the compound has traveled during the linear 

temperature ramp. 

Next, as shown in Figure 18, the conditions have again 

changed. They must be recalculated before determining the 

retention time for each subsequent segment. The procedure 

shown in the preceding paragraphs is therefore iterated 

through the entire temperature program, segment-by-segment, 

until the temperature program ends or all of the compounds 

are eluted. This is implemented on the computer by keeping 

track of the position of the compound during the temperature 

program. The temperature program is considered completed 

when a programming rate of zero is detected. Pseudo-code 

for this procedure is shown in Figure 19. The actual 

computer code for this routine is shown in the Appendix, 

page 151. 

Finally, results for some temperature programmed 

predictions are shown in Tables 23-28. The experimental 

conditions for these predictions are shown in Tables 19-20. 

Tables 23-25 show predictions for the straightforward 

application of equation 14, linear temperature ramps. 
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Start with the first isothermal segment 

REPEAT 

IF programming rate <> 0.0 THEN there is 
a temperature programmed segment 

predict isothermal 
predict temperature programmed 
track retention time, distance traveled 

ELSE only have isothermal hold 
predict isothermal; 

increment to second isothermal segment 
(* isothermal segments of time zero are allowed 

UNTIL programming rate = 0.0 (* Program is over *) 
  

NOTE: Pseudo-code refers to the procedure 

“runtheprogram"™ on page 157. 

FIGURE 19 - Pseudo-Code for Temperature Programmed 

Simulation 
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TABLE 23 - Prediction for a Single Ramp Temperature 

Program 

(40°C Initial, 2°C/min) 

(Retention Times in Minutes) 

  

  

      

Compound Predicted Experimental Percent 
Deviation 

benzene 2.45 2.46 0.4 
toluene 3.35 3.38 0.8 

octane 3.95 4.02 1.7 

p-xylene 5.15 5.21 1.1 
o-xylene 5.65 5.75 1.7 
nonane 6.25 6.35 1.6 
decane 10.00 10.18 1.8 

n-octanol 11.55 11.77 1.9 

undecane 15.20 15.42 1.4 

dodecane 21.35 21.57 1.0 
tridecane 27.75 28.04 1.0 

Average |  3-er-- | seer 1.3 
Deviation         

All other instrumental conditions are given in Table 20. 

95



TABLE 24 - Prediction for a Single Ramp Temperature 

Program 

(40°C Initial, 8°C/min) 

(Retention Times in Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.36 2.37 0.4 
toluene 3.00 3.04 1.3 

octane 3.39 3.44 1.5 

p-xylene 4.09 4.16 1.7 
o-xylene 4.39 4.47 1.8 
nonane 4.63 4.73 2.1 
decane 6.24 6.35 1.7 

n-octanol 6.91 7.03 1.7 

undecane 8.05 8.18 1.6 

dodecane 9.89 10.06 1.7 

tridecane 11.64 11.89 2.1 

Average ;$~$  wrrrrr- fo teeter 1.5 
Deviation         
  

All other instrumental conditions are given in Table 20. 
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TABLE 25 - Prediction for a Single Ramp Temperature 

Program 

(40°C Initial, 20°C/min) 

(Retention Times in Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.24 2.28 1.8 

toluene 2.67 2.73 2.2 

octane 2.88 2.95 2.4 

p-xylene 3.30 3.38 2.4 
nonane 3.56 3.65 2.5 

decane 4.35 4.45 2.2 

n-octanol 4.69 4.80 2.3 

undecane 5.17 5.29 2.3 

dodecane 5.96 6.11 2.5 

tridecane 6.70 6.90 2.9 

Average = fo terrrrrr teeter 2.4 
Deviation           

All other instrumental conditions are given in Table 20. 
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TABLE 26 - Prediction of a Multi-Segment Temperature 

Program 

(60°C Initial, Ramp at 5°C/min to 100°C, 

Ramp Immediately at 10°C/min to 200°C) 

(Retention Times in Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.42 2.37 2.1 

toluene 3.16 3.15 0.3 

octane 3.62 3.63 0.3 

p-xylene 4.50 4.51 0.2 
o-xylene 4.86 4.90 0.8 
nonane 5.22 5.26 0.8 

decane 7.46 7.52 0.8 

n-octanol 8.23 8.43 2.4 

undecane 9.55 9.98 4.3 

dodecane 11.69 12.10 3.4 

tridecane 13.56 13.93 2.7 

Average = fo tren ee 1.6 
Deviation           

All other instrumental conditions are given in Table 20. 
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TABLE 27 - Prediction of a Multi-Segment Temperature 

Program 

(80°C/3min, Ramp at 10°C/min to 200°C) 

(Retention Times in Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.23 2.24 0.4 

toluene 2.75 2.77 0.7 

octane 3.05 3.10 1.6 
p-xylene 3.56 3.80 6.3 
o-xylene 3.82 4.10 6.8 
nonane 4.03 4.34 7.1 

decane 5.66 6.02 6.0 

n-octanol 6.35 6.70 5.2 

undecane 7.53 7.85 4.1 

dodecane 9.31 9.59 2.9 

tridecane 10.91 11.21 2.7 

Average fo wert 4.0 
Deviation           

All other instrumental conditions are given in Table 20. 
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TABLE 28 - Prediction of a Multi-Segment Temperature 

Program 

(80°C/2min, Ramp at 5°C/min to 100°C, Hold 2 min, 

Ramp at 5°C/min to 125°C, Hold 2 min, Ramp at 10°C/min 

to 200°C) 

(Retention Times in Minutes) 

  

  

    

Compound Predicted Experimental Percent 
Deviation 

benzene 2.14 2.23 4.0 
toluene 2.54 2.74 7.3 

octane 2.82 3.05 7.5 

p-xylene 3.42 3.71 7.8 
o~xylene 3.70 4.01 7.7 
nonane 3.92 4.24 7.5 

decane 5.78 6.10 5.2 

n-octanol 6.45 6.99 7.7 

undecane 8.13 8.88 8.4 

dodecane 10.66 12.16 12.3 

tridecane 14.35 15.71 8.7 

Average =#;$f$o 0 wtrrrr fl tee 7.6 
Deviation         
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Again, calculated and experimental results are shown with 

percent deviations. It is again noted that the average 

deviation between the experimental and calculated results 

increases with larger temperature extrapolations (higher 

programming rate). 

Tables 26-28 show results for some multi-segment 

temperature programs of increasing complexity. It is noted 

that the deviations become larger as the complexity of the 

temperature program in increased. The two-segment program 

showed an average deviation of about 1.6%, while the seven 

segment program showed an average deviation of about 7.6%. 

Deviations in this range are consistent with those obtained 

by Snyder (37) in his work with predictions from temperature 

programmed data, which showed deviations in the 5-10% range. 

The sources for the deviations will be explored in more 

detail in "Error Sources," page 103. 

These data show that it is possible to predict the 

temperature programmed retention times of compounds under 

multi-segment temperature programs from isothermal data. 

The deviations between the experimental and calculated 

values range form 0.1-10%, dependent upon the complexity of 

the temperature program, and the nature of the input data, 

specifically, the temperatures at which the isothermal runs 
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were collected, and thus the temperature range over which 

the extrapolation is performed. 
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ERROR SOURCES 

When developing a technique for predicting retention 

times, the only determinants of success are the accuracy and 

precision of the predictions. A number of factors affect 

these, including: the instrumental conditions under which 

the separations are obtained, and the distance (in 

temperature) over which the extrapolations are performed. 

This section will explore the following specific error 

sources: the instrumental conditions of inlet pressure, 

outlet pressure, oven temperature, flow rate expressed by 

the gas hold-up time, and column dimensions. Finally, the 

effect of systematic errors in the retention times input to 

the software, and the experimental values used for 

comparison is determined. This will allow separation of the 

observed deviations into those caused by the system, and 

those caused by the calculation. 

INSTRUMENTAL CONDITIONS 

Beyond the trivial assertion that the instrument must be 

operating correctly, there are numerous considerations 

regarding the gas chromatograph that must be made for 

accurate and precise predictions to be possible. 
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The effects of variations in the instrumental conditions 

on the simulations were tested by applying an uncertainty to 

each condition and using these in the simulation to give 

nine values for the calculated result. A summary of the 

conditions that were tested is given in Table 29. For each 

condition, the high, mean and low values were used with each 

of the two isothermal runs, giving a total of nine 

Simulations for each peak. A sample calculation for the 

variation of the inlet pressure is shown in Table 30. All 

of the remaining tests on instrumental conditions were 

performed in this manner. 

Outlet Pressure Variation 

First, as evidenced by equation 35, which describes the 

gas hold-up time, necessary for all of the other 

calculations, as a function of column dimensions, 

temperature and pressure drop, the inlet and outlet 

pressures must be known. Using the flame ionization 

detector, which has the lab atmosphere as an outlet, the 

outlet pressure may be assumed to be atmospheric pressure. 

It is therefore measured as the barometric pressure within 

the laboratory. It is noted that some systems, such as a 

typical GC/MS, operate at a vacuum, and therefore, have 
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TABLE 29 - Summary of Tested Instrumental Conditions 

  

  

  

  

  

    

Low Value Mean Value High Value 
Inlet 14.9 psig 15.0 psig 15.1 psig 

Pressure 

Outlet 715 torr 720 torr 725 torr 
Pressure 

Column Length 28.9 m 29.0 m 29.1 ™m 

Gas Hold-up 1.619 min 1.621 min 1.623 min 

Time (80°C) 
Gas Hold-up 1.752 min 1.755 min 1.758 min 

Time (100°C)       
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TABLE 30 - Sample Inlet Pressure Error Calculation for 

Tridecane 

Inlet Pressure (psig) 
  

  

  

    

80°C Isothermal 100°C Isothermal Calculated 
Run Run Retention Time 

(min) 
14.9 14.9 14.406 

14.9 15.0 14.404 

14.9 15.1 14.402 

15.0 14.9 14.406 

15.0 15.0 14.403 

15.0 15.1 14.401 

15.1 14.9 14.403 

15.1 15.0 14.401 

15.1 15.1 14.399 

Average 14.403 

Standard Deviation (n=9) 0.003         
All other instrumental conditions are given in Table 20. 

106



built in pressure gauges for outlet pressure 

measurement. (48) 

The effect of a systematic variation of + 5 mmHg on the 

outlet pressure is shown in Table 31. This simulation was 

performed with the same conditions as shown in Tables 19-20, 

with the outlet pressure varied about 720 torr to obtain the 

standard deviations. All other variables were held 

constant. This shows that the effect of slight variations 

in the outlet pressure will have little effect on the 

predicted retention times. It is expected, however, that a 

large error, such as if the standard atmospheric pressure 

(760 mmHg), were used in place of the actual atmospheric 

pressure (720 mmHg), would cause an unacceptable variation 

in the calculated result. 
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TABLE 31 - Effect of Systematic Outlet Pressure 

Variation 

(7-segment Temperature Program) 

  

  

  

Compound Average Retention | Standard Deviation 
Time (min) (min) 

benzene 2.151 0.001 

toluene 2.552 0.001 

octane 2.820 0.001 

p-xylene 3.423 0.001 
o-xylene 3.706 0.001 
nonane 3.931 0.002 

decane 5.783 0.002 

n-octanol 6.487 0.002 

undecane 8.171 0.002 
dodecane 10.689 0.003 
tridecane 14.403 0.004         

NOTE: Temperature conditions as in Table 28. 

All other instrumental conditions are given in Table 20. 
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Inlet Pressure Variation 

The inlet pressure is somewhat more difficult to 

determine. Although the HP 5890 Gas Chromatograph used in 

this research is equipped with a gauge for measuring head 

pressure, its readings are questionable because there is a 

large dead volume of tubing between the gauge and the 

injector, and because it is only readable to 1 psig. 

Therefore, the head pressure was measured with a digital 

pressure gauge (R+D Separations, Shorewood, IL) attached to 

a syringe needle and inserted through the septum into the 

injector port. This allows direct measurement of the 

pressure at the head of the column, and with a minimum of 

dead volume. With this gauge, pressures may be measured to 

+ 0.1 psig. It is noted that the digital pressure gauge is 

especially useful for measuring the head pressure when 

megabore (0.530 mm internal diameter) columns are used, as 

the pressure drop along the column is usually small (less 

than 5 psi), and is combined with a large volumetric flow 

rate (20 ml/min), making measurement with the instrument 

gauge inaccurate. 

In Table 32, the effect of a + 0.1 psi uncertainty in 

the inlet pressure measurement is shown. It is again noted 
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TABLE 32 - Effect of Systematic Inlet Pressure Variation 

on Simulation 

(7-segment Temperature Program) 

  

  

  

Compound Average Retention | Standard Deviation 
Time (min) (min) 

benzene 2.151 0.001 

toluene 2.552 0.001 

octane 2.820 0.001 

p-xylene 3.423 0.001 
o-xylene 3.706 0.001 
nonane 3.931 0.001 

decane 5.783 0.002 

n-octanol 6.487 0.002 

undecane 8.171 0.003 

dodecane 10.689 0.003 

tridecane 14.402 0.003       
  

NOTE: Temperature conditions as in Table 28. 

All other instrumental conditions are given in Table 20. 
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that this is a small source of error. These are so small 

because the pressure terms in the calculations are typically 

squared, making small deviations unimportant, but 

potentially amplifying larger deviations. The effect of a 

large deviation in inlet pressure is shown for illustration 

in Table 33. Again, this instrumental condition must be 

known accurately in order to achieve the best simulations, 

however, systematic variations in the value have little 

effect on the calculations. 

Oven Temperature Variation 

Another instrumental factor that must be considered is 

the oven temperature and the temperature program itself. 

The oven in the HP 5890 Gas Chromatograph is heated by a 

resistance coil placed between a fan and the oven interior. 

A thermocouple is used to measure the temperature within the 

oven. The difficulty that this may cause in simulating GC 

runs lies in whether the temperature conditions performed by 

instrument exactly follow those input to the instrument 

temperature controller, and whether this actually follows 

the conditions input to the simulation. 

Figure 20 illustrates the potential difficulty. An 

actual temperature program is shown as two possibilities. 

111



TABLE 33 - Effect of Large Inlet Pressure Inaccuracy on 

  

  

  

Simulation 

Compound 15 psi 10 psi Experimental 
Inaccurate Accurate 

benzene 2.54 2.54 2.48 

toluene 3.37 3.41 3.51 

octane 3.92 3.98 4.17 

p-xylene 4.88 4.95 5.22 
o-xylene 5.29 5.37 5.64 
nonane 5.71 5.77 6.05 

decane 7.78 7.82 8.06 
n-octanol 8.50 8.53 9.76 

undecane 9.74 9.76 9.95 

dodecane 11.47 11.49 11.68 

tridecane 13.01 13.02 13.26         

Temperature Program: 60°C initial, hold 3min, Ramp at 

10°C/min to 200°C. 
Other Conditions as in Table 20. 
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FIGURE 20 - Possible Oven Temperature Profiles 

(From reference 49) 
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An ideal temperature program would show no humps or lag 

time, and the calculations performed by the computer are 

based upon the ideal case. In one possibility, there is a 

slight excess of heat applied to the column during the 

temperature program, resulting in experimental retention 

times that are seemingly too short. In the second case, the 

oven heats too slowly,and overshoots the final temperature 

at the end of the programmed segment. This would result in 

retention times from the instrument that are seemingly too 

long, becoming closer to the ideal retention time as the end 

of the temperature program is neared. In either case, the 

computer software performs simulations based upon the ideal 

case, thus introducing a possible error. However, this type 

of error was shown to be very small by Dose(1) ana 

Bartu(59). Since this potential error is small, and not 

readily controlled by the instrument operator, it is not 

considered further in this work. 

Column Dimensions 

Finally, the column dimensions must also be known 

accurately. The act of installing a capillary column will 

slightly change its length, as a small segment is removed 

from each end of the column after the column ends are 

inserted through the nut ferrules. This can result ina 
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significant shortening of a well-used column. The column 

employed in this study (See Table 20) was measured at 

29.0+0.1 meters in length. The manufacturer's original data 

sheet stated that the column length was 30 meters. Since 

the relationship between the column length and flow rate is 

quadratic, it is expected that, as with the pressure, small 

variations in length should cause very small variations in 

the calculated retention times. This is shown in Table 34, 

which shows simulations based upon a column length of 

29.0+0.1 meters. 

Gas Hold-up Time Variation 

The last piece of instrumental information is the gas 

hold-up time of each isothermal run. Since this quantity is 

typically measured by injection of methane at the desired 

temperature, a systematic variation in these values must 

occur. Table 35 shows the effect of this variation for a 

typical simulation. Again the error in precision in the 

calculated results is very small. 

From the above examples, it is seen that an accurate 

knowledge of the instrumental conditions is necessary if the 

most accurate predictions are to be achieved. However, the 
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TABLE 34 - Effect of Systematic Error in Column Length 

  

  

  

Measurement 

Compound Average Retention Standard 
Time (min) Deviation (min) 

benzene 2.151 <0.001 

toluene 2.552 <0.001 

octane 2.820 <0.001 

p-xylene 3.423 <0.001 
o-xylene 3.706 <0.001 
nonane 3.931 <0.001 
decane 5.783 <0.001 

n-octanol 6.487 <0.001 

undecane 8.171 <0.001 

dodecane 10.689 <0.001 

tridecane 14.403 <0.001       
  

Temperature program as in Table 28. 

All other instrumental conditions are given in Table 20. 
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TABLE 35 - Effect of Systematic Error in Gas Hold-up 

Time Measurement 

  

  

  

Compound Average Retention | Standard Deviation 
Time (min) (min) 

benzene 2.151 <0.001 
toluene 2.552 <0.001 

octane 2.820 <0.001 

p-xylene 3.423 <0.001 
o-xylene 3.706 <0.001 
nonane 3.931 0.001 

decane 5.783 0.001 

n-octanol 6.487 0.001 

undecane 8.171 0.001 
dodecane 10.689 0.001 

tridecane 14.402 0.001       
  

Gas Hold-up Times for Table 33: 

80°C Isothermal run: 1.621+0.002 min 

100°C Isothermal Run: 1.755+0.003 min 

Temperature program as in Table 28. 

All other instrumental conditions are given in Table 20. 
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systematic variations in measuring these conditions have 

little effect on the precision or accuracy of the results. 

SYSTEMATIC ERRORS IN RETENTION TIMES 

Knowing that the systematic variations in the 

instrumental conditions have little effect on the 

calculations, the precision of the technique may be measured 

by considering the systematic variations in the retention 

time measurements themselves. In order the perform this 

analysis, an error analysis was performed on the 

simulations. This was accomplished by obtaining the two 

isothermal data sets using six replicate injections at each 

temperature. A 95 percent confidence interval was 

calculated about the average retention times, and the 

extremes of each interval were used to determine the 95% 

confidence interval about the predicted results. The 

calculation method is similar to that used for evaluating 

the instrumental conditions. These are compared to 

experimental GC runs, also recorded six times, with 95% 

confidence intervals. The initial isothermal data, with 

confidence intervals is shown in Table 36. Except as noted, 

the other experimental conditions in this analysis are the 

same as those in Table 20. 

118



Figures 21-22 show the results of the error analysis for 

two isothermal runs. For the 120 degree calculation, eight 

of the intervals showed physical overlap between the 

experimental and calculated results, while in the 140 degree 

case, 4 of the intervals overlapped, indicating that the 

accuracy of the calculation is degraded at a temperature 

farther removed from the isothermal data. It is noted that 

the precision of the calculated results, measured by the 95% 

confidence intervals, is significantly poorer than that of 

the experimental GC runs. 

The error analysis results for some linear temperature 

programs are shown in Figures 23-25. Again, in many of the 

cases (5 for the 2°C/min run, 2 for the 8°C/min run and 0 

for the 20°C/min run), the 95% confidence intervals overlap. 

Noting the later eluting compounds in each run, it is seen 

that the 95% confidence intervals encompass smaller portions 

of the deviations between the experimental and calculated 

results. It is these later eluting compounds whose elution 

temperatures are farthest removed from the initial 

isothermal data. Therefore, it can be said that a loss of 

accuracy due to temperature extrapolation occurs. It is 

noted that the precision of these temperature programmed 

predictions is typically better 
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TABLE 36 - Isothermal Retention Times With 95% 

Confidence Intervals 

(Retention Times in Minutes) 

Compound 80°C Isothermal 100°C Isothermal 
benzene 2.225+0.002 2.122+0.003 

toluene 2.747+0.002 2.410+0.004 

octane 3.077+0.006 2.558+0.006 
p-xylene 3.818+0.016 2.953+0.018 
o-xylene 4.175+0.016 3.137+0.019 

nonane 4.480+0.017 3.228+0.022 

decane 7.355+0.035 4.497+0.039 
n-octanol 8.944+0.036 5.277+0.041 
undecane 13.222+0.071 6.897+0.073 

dodecane 25.152+0.150 11.413+0.132 
tridecane 49.350+0.314 19 .895+0.133       

All other instrumental conditions are given in Table 20. 
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that the isothermal runs shown previously, but in some cases 

not as good as the experimental GC runs. 

For the multi-~segment temperature programs, the accuracy 

is significantly degraded, while the precision remains 

roughly the same as for the isothermal and linear 

temperature programmed situations. It is seen by inspecting 

Figures 26-28, that the deviations become larger as the 

complexity of the temperature program in increased. It is 

also seen that the portion of this deviation that overlaps 

the 95% confidence interval becomes smaller. Therefore, the 

accuracy is degraded as the temperature program becomes more 

complex. Since large errors in the thermodynamic 

calculations would show in the isothermal and linear 

temperature programmed calculations also, the cause of the 

larger deviations for the multi-segment temperature 

programmed calculation must be in the flow determinations. 

It was stated previously that the gas viscosity 

calculations are only approximate. This is probably the 

limiting factor in the prediction accuracy. The more times 

the gas viscosity must be calculated, the less accurate the 

predicted GC retention time. In these predictions, the gas 

viscosity must be calculated before each temperature 
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FIGURE 26 - Error Ranges - Temperature Programmed 
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programmed segment. More segments, therefore, translate to 

poorer accuracy. 

SUMMARY - ERROR SOURCES 

It has been shown that precise and accurate predictions 

of temperature programmed retention times from isothermal 

data are possible if some instrumental considerations are 

taken into account. First, an accurate knowledge of the 

instrumental conditions under which the separations and 

predictions were performed is necessary. Second, accuracy 

is degraded if the predictions are carried out at 

temperatures far removed from the initial isothermal 

conditions, or as the number of temperature programmed 

segments is increased. The systematic variations in 

instrumental conditions that occur between runs have little 

effect on the calculated retention times. Finally, the 

systematic variations in retention times between GC runs 

have a larger, but still small effect on the precision and 

accuracy of the calculated results. 
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RETENTION INDEX CALCULATIONS 

The utility of the simulation for qualitative 

analysis may be shown by calculating retention indices for 

the predicted results and comparing these to experimental 

values. Previously, it has been shown that it is possible 

to calculate retention indices for linear temperature 

programs to within 0.5 retention index units of experimental 

values.(4) If similar results are possible for multi- 

segment temperature programs, then the calculation technique 

can be said to be applicable to qualitative analysis 

problems. A procedure for this will be discussed later, 

page 140. 

Tables 37 - 42 show retention indices of a test mixture, 

described in Table 15, for several multi-segment temperature 

programs. The calculated results are presented alongside 

experimental results, with conditions as in Table 20, except 

as noted. The deviation is expressed as the difference 

between the experimental and calculated result. For each 

run, an average deviation is calculated as the average of 

the absolute values of the individual deviations. 
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TABLE 37 

Segment Temperature Program 

- Retention Index Calculations for a Two- 

  

  

    

Compound Experimental Predicted Deviation 
cyclohexane 638.83 639.07 0.24 

benzene 648.22 648.82 0.60 
iso-octane 684.58 685.82 1.24 

butyl acetate 798.88 799.32 0.44 
amyl acetate 898.53 898.80 0.27 
1-heptanol 955.18 955.52 0.34 
1-octanol 1056.83 1057.37 0.54 

nonyl aldehyde 1080.65 1081.84 1.19 

Average | errr ten 0.61         

Temperature conditions: 40°C initial, hold 3 min, ramp 

at 2°C/min to 100°C. 

All other instrumental conditions are given in Table 20. 
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TABLE 38 - Retention Index Calculations 

Segment Temperature Program 

for a Two- 

  

  

    

Compound Experimental Predicted Deviation 
cyclohexane 639.18 639.51 0.33 

benzene 648.76 649.37 0.61 
iso-octane 685.32 685.76 0.44 

butyl acetate 798.74 798.85 0.11 
amyl acetate 898.13 898.21 0.08 
1-heptanol 956.47 956.41 -0.06 
1-octanol 1057.30 1056.99 -0.31 

nonyl aldehyde 1081.87 1082.75 -0.88 

Average | ores 0.35       
  

Temperature conditions: 40°C hold for 3 min, ramp at 

4°C/min to 100°C and hold. 

All other instrumental conditions are given in Table 20. 
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TABLE 39 - Retention Index Calculation for a Two-Segment 

Temperature Program 

  

  

    

Compound Experimental Predicted Deviation 
cyclohexane 639.83 640.04 0.21 

benzene 649.46 650.22 0.76 
iso-octane 685.73 686.66 0.93 

butyl acetate 798.59 798.63 0.04 
amyl acetate 897.70 897.74 0.04 
1-heptanol 956.76 956.67 -0.09 

1-octanol 1057.07 1056.23 ~0.84 
nonyl aldehyde 1083.00 1083.48 0.48 

Average |  ----- {eee 0.42         

Temperature Conditions: 40°C, hold 3 min, ramp 

at 8°C/min to 250°C and hold. 

All other instrumental conditions are given in Table 20. 
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TABLE 40 - Retention Index Calculation for a Two-Segment 

Temperature Program 

  

  

    

Compound Experimental Predicted Deviation 

cyclohexane 641.78 641.70 -0.08 
benzene 651.80 652.26 0.46 

iso-octane 687.11 687.86 0.75 
butyl acetate 798.38 798.40 0.02 
amyl acetate 897.24 897.07 -0.17 
1-heptanol 957.65 956.54 -1.11 

1-octanol 1057.33 1054.75 -2.58 
nonyl aldehyde 1084.83 1084.75 -0.12 

Average $| oo crct- | oceett 0.66       
  

Temperature Conditions: 40°C hold 3min, ramp at 20°C/min 

to 250°C and hold. 

All other instrumental conditions are given in Table 20. 
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TABLE 41 - Retention Index Calculations 

Segment Temperature Program 

for a Two- 

  

  

    

Compound Experimental Predicted Deviation 
cyclohexane 641.77 641.84 0.07 

benzene 651.55 652.04 0.49 
iso-octane 686.65 687.24 0.59 

butyl acetate 797.52 798.51 0.99 
amyl acetate 897.22 897.67 0.45 
1-heptanol 957.01 957.19 0.18 
1-octanol 1057.42 1057.02 -0.40 

nonyl aldehyde 1083.56 1084.00 0.44 

Average  ;$~ ommee- | wee 0.45       
  

Temperature Conditions: 40°C initial, ramp immediately 

at 4°C/min to 60°C, ramp 

immediately at 10°C/min to 250°C. 

All other instrumental conditions are given in Table 20. 
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TABLE 42 - Retention Index Conditions for a Multi- 

Segment Temperature Program 

  

  

    

Compound Experimental Predicted Deviation 
cyclohexane 640.17 640.35 0.18 

benzene 649.70 650.00 0.30 
iso-octane 685.70 686.84 1.14 

butyl acetate 798.29 798.71 0.42 
amyl acetate 897.76 898.15 0.39 
1-heptanol 957.95 958.19 0.24 
1-octanol 1057.78 1057.37 -0.41 

nonyl aldehyde 1083.55 1084.05 0.50 

Average | owrrr-- | cee 0.45       
  

Temperature Conditions: 40°C initial, ramp immediately 

at 2°C/min to 50°C, ramp 

immediately at 10°C/min to 

250°C. 

All other instrumental conditions are given in Table 20. 
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Six different temperature programs are shown. The first 

four all begin with an isothermal hold at 40°C for 3 

minutes, then ramp linearly at rates of 2, 4, 8, and 20 

degrees per minute. This should give an indication as to 

whether temperature extrapolation again causes a problem 

with the calculations. The last two Tables each have two 

linear programmed segments. The retention indices were 

calculated by equation 16. 

For the first four runs, it is seen that the largest 

average deviation is in the 20°C per minute run, again 

indicating a potential problem with temperature 

extrapolation. However, two of these runs showed deviations 

that were less than the 0.5 IT seen for linear temperature 

programmed experiments. (3) The other two showed average 

deviations of about 0.6 IT. A surprisingly high deviation 

is noted for iso-octane in 3 of the four Tables. Iso-octane 

eluted at a retention time between 3 minutes and 3 minutes 1 

second. By eluting so close to a segment intersection, an 

error was introduced by the integration. It is noted that, 

in Tables 43-46, of 32 retention index predictions, 28 (87%) 

were within 1 retention index unit of the experimental 

values. 
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Tables 41-42 show the results for two other multi- 

segment temperature programs. Again, the deviations are 

within those expected for single-ramp temperature programs, 

thus showing that the calculations may be performed 

effectively. It has therefore been shown that temperature 

programmed retention indices for multi-segment temperature 

programs may be calculated from isothermal data. Calculated 

retention indices typically fall within 1 retention index 

unit of experimental values. 
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APPLICATIONS 

A major focus of the simulation presented in this work 

has been the generalization of qualitative analysis 

techniques by retention time or retention index matching. 

It was stated previously that using solely chromatographic 

information limited users to performing their analyses at 

the temperature conditions that were used to develop the 

database. This is a great limitation, as the temperature 

conditions employed in databases(13) are not those that 

would result from a typical method development of a complex 

sample. The simulation technique presented in this work 

eliminates this problem. A database containing retention 

times or retention indices recorded at two or more 

isothermal conditions could be translated by the computer to 

match any temperature program that a user desires. 

A proposed architecture for such a database is shown in 

Figure 29. This database is presented in a retention-index 

like format, with the number of carbons in the normal 

alkanes serving as benchmarks for the range of vapor 

pressures of the compounds whose retention times would be 

recorded at each temperature. It is noted that, in the 

worst case, a compound, either a low boiler, or a high 
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FIGURE 29 - Proposed Database Architecture 
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boiler, would have retention times recorded for two 

different temperatures, with the norm being four or five 

temperatures. For example, at 120°C, the compounds that 

elute between heptane (C7) and tridecane (C,3) would be 

recorded. Each database would have the chromatographic 

conditions, as shown in table 21 recorded, along with the 

retention times and indices of each compound at each 

temperature. 

A potential user could employ this in chemical analyses 

in many ways. First, the simulations could act as an aid in 

method development. Performing runs on the computer is much 

faster than doing so on the gas chromatograph. As stated in 

"Historical," many long and tedious method development steps 

may be eliminated. Also, with a large database available, a 

user that has some knowledge of the compounds to be 

separated, could use the retention times from the database, 

with the simulation software, to predict separations without 

using the GC at all until a reasonable set of conditions has 

been developed. 

Finally, many possibilities exist for qualitative 

analysis. A potential user could develop a method for 

obtaining baseline resolution of the compounds in a sample, 

separate the sample, obtain the chromatogram, and then use 

142



the computer to translate the standard database to match the 

method's chromatographic conditions. Then qualitative 

analysis by retention time or retention index matching can 

be performed. 

It therefore, is seen that many potential applications 

in qualitative analysis and method development exist for 

numerical extrapolations in capillary gas chromatography. 
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CHAPTER 5 = CONCLUSIONS 

In this work, techniques for the prediction of gas 

chromatographic retention times under temperature programmed 

conditions have been discussed. Their applications to 

qualitative analysis and to method development were 

illustrated. Previously available methods for retention 

time prediction were discussed and shown to not be 

applicable to many analysis situations. 

A novel technique that is generally applicable for the 

prediction of multi-segment temperature programmed retention 

times from isothermal data was developed, and it was shown 

that it is possible to accurately calculate the retention 

time of many compounds under temperature programmed 

conditions from two isothermal runs. This technique was 

built upon an understanding of the thermodynamic and gas 

flow relationships that exist in capillary gas 

chromatography columns under typical instrumental 

conditions. 

Simplified derivations of relationships describing the 

flow and pressure gradients within a capillary GC column 

were presented. Techniques for determining the gas hold-up 

time were compared, and a new method for calculating the gas 
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hold-up time for a portion of a column was developed. This 

was a integral part of the simulation algorithm. These 

relationships were also applied to the determination of gas 

viscosities, with the capillary gas chromatograph shown to 

be an excellent viscometer. 

An error analysis gave the sources of the deviations 

between experimental and predicted retention times that are 

typically observed. Systematic variations in instrumental 

conditions such as: inlet pressure, outlet pressure, oven 

temperature, column dimensions, and gas hold-up time were 

shown to have very little effect on the predicted retention 

times. However, large deviations between a measured 

instrumental condition, and the actual value of that 

parameter have a larger effect on the predicted result. For 

most predictions, most of the deviation between the 

predicted and experimental retention times may be attributed 

to systematic errors in the isothermal retention time 

measurements used to perform the prediction, and in the 

experimentally determined temperature programmed retention 

times to which the predicted retention times are compared. 

It was seen that the deviations between experimental and 

predicted retention times became larger as the extrapolation 

in temperature became larger, and as the temperature 
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programs were made more complex. These errors were due to 

the calculations performed in doing the prediction. The 

temperature extrapolation error was due to the assumption of 

constant thermodynamic quantities with temperature changes, 

while the complex temperature program error was due to 

imperfect flow calculations. These errors combined to give 

deviations between experimental and predicted retention 

times between zero and ten percent relative. 

It was also shown that retention indices under multi- 

segment temperature programmed conditions may be determined 

from isothermal data. This has a large potential 

application in qualitative analysis, as retention time or 

retention indices may be used, along with the extrapolation 

techniques, under any temperature conditions. 

Finally, for qualitative analysis, a new database 

architecture, that would take advantage of this advance in 

retention time prediction was proposed. This would also 

have many applications as an aid in qualitative analysis by 

chromatographic information alone. 
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APPENDIX = PASCAL PROGRAM 

NUMERICAL SIMULATION OF TEMPERATURE PROGRAMMED GC PROGRAM 

PROGRAM predictGC (INPUT,OUTPUT); 

USES DOS, CRT; 

CONST 
maxpeaks = 100; 

TYPE 
peak = RECORD 

retentiontime : REAL; 
columnlength : REAL; 

END; (* RECORD *) 

allpeaks = ARRAY [1..maxpeaks] OF peak; 
chromatogram = RECORD 

numberofpeaks : INTEGER; 
temperature : REAL; 

deadtime : REAL; 

Pin : REAL; 

Pout : REAL; 

Lengthcolumn : REAL; 

radius : REAL; 
peaks : allpeaks; 

END; (* RECORD *) 

temperatureprogram = ARRAY [1..12) OF REAL; 
capterm = RECORD 

slope : REAL; 
intercept : REAL; 

END; ¢(* RECORD *) 

capterms = ARRAY [1..maxpeaks] OF capterm; 

VAR 

isothermal1, isothermal2,TPresult : chromatogram; 
capacityterms : capterms; 

progrm : temperatureprogram; 

(RARRRRREREKREERERRERERERERERERER HIRE KR ERER ARERR REE ERERE EE KER EKRERERERERERRERE ) 

(* Explanation of data structures and variables: *) 
(RARER AERA ER ARERERE ERE KRRERE REE ERE REE EERE EERIE IERIE EERE | 

(* 

CONST 

maxpeaks : the maximun number of data peaks from a chromatogram. 

TYPE 

peak : describes a chromatographic peak using "retentiontime", a 
measure of when the peak elutes, in munutes, and 
“columnlength" a number betewwn zero and one that indicates 
how far within the column the peak has traveled. For example, 
retentiontime of 1.456 and columnlength of 0.678 would indicate 
that the peak has traversed 67.8 percent of the column's Length 
in 1.456 munutes. 

allpeaks : Stores all of the peaks in an array. 

chromatogram : represents the GC chromatogram as: 

numberofpeaks : the number of peaks to be considered 
(up to maxpeaks). 

temperature : the temperature (in Kelvins) of the 
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isothermal run. 
deadtime : tO of the isothermal run (in minutes); 

Pin : the inlet (head) pressure; 
Pout : the outlet pressure (usually atmospheric) 
Lengthcolumn : The length of the colum in meters 

radius : The radius of the column in meters 
peaks : the peaks themselves. 

temperatureprogram: holds the variables indicating the run parameters 
for the temperature program to be predicted. 
The array positions are defined as follows: 

: initial temp 

2: initial time 
3: rate 
4: final temp 
5: final time 
6: rate A 
7: final temp A 
8: final time A 
9: rate B 
10: final temp B 
11: final time B 

This is the naming convention used by the HP 5890. 
capterm : slope and intercept for ink’ vs. 1/T curve for each peak. 
capterms : stores all capterm in an array. 

VAR 

isothermal1 : chromatogram of lower temperature isothermal run. 
isothermal2 : chromatogram of higher temperature isothermal run. 

TPresult : chromatogram of predicted result. 
capactiyterms : stores capacity factor terms for TP calculation. 
program : stores TP parameters. *) 

(RAR RRERREERERERE AEE RERREREEEEERERERREERERERAEEE EERE REE EEE EER ERREREEEEEKRE EEE ) 

(* INPUT AND INITIALIZATION ROUTINES *) 
(RARER EERIE IRE AERERREEREKRERERKRE ERE ERR RARER REKREREREREE EERE REE EEE REREER | 

PROCEDURE initialize (VAR chrom : chromatogram); 

(* Initializes all chromatogram values to zeros *) 

VAR I : INTEGER; 
BEGIN 

FOR J := 1 to maxpeaks DO BEGIN 
chrom.peaks[1].retentiontime := 0.0; 
chrom.peaks[I].columnlength := 0.0; 

END; (* FOR *) 

END; ¢* INITIALIZE *) 

PROCEDURE getpeaks (VAR chrom : chromatogram); 

(* Queries user for deadtime, temperature and tR for peaks *) 
VAR I : INTEGER; 

BEGIN 
WRITE (‘Enter tO in minutes: '); 
READLN (chrom.deadt ime); 
WRITE ('Enter the isothermal temperature in Celsius: '); 
READLN (chrom.temperature); 
chrom.temperature := chrom.temperature + 273.15; 
WRITE ('Enter the inlet pressure in psig: '); 
READLN (chrom.Pin): 

WRITE ('Enter the outlet pressure in mmHg: '); 
READLN (chrom.pout); 
chrom.Pout := chrom.Pout*14.7/760; 

chrom.pin := chrom.Pin + chrom.Pout; 
WRITE ('Enter the length of the column in meters: '); 
READLN (chrom. lengthcolumn); 

WRITE (‘Enter the radius of the column in meters: '); 
READLN (chrom.radius); 
FOR I := 1 TO chrom.numberofpeaks DO BEGIN 
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WRITE ¢'tR for peak ',I,' in minutes: '); 

READLN (chrom.peaks [I] .retentiontime); 
END; (* FOR *) 

END; (* GETPEAKS *) 

PROCEDURE getprogram (VAR TP : temperatureprogram); 

VAR I : INTEGER; 

BEGIN 
(* 

(* 

First initialize the array to zero values *) 
FOR I := 1 70 11 DO TP[EI] := 0.0; 
Next query the user for data and place in appropriate location *) 
WRITELN (*Enter the following for the prediction:'); 
WRITE ("Initial Temp (C): '); 
READLN (TP[1]); 
TP(1) := TPL1] + 273.15; 
WRITE C'Initial time (min): '); 
READLN (TP[2]); 

WRITE (€'Rate (c/min): '); 

READLN (TP[3]); 
WRITE ('Final Temp (C): '); 
READLN (TP[4]); 
TP[4] := TPL[4] + 273.15; 
WRITE ('Final Time (min): '); 
READLN (TP[5]); 

WRITE ('Rate A (C/min): '); 
READLN (TPI6]); 
WRITE ('Final Temp A (C): '); 
READLN (TP[7]); 
TPE7] s= TPL7] + 273.15; 
WRITE ('Final time A (min): ')> 

READLN (TP{[8}); 
WRITE ('Rate B (C/min): '); 

READLN (TPE9]); 
WRITE ('Final Temp B (C): '); 
READLN (TPL10]); 
TPC10] := TPCIO] + 273.15; 
WRITE (‘Final Time B (min): '); 

READLN (TP[11}); 
END; (* GET PROGRAM *) 

PROCEDURE getinformation (VAR jiso1,isoz2,TP : chromatogram); 

BEGIN 
WRITE ¢'Enter number of peaks: '); 
READLN (isol.numberofpeaks); 
1so2.numberofpeaks := iso1.numberofpeaks; 
TP.numberofpeaks := 1so1.numberofpeaks; 

WRITELN ('Getting data for lower temperature isothermal run:'); 
getpeaks (jso1); 
clrser; 

WRITELN ('Getting data for higher temperature isothermal run:'); 
getpeaks (iso2); 

clrscr; 

END; (* GETINFORMATION *) 

(RERRRRRERERERER ERE EER REE RETR EERE ARERR ERR EREERRRERRREREERERERERIEEE ) 

(* 

CARRERE RERRREREEERE KERRIER IAAI REISER ARAEREREEERREEEREREEEEEREEEEEEEEEEEEEERE | 

OUTPUT ROUTINES 

PROCEDURE printresults (VAR isol, iso2, TP : chromatogram; 
VAR prog: temperatureprogram); 

VAR I, numpeaks : INTEGER; 
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BEGIN 

(*clrser:*) 
(* Make a Table of the retention results *) 
numpeaks := isol.numberofpeaks; 

WRITELN (' TEMPERATURE PROGRAM PREDICTION RESULTS'); 

WRITELN ; 
WRITELN ¢' Isothermal 1 Isothermal 2 Result'); 

WRITELN ('Temperature', ! ', isol.temperature:12:2, 
iso2. temperature: 16:2); 

WRITELN ('Dead Time',' ' tsol.deadtime:12:4, 
iso2.deadt ime: 16:4); 

WRITELN (*Peak Number'); 

FOR I := 1 TO numpeaks DO 
WRITELN (1:10, isol.peaks [I] .retentiontime:16:4, 

iso2.peaks [I] .retentiontime:16:4, 
TP. peaks [1} .retentiontime: 12:4); 

(* Show the temperature program *) 
(* WRITELN; 

WRITELN ¢' TEMPERATURE PROGRAM'); 

WRITELN ('Initial Temp: ',prog[1]-273.15:10:2,' C'); 
WRITELN ("Initial Time: ',prog(2):10:2,' min'); 
WRITELN ('Rate : ',prog[3]:10:2,' C/min'); 

WRITELN ('Finat Temp ',prog[4]-273.15:10:2,' C'); 
WRITELN ('Final Time 1 prog([5):10:2,' min'); 
WRITELN ('Rate A : ',prog(6}:10:2,' C/min'); 
WRITELN ('Final Temp A: ',progl7]-273.15:10:2,' C"); 
WRITELN ('Final Time A: ',prog[8]:10:2,' min'); 

WRITELN ('Rate B : ',prog[9]:10:2,' C/min'); 

WRITELN ¢€'Final Temp B: ',prog(10]-273.15:10:2,' C*); 

WRITELN (‘final Time B: ',prog{11]:10:2,' min');*) 

END; (* PRINTRESULTS *) | 

(RRRRRKKHERREREERR RE RERERERRERE ERE REE RRERERRERESEREERRAEER TREE ERERKREREREREEE ) 

(* MATH FUNCTIONS *) 
(ERRERERE IK REREREEKR REE REE REEREREREEREREREREERER EERE ER EER ERE ERREREREREEER ) 

FUNCTION power (base,exponent:REAL) : REAL; 

BEGIN 
power := exp(exponent*|ln(base)); 

END; (* POWER *) 

(RERHRHHHRR IRE KERRIER ERE EERE REE RE ERI ERK IRR ERIEKIE IRAE EREEAEEE | 

(* GAS VISCOSITY CALCULATION *) 
(EERE EERE ER EERE EKER ERER EER ER ERE EK EEEE EEK EERERREER ERE EERREEREREREEEREEREERE 

FUNCTION viscosity (temp:REAL):REAL; 
(* Calculates Gas viscosity by exponential function - Method of Ettre, 1984. 

Output is in kg/(m*sec) (dekapoises). *) 

BEGIN 

viscosity := (1E-7) * power (temp/273.15,0.647); 
END; (* viscosity *) 

(HERR RR IRI R ARITA IAI OITA II AIR IRII IIIA ITI IIASA IIA ISNA IA IIIS AISI ASIIAIIS) 

(* CAPACITY TERM CALCULATION *) 
CRRREREREIERERERETERREREREEE EERE EER ERE ERE RETREAT E RAAT IN IIIA IIMA EIAITAIIER | 

PROCEDURE capacitytermcalc (VAR isotherm1,isotherm2 : chromatogram; 
VAR capacityterms : capterms); 

VAR 

I, numpeaks : INTEGER; 

temp1, temp2, dtimel, dtime2, tR1, tR2, reciptemp1, reciptempe, 
slope, intercept, kprime1, kprimee, lkprime1, lkprime2 : REAL; 
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BEGIN 

temp1 := jsotherm1.temperature; 
temp2 := isotherm2.temperature; 
reciptemp1 := 1/temp1; 
reciptemp2 := 1/temp2; 
dtimeil := isotherm1.deadt ime; 
dtime2 := isotherm2.deadtime; 
numpeaks := isotherm’ .numberofpeaks; 
FOR I := 1 TO numpeaks DO BEGIN 

tR1 := isotherm! .peaks [I] .retentiont ime; 
tR2 := isotherm2.peaks [I] .retentiontime; 
kprime1 := (tR1-dtimel)/dtime1; 
kprime2 := (tR2-dtime2)/dtime2; 
Lkprimel := LNCkprime1); 

lkprime2 := LN(kprime2); 
slope := (lkprime2-lkprime1)/(reciptemp2-reciptemp1); 
intercept := lkprimel - (slope*reciptemp1); 
capacityterms[I].intercept := intercept; 
capacityterms[I].slope := slope; 

END; (* FOR *) 
END; ¢* CAPACITYTERMCALC *) 

(RERRRRIRREEKRARERER ERE RE EEEEIK EK EREEREERERERERE REE EERE EERE EEEREREREREERER Y 

(* PRESSURE AND FLOW CALCULATIONS *) 
(ARRERRERRERRERERERERRERE REE ERE EER RERRERRERE EE EERE EERE EERE REREEEEREREEKREEE ) 

FUNCTION flowout (radius, temperature, length,Pin,Pout,visc:REAL):REAL; 
(* Calculates flow at column outlet by method of Harris and Habgood. *) 

CONST pi = 3.1415926536; 

BEGIN 

flowout := (Pi*power(radius,4)*(SQR(Pin)-SQR(Pout))/ 
(16*visc*length*Pout)); 

END; (* flowout *) 

FUNCTION flowatZ2 Coutflow,Pin,Pout,2, length:REAL):REAL;: 
(* Calculates flow at position columnlength within the column by method 

of Harris and Habgood. *) 

BEGIN 

flowatZ := outflow / SORTC1+(CSQR(Pin/Pout)-1)*(1-2/length))):; 

END; (* flowatZ *) 

(* The reamining functions calculate the Pressure at point Z meters along 
the column. The method of Snow and McNair, 1991 is employed. *) 

FUNCTION getB (visc, flowz, radius, Z:REAL):REAL; 
(* Calculates the value of the b term in the quadratic for pressure at 

point z. *) 

CONST pi = 3.1415926536; 

BEGIN 

getB := (16*visc*flowz*Z) / (pi*power(radius,4)); 
END; (* getB *) 

FUNCTION getPzpos (b,Pin:REAL):REAL; 
(* Calculates the positive root of the pressure quadratic using the 

quadratic formula. *) 

BEGIN 
getpzpos := ((-1)*b+SQRT(SQR(b)+(4*SQR(Pin))))/2; 

END; ¢(* GetPzpos *) 

FUNCTION presquad (Pin,Pout,columnlength, lencolumn, radius, temp:REAL):REAL; 
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(* Puts all of these pressure functions together to calculate Pressure 

along column. *) 

VAR Z, zflow, visc, outflow, b, PinPa, PoutPa, Pres : REAL; 

BEGIN 

(* convert pressures from psi to Pa (SI units) *) 
PinPa := Pin * 101325/14.7; 
PoutPa := Pout * 101325/14.7; 

(* Calculate z the length along the column *) 

Z := columnlength * Lencolumn; 

(* Get viscosity and outlet flow *) 

visc := viscosity (temp); 
outflow := flowout(radius, temp, lencolumn,PinPa, PoutPa,visc); 

(* Calculate flow at point Z and do the quadratic *) 
zflow := flowatz(outflow,PinPa,PoutPa,Z, lencolumn); 
b := getb(visc,zflow,radius,Z); 
Pres := getPzPos(b,PinPa); 

Presquad := Pres*14.7/101325; 

END; (* Presquad *) 

(BERR RERIREREREREERERER EERE EEEREREEEHIAREUANEEAERR ERR EERE EEE ELEREREEEREEREEER } 

(* DEAD TIME CALCULATIONS *) 
(RERRRRRERKK ARERR RREEREREEEEE EE REEEEEEEREREREREEERREEEE EEE REEEREREERERERERERE ) 

FUNCTION dtimefmtemp (dtime1,dtime2, temp1, temp2, tempnew:REAL) : REAL; 

(* Uses linear model for deadtime calculation versus temperature *) 

VAR slope, intercept : REAL; 

BEGIN 

slope := (dtime2-dtime1)/(temp2-temp1); 
intercept := dtimel - (slope*temp1); 
dtimefmtemp := (slope*tempnew)+intercept; 

END; (* DTIMEFMTEMP *) 

FUNCTION dtimefmLandP (Pin,Pout,columnlength,dtimeorig, 
lencolumn, radius, temp:REAL) : REAL; 

(* Assumes deadtime proportional to length squared and pressure 
gradient over columnlength is quadratic. *) 

VAR 

pressureterm! , pressureterm2,pressureterm3,newPin : REAL; 

BEGIN 

(«* Correct Pin for the new column length - use quadratic pressure model. *) 

newpin := presquad (Pin,Pout,columnlength, lencolumn, radius, temp); 
writeln (newpin); 

(* Calculate each of the three pressure terms *) 
pressureterm! := (sqr(Pin)-sqr(Pout))/(sqr(newPin)-sqr(Pout)); 
pressureterm2 := (sqr(Pin)-sqr(Pout))/(power(Pin,3)-power(Pout,3)); 
pressuretermS := (power(newPin,3)-power(Pout,3))/ 

(sqr(newPin)-sqr(Pout)); 

(* Calcualte New deadtime for shorter length *) 

dtimefmlandp := dtimeorig * sqr(t-columnlength) * pressureterm! * 
pressureterm2 * pressureterm3; 

END; (* dtimefmlandp *) 

155



(RARER RERAERRERIKK RIKER KIRA IAREEREE RIKER ITER AKER ARERR REAR EERE ERERHNMRERER | 

(* ISOTHERMAL PREDICTION *) 
(BERRA RERIER REAR EERE AEE EERERERERERERERE EERE ERE REE EERE TAEEREEEN | 

PROCEDURE predictIsothermal (VAR isol, iso2, TP : chromatogram; 
VAR capacityterms : capterms; 
isotime,isotemp : REAL); 

VAR 

I, numpeaks : INTEGER; 
dtime1, dtime2, dtimeTP, dtimeREAL, tempi, temp2, lencolumn, radius, 

tRTP, tRTPref, timeratio, lengthtraveled : REAL; 

BEGIN 
(* Get necessary information: number of peaks (numpeaks), deadtimes, 

temperatures. * 
numpeaks := isol.numberofpeaks; 

dtime1 := isol.deadtime; 
dtime2 := iso2.deadtime; 
temp1 := isol.temperature; 
temp2 := iso2.temperature; 
Lencolumn := isol.lengthcolumn; 

radius := isol.radius; 

(* Calculate a theoretical deadtime for this new isothermal temperautre. 
Assuming linear behavior over entire GC range - could be a source 

of error - should check experimentally. *) 
dtimeTP := dtimefmtemp (dtime1,dtime2, temp1,temp2, isotemp); 

(* For each peak, calculate retention at new temperature. *) 
FOR I := 1 TO numpeaks DO BEGIN 

(* If peak already eluted, skip it. *) 
IF TP.peaks{I].columnlength < 1.00 THEN BEGIN 

(* Calculate new dead time for shorter column lengths *) 

IF TP.peaks[I].columnlength > 0.0 THEN 

dtimeREAL := dtimefmLandP (iso1.Pin, isol.Pout, 

TP. peaks[I] .columnlength, 

dtimeTP, lencolumn, radius, isotemp) 
ELSE dtimeREAL := dtimeTP; 

(* Calculate isothermal retention. *) 
tRTP s= dtimeREAL * (1+((Cexp(capacityterms [I] .intercept)) 

* exp (capacityterms[I] .slope/isotemp))); 
lengthtraveled := ISOTIME/TRTP; 

(* lengthtraveled + TP.columnlength < 1.00 indicates that the peak 

remains in the column - not eluted. 

lengthtraveled + TP.columnlength = 1.00 indicates that the peak 

elutes exactly at the end of the hold time. 

lengthtraveled + TP.columnlength > 1.00 indicates that the peak 

has eluted during the isothermal hold. *) 

IF lLengthtraveled+TP.peaks[I].columnlength <= 1.0 THEN BEGIN 

(* Peak not eluted or peak exactly eluted *) 
TP. peaks[I].columnlength := TP.peaks[I}.columnlength 

+ Lengthtraveled; 

TP. peaks [I].retentiontime := TP.peaks(I].retentiontime 
+ isotime; 

END ELSE BEGIN 
(* Peak eluted during isothermal hold *) 

(* Assume constant velocity during isothermal hold *) 
TP. peaks [I] .retentiontime := TP.peaks[I].retentiontime 

+ tRTP; 
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TP. peaks [I] .columnlength := 1.0; 

END; (* IF LENGTHTRAVELED *) 

END; (* IF peaks *) 

END: (* FOR I *) 

END; ¢* PREDICTISOTHERMAL *) 

(BRRREERIRRRERRE TIKI AIR IARI ERR REE ER ERIIAR TIAA IIA EERE REE ERE EENAEER ) 

(* SIMPSON'S RULE IMPLEMENTATION *) 
(ERK HERE EKER EERE RERERREERE REE REE IRR EITHER RETR IREERIEKNEEAEEERNENEE | 

(* Modified from Turbo Pascal Numerical Methods Toolbox, version 4.0 

PROCEDURE userfunction (T : REAL; 

VAR T2 : REAL; 
I : INTEGER; 

dtime1,dtime2 : REAL; 

VAR capacityterms : capterms; 
VAR isol, isoz, TPresult : chromatogram); 

VAR 

temp1, temp2,,deadtime,slope, intercept : REAL; 

BEGIN 

(* Get temperature data *) 
tempi := 1so1.temperature; 
temp2e := iso2d. temperature; 

(* Correct deadtimes for change in temperature as program continues *) 
deadtime := dtimefmtemp (dtime1,dtime2, temp1,temp2,T); 

(* Get capacity term data (thermo info) *) 
slope := capacityterms[I] .slope; 
intercept := capacityterms[I].intercept; 

(* Calcualte TP function *) 
T2 := 1/(deadt ime*(1+( expC intercept )*exp(slope*(1/T)}))); 

END; (* USERFUNCTION *) 

PROCEDURE simpson (lowerlimit,rate,Tfinal,spacing : REAL; 
VAR upperlimit,rateff : REAL; 
I : INTEGER; 
dtimei,dtime2 : REAL; 
VAR isotherm1,isotherm2, TPresult : chromatogram; 
VAR capacityterms : capterms); 

VAR 

point, result, result2, oddsum, 
integral, evensum, Limitsvalue : REAL; 

interval : INTEGER; 

flag : BOOLEAN; 

BEGIN 
flag := false; 
rateff := 0.0; 

point := lLowerlimit; 
oddsum := 0.0; 

evensum := 0.0; 
interval := 0; 
userfunction (point, result2,1,dtime1,dtimez2, 

capacityterms, isotherm, isotherm2, TPresult); 

REPEAT 
interval := interval + 1; 

point := point + spacing; 
userfunction (point, result,I,dtimel,dtime2,capacityterms, 

isotherm1, isotherm2, TPresult); 

IF ODD (interval) THEN 

oddsum := oddsum + result 

ELSE evensum := evensum + result; 

Limitsvalue := result + result2; 
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integral := spacing * (limitsvalue+(2*evensum)+(4*oddsum) )/3; 
IF (point>=Tfinal) AND not flag THEN BEGIN 

rateff := integral; 
flag := true; 

END; (* IF *) 
UNTIL integral >= rate; 

upperlimit := point; 
END; (* SIMPSON *) 

(RRR REAR EERE EERE RE REE ERENT AIA RE REEETEERERERRERTEEREEEREREREE | 

(* TEMPERATURE PROGRAMMED SIMULATION *) 
(RRR HHRER ERE EKER RARER INERT RRREER EER REE ERK ERERKIERERRIEKREREREREEEEEERET ) 

PROCEDURE TPprediction (Tinitial,Tfinal, rate : REAL; 

VAR isotherm1, isotherm2, TPresult : chromatogram; 
VAR capacityterms : capterms); 

VAR 

upperlimit, ratepeak, dtime1, dtimez, spacing : REAL; 
I, numpeaks : INTEGER; 

BEGIN 

numpeaks := isotherm1.numberofpeaks; 
FOR I := 1 TO numpeaks DO BEGIN 

IF TPresult.peaks{[1I].columnlength < 0.9 THEN BEGIN 

IF TPresult.peaks[I].columnlength > 0.1 THEN 
spacing := 0.002 ELSE spacing := 0.02; 

(* Correct deadtimes for new columntength *) 
dtimei := dtimefmlandp (isotherm1.Pin, isotherm! .Pout, 

TPresult.peaks (1] .columnlength, isotherm! .deadtime, 

isotherm1.lengthcolumn, isotherm!.radius,Tinitial); 
dtime2 := dtimefmlandp (isotherm2.Pin, isotherm2.Pout, 

TPresult.peaks [1] .columnlength, isotherm2.deadtime, 
Isotherm2. lengthcolumn, isotherm2.radius, Tinitial);: 

writeln (1); 

simpson (Tinitial,rate,Tfinal ,spacing,upperlimit, ratepeak,1,dtimei, 

dtime2, isotherm1, isotherm2, TPresult,capacityterms); 
IF upperlimit <= Tfinal THEN BEGIN 

TPresult.peaks[I].columnlength := 1.0; 
TPresult .peaks[(I] .retentiontime := TPresult.peaks[I] .retentiontime + 

(Cupperlimit-Tinitial)/rate); 
END ELSE BEGIN 

TPresult.peaks[I].columnlength := TPresult.peaks[1}.columnlength + 

((1-TPresult. peaks [I] .columnlength) 

*ratepeak/rate); 
TPresult.peaks[I].retentiontime := TPresult.peaks[I].retentiontime + 

((Tfinal-Tinitial}/rate); 
END; 

END; ¢* IF TPRESULT *) 

END; (* FOR I *) 
END; (* TPPREDICTION *) 

(BERR RRERERRERR ERE RE RERE ERE RRR ERE IEIERRKREI KARE EEA AREER AERA EER ERERER | 

(* PUTTING IT ALL TOGETHER *) 
(FERRER ARERR IMR ERI II ERIN EER EMRE RAINIER ERRATA EIR RAITT EIT IIIA ET AEN REE ) 

PROCEDURE runtheprogram (VAR iso1l,iso2,TPresult : chromatogram; 
VAR capacityterms : capterms; 
prog : temperatureprogram); 

CONST increment = 3; 

VAR 

temppoint, timepoint, ratepoint : INTEGER; 
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BEGIN 

temppoint := 1; 
timepoint := 2; 
ratepoint := 0; 
REPEAT 

ratepoint := ratepoint + increment; 
{F prog[ratepoint] <> 0.0 THEN BEGIN 

(* We have at least 1 ramp. *) 
predictisothermal (iso1,iso2,TPresult,capacityterms, 

prog({timepoint] , prog {temppoint] ); 
writeln ('isothermal'); 

TPprediction (prog[temppoint] , prog (temppoint+increment] , 

prog[ratepoint], isol, iso2,TPresult, 
capacityterms); 
writeln ('programmed'); 

END ELSE (* only isothermal *) 
predictisothermal (isol,iso2,TPresult,capacityterms, 

prog[timepoint) ,prog[temppoint] ); 

temppoint := temppoint + increment; 
timepoint := timepoint + increment; 

UNTIL prog[ratepoint] = 0.0; 
END; ¢* runtheprogram *) 

(RARER EREERRERRERER RE ARERE EEE EIR REIMER ARRIETA EERE EAE REE ) 

(* MAIN PROGRAM *) 
(BERR RRREEREREERIREEERERERERE EER ERRER EERE EREEE REE RE ERE RERERRREEERENERE | 

BEGIN (* MAIN PROGRAM *) 

clrscr; 

(* first, initialize variables *) 
initialize (isothermal1); 
initialize (isothermal2); 
initialize (TPresult); 

progrm{12] := 0.0; 

(* Next, get user supplied information *) 
getinformation (isothermal1, isothermal2, TPresult); 
getprogram (progrm); 

(* Next, use isothermal data to calculate capacity terms *) 
capacitytermcalc (isothermal, isothermal2,capacityterms); 

(* Next, use isothermal data and capacity terms to do 
a temperature programmed prediction. *) 

runtheprogram (isothermal1,isothermal2,TPresult,capacityterms,progrm); 

(* finally, output results to the user. *) 
printresults (isothermal1, isothermal2,TPresult,progrm); 

END. (* MAIN PROGRAM *) 
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APPENDIX - SYMBOLS AND VARIABLES 

AG 

AH 

"i 

No 

eAS/R 

a hypothetical analyte 

column phase ratio 

Martin-James correction factor 

Carrier gas volumetric flow rate 

average volumetric carrier gas flow rate 

volumetric carrier gas flow rate at column outlet 

volumetric carrier gas flow rate at a position 

along the column 

change in Gibbs' Free Energy 

change in enthalpy 

carrier gas viscosity 

carrier gas viscosity at temperature Tj 

carrier gas viscosity at 273.15K 

isothermal retention index 

temperature programmed retention index 

partition coefficient 

capacity factor 

column length 

average linear carrier gas velocity 

number of carbon atoms in a normal alkane 
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ratio of inlet pressure to outlet pressure 

inlet pressure 

outlet pressure 

difference of inlet pressure and outlet pressure 

3.1415926535... 

universal gas constant 

column radius 

temperature programming rate 

change in entropy 

temperature 

temperature (viscosity determinations) 

initial temperature of a temperature program 

273.15K 

elution temperature 

theoretical gas hold-up time 

measured gas hold-up time 

retention time 

adjusted retention time 

carrier gas linear velocity 

exponent for viscosity calculation 

Giatance along the column 
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